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Kurzfassung

Diese Arbeit entstand 1989/90 im Rahmen eines Integrierten Auslandsstudiums
zwischen dem Institut fiir Energiewirtschaft und Rationelle Energieanwendung der
Universitdt Stuttgart und dem Department of Nuclear and Energy Engineering
der University of Arizona—Tucson, USA. Die Programmleiter waren in Stuttgart
Prof. Dr.-Ing. Vo8 und in Tucson Prof. Dr. Seals. Die ersten neun Monate die-
ses Austauschprogramms wurden vom Deutschen Akademischen Austauschdienst
(DAAD) mit einem Stipendium geférdert. Die vorliegende Arbeit wurde von Prof.
Dr.-Ing. F.E. Cellier, Associate Professor am Department of Electrical and Com-
puter Engineering, betreut. Prof. Celliers Forschungsschwerpunkt liegt seit eini-
gen Jahren in der Entwicklung neuer Verfahren zur Modellbildung und Simulation,
sowie im Softwaredesign in der Simulationstechnik, der computergestiitzten Mo-

dellierung und dem CAD.
Die Idee zum Thema dieser Arbeit “Modellbildung von Chemischen Reakt:-

onsnetzwerken mit Hilfe von Bond Graphen” mufl man zusammen mit dem Ziel
sehen, ein allgemeingiiltiges Verfahren zur dynamischen Beschreibung gemischter

Energiesysteme zu entwickeln. Dabei hatte Prof. Cellier schon friih erkannt, dafl



das graphische Konzept der Bond—-Graphen sich als vorteilhaft und leistungsstark
erweist, komplexe und verkoppelte Systeme verschiedener physikalischer Diszipli-
nen modul-hierarchisch zu modellieren. Einige Ergebnisse dieser Arbeit verwendet
Prof. Cellier im neunten Kapitel seines ersten von zwei Biichern, das verschiedene
Verfahren der Modellbildung umfassend erkldren wird. Der erste Band erscheint

im Winter 1990 im Springer—Verlag, New York.

Wie gelangt man vom System chemischer Reé,ktionen zu deren Simulation?
Man stellt zuerst Modellgleichungen eines Systems auf, die man mit Hilfe der
Methode der Bond—Graphen in einem Bond-Graph-Meodell beschreibt; dieses gra-
phische Modell wird in einer Modellierungssprache, in dieser Arbeit der Modellie-
rungssprache DYMOLA, codiert, welche dann die Zustandsgleichungen des Mo-
dells generiert. DYMOLA kompiliert anschlieend das DYMOLA-Programm in
den Code der Simulationssprache DESIRE. Damit ist es dann méglich, das Modell
mit einem Rechner zu simulieren. |

Zuerst werden in der vorliegenden Arbeit die Methode der Bond-Graphen und
die Modellierungssprache DYMOLA allgemein eingefiihrt und anhand eines Bei-
spiels eines elektrischen Stromkreises veranschaulicht. Anschliefend folgt die An-
wendung der Methode der Bond Graphen. auf chemische Reakfionen unter der
Annahme von geschlossenem System und idealer Gase.

Das Konzept der Bond Graphen basiert auf der Betrachtung von Energiefliissen
und dem Aufstellen von Leistungsbilanzen. So kann jedes physikalische System
durch Bond Graphen durch Leistungsbetrachtung analog beschrieben und ver-
schiedene physikalische Systeme durch das Aufstellen von Leistungsbilanzen ver-
koppelt werden. Zum Beispiel stellt ein Bleiakkumulator im Auto einen elektro-
chemischen Koppler dar. Bond-Graph—-Modelle sind modular strukturiert und be-
wahren gleichzeitig die topologische wie auch die rechentechnische Stuktur. Struk-

turelle Singularitdten und algebraische Schleifen kénnen im Bond Graph Modell
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aufgedeckt werden.

Die Modellierungssprache DYMOLA hat sich unter verschiedenen anderen Spra-
chen wie ENPORT-7, THTSIM, CAMAS und CAMP als die leistungsstarke Spra-
che erwiesen, Bond-Graph—Modelle in einen Computercode zu ibertragen. DY-
MOLA besitzt selbst keinen eigenen Simulationskern sondern stellt einen Prepro-
zessor dar, der hierarchisch modular strukturierte DYMOLA-Codes in Codes von
flachen Simulationssprachen wie DESIRE, SIMNON oder FORTRAN umwandelt.

Zur dynamischen Beschreibung von chemischen Reaktionen idealer Gase im ge-
schlossenen System bendtigt man vier Bestimmungsgleichungen neben zwei ther-
modynamischen Zwéngen (z.B. konstante Temperatur und konstanter Druck) zum
Bestimmen der sechs Unbekannten in der Gibbs’schen Fundamentalgleichung, die
als Basisgleichung des Modells dient. Die vier Gleichungen sind: Die Molenbilanz,
die man aus der chemischen Reaktionskinetik erhilt, eine Zustandsgleichung —
in dieser Arbeit wird die ideale Gasgleichung verwendet — und zwei Leistungsbi-
lanien, die sich beide aus der Gibbs’schen Fundamentalgleichung herleiteh lassen
und von denen sich eine als Gibbs-Duhem—Gleichung herausstellt.

Zur Da.rétellung der Modellgleichungen in Bond~Graphen verwendet man so-
wohl Basiselemente der Bond-Graph-Methode (dies sind drei Verbindungsele-
mente der Bond-Graphen: der Molenbilanz bzw. die Bilanz der chemischen
Leistung werden in der sogenannten “0O-junction” bzw. “l-junction” aufgestellt
und die stéchiometrischen Koeflizienten der Reaktionsgleichungen werden in den
“Transformern” beriicksicht) und neue Bond-Graph-Elemente, die den verschie-
denen chemischen Reaktionen angepaBt sind und die Berechnung der Leistungsbi-
lanzen und der Zustandsgleichung enthalten.

Als Beispiel einer chemischen Reaktion wird die Brom—Wasserstoff-Reaktion
behandelt, die nach Herzfeld und Polanyi durch finf Reaktionsgleichungen be-
schrieben wird. Diese Reaktion wird als Bond-Graph—Modell fiir drei verschie-
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dene Fille dargestellt: den isothermen-isochoren Fall, den isothermen—isobaren
Fall und den isobaren-isentropen Fall. Fiir jedes einzelne Bond-Graph-Modell
wird ein DYMOLA-Hauptprogramm erstellt, das die DYMOLA-Module fiir die
Bond-Graph-Elemente wie einzelne Bausteine verkniipft. Anschlieend wird das
DYMOLA-Programm in ein DESIRE-Programm compiliert und simuliert.

Das Fazit dieser Arbeit ist: Bond-Graphen haben sich als graphisches Ver-
fahren bewéhrt, das dynamische Verhalten physikalischer Systeme hierarchisch
modular zu beschreiben. Die Bond-Graph-Modelltopologie entspricht der Sy-
stemtopologie, die rechentechnische Struktur bleibt gewahrt und es werden al-
gebraische Schleifen und strukturelle Singularitdten aufgedeckt. Wie bei jedem
graphischen Verfahren wird auch das Bond—-Graph-Modell schnell fiir grofie Sy-
steme uniibersichtlich. Dem kann man aber durch Bildung von neuen modularen
Bond-Graph-Elementen entgegenwirken.

Das Modell der betrachteten chemischen Reaktion wurde unter strengen An-
nahmen aufgestellt: abgeschlossenes System, ideale Gase, dynamische Verwendung
der idealen Gasgleichung, die eigentlich nur in der Umgebung des Gleichgewichts
giltig ist.

DYMOLA erwies sich leistungsstark, Bond-Graphen—-Modelle zu codieren. DY-
MOLA setzt automatisch die Kausalititen der Modellgleichungen und ist fahig,
nach einer beliebigen Variablen einer Gleichung aufzuldsen, so dal Moduldupli-
zierungen vermieden werden. Daneben hat DYMOLA noch programmtechnische
Schwichen, deren Beseitigung einigen Aufwand erfordern werden.

| DESIRE zeichnet sich durch eine schnelle Kompilierung aus, reagiert aber nicht
robust auf Variationen von Simulationsparametern. Prof. Cellier plant, die lang
erprobte und bewédhrte Simulationssprache ACSL DYMOLA nachzuschalten.

Diese Arbeit sollte als Motivation dienen, die Technik der Bond-Graphen wei-

ter zu entwickeln; ein zukiinftige Anwendung besteht, zum Beispiel,darin, Appa-
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rate der Verfahrenstechnik in einer Bibliothek von Bond Graph Elementen ab-
zulegen, die man beim Anlagendesign nach dem Baukastenprinzip miteinander

verschalten miifite.



Abstract

The aim of this research work is to develop a general methodology for the dynami-
cal description of mixed energy systems. This problem will be studied through the
analysis of chemical reaction kinetics and chemical thermodynamics. The Bond
graph concepts will prove to be very convenient and powerful to describe complex
chemical reactions. A new software tool “DYMOLA” will be introduced which
can be used for computer aided modeling using Bond graphs. The methodology

will be substantiated by means of the bromine-hydrogen reaction.



Acknowledgments

The research described in this report has been performed in close co-operation
with my advisor Dr. Frangois E. Cellier, Professor of the Department of Electrical
and Computer Engineering at the University of Arizona. [ wish to express my great
appreciation to him for his invaluable help, guidance, support, and encouragement.

The sentences of my project’s documentation have been disentangled and
transformed into correct English by Glenn Farrenkopf and Dr. Frangois E. Cel-
lier, for whose hard work I express my sincere thanks.

I am deeply endebted to my parents, whose support inspired me to put forth
the effort to come to the U.S.A. for absolving a part of my studies.

I also wish to acknowledge my sincere gratitude to many other people for their
valued company and moral support.

My stay, and thus, this research has been supported by sponsorship of the

German Academic Exchange Service.



Table of Contents

1 Introduction

2 Bond Graphs
21 Preview . . .. . . .. e e e
2.2 Introduction to the Basic Principles of Bond Graphs . . . . . . ..
2.3 BasicDefinitions . . ... . ... ... ... ... 0 L.
2.3.1 Multiport Elements . . .. ... ... ... . ........
2.3.2 Bond Graphs, Through and Across Variables . . . . . . ..
2.3.3 Direct and Indirect Integral Quantities . . . . . ... . ..
2.3.4 Basic Multiport Elements . . . . ... ... ... ......
2.4 Causality, Singularities, AlgebraicLoops . . . . ... ... ... ..
25 Fields . .. .. . ...
2.6 An Example and Rulesin Bond Graphs . . . . ... ... ... ..
2.7 The Dual Principle in Bond Graphs . . . . .. .. ... ... ...

3 DYMOLA
3.1 Some Selected Featufes of DYMOLA . . . . .. e e e
3.1.1 Some Properties of DYMOLA . . . ... ...........
3.1.2 The “Cut”-Concept and its Connections . . . . . ... ...

3.1.3 Hierarchical Model Structures, Submodels and Nodes in DY -



TABLE OF CONTENTS 2

4.3

4.4

3.2 Bond Graph Modeling in DYMOLA . . . . ... ... ....... 58
3.3 Generating DESIRE Programs, the Simulation Control Model . . . 65
3.4 Helpful Commands to Debug a DYMOLA-Model . . . . . .. ... 71
3.5 Features of DYMOLA of the Future . . . .. ... .. ....... 73
4 Chemical Reaction Bond Graphs 75
4.1 Preview . . . . . . L e e e e e
4.2 Chemical Reaction Kinetics . . . .. ... ... ... ... ... .. 76
4.2.1 Basics of Chemical Reactions . . . . . . ... ... ..... 77

4.2.2 The Temperature Dependence of the Reaction Rate Constants 82
4.2.3 An Example for a Complex Chemical Reaction: The

Hydrogen—-Bromine Reaction . . . . ... ... .. ... .. 84
Chemical Thermodynamics . . .. ... ... .. ... ....... 89
4.3.1 Basic Definitions . . .. .. ... ... ... ... ..., 89
4.3.2 The Chemical Potential and the Two Power Balance Equations 89
4.3.3 The Equationof State . . . . . . ... ... ... . ... .. - 93

4.3.3.1 The Purpose of an Equation of State . . .. ... 93

4.3.3.2 The Application of the Equation of State to Ideal

Gases . . .... ... .. ... .. 94
4.3.4 The Initial Conditions . . . .. . ... ... ... ...... 97
4.3.4.1 Initial Conditions of the Kinetics and the Equation
ofState . .. ... .. ... ... L. 97
4.3.4.2 Initial Conditions of the Two Power Balance Equa-
tlons . . . .. .o 97
The Heat of Formation. . . . ... ... . ... ... 98
Chemical Reaction Bond Graphs . . . . ... .. ... ....... 102
4.4.1 Basic Elements in Chemical Bond Graphs . . . . . . . . .. 102

4.4.2 The Isobaric-Isothermic Case . . . . . . . . ... ... ... 107



TABLE OF CONTENTS 3

4.4.2.1 The Bond Graph Elements . . . . . ... ... .. 111
4.4.3 The Isochoric-Isothermic Case . . .. ... ......... 115
4.4.3.1 The Bond Graph Elements . . .. ... ... ... 120
4.4.3.2 The Main Program and the Bond Graph of the
Complete Reaction . . . . . ... .......... 126
4.44 The Isentropic-Isobaric Case . . . ... ... ... ..... 133
4.4.5 Further Cases for the Hydrogen-Bromine-Reaction . . . . . 138
4.5 Verifying the Model of a Chemical Reaction . . . . .. ... .... 140
4.5.1 The Balances of Moles, Internal Energy, and the Steady-
state of Moles, and the Reaction Enthalpy . . . . . .. ... 141
4.5.2 Comparison to Another Simulation Program . . ... . .. 149
5 Conclusions 154
A Programs for chapter 3 164
A.1 The DYMOLA Model Library of the Basic Bond Graphs. . . . . . 164
A.2 The Main Program of the RLC-Circutt . . . ... .. ... .... 167
A.3 The Simulation Control Program of the RLC-Circuit . . . . . . .. 168
A4 (a) RLC.eql, (b) RLCsor, (¢) RLCssov . .. ... ......... 169
A.5 DESIRE Program of the RLC-Circuit . . . .. .. ... ... ... 170
A.6 Graph of a Simulation of the RLC-Circuit . . . .. ... ... ... 171
B Programs for Chapter 4 172
B.1 Hydrogen-Bromine Reaction: Isochoric-isothermic Case . . .. . . 172
B.1.1 DYMOLA Main Program “CT.dym” Including All the
Model Types . . . .. .. . . . i 173
B.1.2 Simulation Control Program “CT.ct!” . . .. ... ... .. 183
B.1.3 Generated DESIRE-Program “CT.des” . ... ... .. .. 184

B.1.4 Desirable DYMOLA Main Program . . ........... 188



TABLE OF CONTENTS 4

B.1.5 Desirable Simulation Control Program . . . . ... .. ... 194

B.2 Hydrogen—Bromine Reaction: Isentropic-isobaric Case . . .. . .. 198
B.2.1 DYMOLA Main Program “PS.dym” Including All the

Model Types . . . ... .. ... .. ... 198

B.2.2 Simulation Control Program “PS.ctl” ... ... ... ... 206

B.2.3 Generated DESIRE-Program “PS.des” .. ......... 207

B.3 Hydrogen-Bromine Reaction: Isobaric-isothermic Case . . . . . . . 211
B.3.1 DYMOLA Main Program “PT.dym” Including All the

Model Types . . . . .. .. . . . it 211

B.3.2 Simulation Control Program “PT.ct!” . ... ... .. ... 219

B.3.3 Generated DESIRE-Program “PT.des” . .. ... ... .. 220

C Programs for the Model Validation 225

C.1 Tables of the “Combustion Program” . . . . . ... ... ... ... 225
C.1.1 Table 1: Order and Format of the Input Data Cards, Reac-

tants Cards . . . . . .. ... ... oL o 225

C.1.1.1 Table 1a: Order and Format of the Input Data Cards226

C.1.1.2 Table 1b: Reactants Cards . . . .. ... ... .. 227

C.1.2 Table2: Program Input . . ... ............... 228

C.1.3 Table 3: Variables in Inpt2 Namelist . . . . ... ...... 229

C.2 Input Data Programs, Qutput files . . . . . . e e e e e 230

C.2.1 Isochoric-IsothermicCase . . . . . ... ........... 230

C.2.1.1 Input Data Program . . . ... .. ... ...... 230

C212 OutputFile. . . . .. .. .. ... ... ...... 230

C.2.2 Isobaric-Isothermic Case . .. .. ... ........... 233

C.221 InputDataProgram................. 233

C222 OQutputFile. . . . ... ... ... .. .. ..... 233

C.2.3 Isentropic-IsobaricCase . . .. .. ... ... ........ 235



TABLE OF CONTENTS 5

C.2.3.1 Input DataProgram . ... ............. 235

C232 OutputFile. . .. ... ... ... ... ....... 235

D The Graphs of the Three Cases 237
D.1 Isochoric-Isothermic Case . ... ... .. ... ........... 237
D.1.1 Results for a Simulation Time of 3.3sec. . . . . .. .. ... 238

D.1.2 Results for a Simulation Time of 5000.0sec. . . . . ... .. 240

D.2 Isobaric-Isothermic Case. . . ... ... ... ............ 243
D.2.1 Results for a Simulation Time of 5000.0sec. . . . . . . . .. 243

D.3 Isentropic-IsobaricCase . . .. .. ... ... ... ......... 246
D.3.1 Results for a Simulation Time of 5000.0sec. . . . .. .. .. 246

E The ACSL Programs of the Three Cases 249
E.1 Isochoric-Isothermic Case . ... ... ... .. ... ........ 249
E.2 Isobaric-Isothermic Case . . . . . . ... ... .. ... ....... 253
E.3 Isentropic-Isobaric Case . . .. .. ... ... ............ 256

F The Graphs of Different Simulation Runs 262
F.1 Isochoric-Isothermic Case . ... ... .. ... ... ..... ... 263

F.2 Isobaric-Isothermic Case. . . .. . . . .. .. . . . .. .. ..... 266



List of Figures

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

3.1
3.2
3.3
3.4
3.5
3.6
3.7

Block diagram of a simple RLC circuit . . . . . .. .. .. ... .. 16
RLC circuit of the above Block diagram . . . . ... ... ... .. 17
(a) Elements, (b) Elements with ports, (¢) formation of bonds . . . 19
Bond Graph with through and across variable . . . . . . . ... .. 20
Power flow convention . . . ... ... ................ 20
Causality of the resistor and the appropriate equations . . . . . . . 26
Figures to explain the assignment of causality . . . . . ... . ... 26
(a) Modified RLC circuit, (b) the detailed Bond graph . . . . . . . 30
Simplified Bond graph of the RLC circuit . . . ... ... .. ... 31
Bond graph of the RLC circuit with assigned causality . . . . . .. 32
(a) RLC circuit with singularity, (b) its Bond graph . . . . .. .. 33
(a) RLC circuit with algebraic loop, (b) its Bond graph . . . . .. 34
(a) Basic Bond graph elements and (b) theirdual . . . . . ... .. 36
Pressure system cut to be descibed seperately . . . . ... .. ... 44
Two Models of a mechanical friction . . . .. . ... ... .. ... 46
Mechanical friction symbolized by an an electrical resistor . . . . . 46
Model of a mechanical friction. . . . . . . ... ... ... ..... 47
Three friction submodels connected mone port X . . . . . . .. .. 48
Coupled models in DYMOLA: (a) parallel, (b) series connection . 52
A hierarchically structured system in DYMOLA . . ... ... .. 54



LIST OF FIGURES

3.8 Description of the hierarchical structure of a system . . ... ...
3.9 Submodels model types resistor and inductance . . . .. ... ...
3.10 General description of a DYMOLA model [type] . . . . . ... ...
3.11 Model type pri using the cut-concept . . . ... .. ........
3.12 Model type pri using the node—concept . . . . . . . ... ... ...
3.13 Model type “bond” to exchange the effort and flow variable . . .
3.14 (a) The Bond graph of RLC~circuit of Chapter 2, (b) its DYMOLA
expanded Bond graph . . . .. .. ... ... 0oL
3.15 The main program of the RLC circuit in DYMOLA . .. ... ..
3.16 Simulation Control Program of the RLC—circuit . . . . . .. .. ..

4.1 The mass balance of the bromine radical Br* . . . . . . ... ...
4.2 The chemical power balance at the i—junction ............
4.3 The convertion of power at the transformer . . .. ... ... ...
44 The DYMOLA-program of the transformer . . . . . ... ... ..
4.5 The ChR-element in a Bond graph and coded in DYMOLA . . . .
4.6 The generic CS-element in a Bond graph and coded in DYMOLA

4.7 The Prneumatic—element in a Bond graph and coded in DYMOLA

4.8 The Thermic—element in a Bond graph and coded in DYMOLA . .

4.9 Bond graph of the hydrogen-bromine reaction, p=const., T=const.

4.10 The Number of moles changing in time for p = const.,T = const. .
4.11 The ChR1-element in a Bond graph and coded in DYMOLA .
4.12 The ChR2-element in a Bond graph and coded in DYMOLA . . .
4.13 The generic CS—element in a Bond graph and coded in DYMOLA
4.14 Bond graph model of the isochoric-isothermic H,-Br,-reaction .
4.15 The fourth reaction illustrated in Bond graphs . . . . ... .. ..
4.16 Change of the number of moles in the H, — —Br, reaction, T =

800°K,V = 1.0E —3m3 - o o o e



LIST OF FIGURES | 8

4.17 The CS-element in a Bond graph and coded in DYMOLA . . . . . 135
4.18 The ChR1l-element in a Bond graph and coded in DYMOLA . . . 136
4.19 The ChR2-element in a Bond graph and coded in DYMOLA . . . 137
4.20 Bond graph model of the hydrogen-bromine reaction, S=const.,

P=COnSt. . . ... L e e e e e e e e e e e e 139
4.21 Number of Moles in the hydrogen-bromine reaction; simulation

time 3.3sec., V=const.,T=const. ... .............. 144
4.22 Number of Moles in the hydrogen-bromine reaction; simulation

time 5000sec., V =const., T =const. . ... ... ... ... ... 145
4.23 Model type to compute the Chemical Energy/Power . . . . . . .. 145

4.24 Gibbs’ free energy in the hydrogen-bromine reaction; simulation
time 3.3sec., V=const.,, T =const. . ... ... ... . ...... 146
4.25 Gibbs’ free energy in the hydrogen-bromine reaction; simulation

time 5000.0sec., V = const., T =const. . . . ... .. ....... 147



List of Tables

2.1
2.2
2.3

4.1
4.2
4.3

Power—(e,f) and energy—(p,q) variables [2] . . . . .. .. ... ... 23
Nine basic Bond graph elements . . . .. .. ... ... .. .... 24
Nine basic Bond graph elements and their assigned causality . . . 28
Comparison of the Gibbs’ free energy of the three cases . ... .. 148
Essential results received by the “Combustion Program” . . . . . . 153

Essential results received by the “Combustion Program” (Table 2

continued) . . . . . .. .. ..o oo



Chapter 1

Introduction

One task of an engineer is to invent new means which are likely to lead to simpler
solutions of his problems. To be capable to solve problems, an engineer has to
better understand his physical system at first in order to manipulate the systems’
behavior thereafter. For this, he will derive a model of a real system based on
data extracted from experiments applied to it. This model may contain, of course,
many simplifying assumptions of the real system that have to be validated in
different experimental simulation runs. Finally, he draws conclusions from the
final simulation data that must be further validated again in simulation runs.

This project applies a modeling and validation procedure to chemical reaction
systems to provide a deeper understanding of how they macroscopically work.

Traditionally, there are two types of chemists. The “kineticists” consider the
change of matter dynamically in terms of differential equations by totally ignoring
the flow of energy, whereas the “chemical thermodynamicists” examine chemical
reactions near equilibrium rather than looking at the change of matter and at the
change of energy.

However, most chemical reactions either absorb heat energy (endothermic) or

generate heat energy (exothermic) and with this, the temperature, the pressure
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CHAPTER 1. INTRODUCTION 11

and/or the volume of the total chemical system are likely to vary. Thus, it is
necessary to examine a reaction, chemical kinetics, thermodynamics, and pneu-
matic/hydraulic flows in unison, since, further, chemical reactions are studied
farther away from their equilibrium than traditional approaches allow . For this
study, the concepts of Bond graph modeling have proven to be a very convenient
way to gain an improved understanding of what is happening in these highly com-
plex and non-linear systems. The software tool DYMOLA will be introduced to
implement these hierarchical Bond graphs.

Never before in the past have Bond graphs been used in detail to describe chem-
ical reaction systems. Bond graphs were invented in 1961 by Henry Paynter[12], a
professor at M. 1. T. This invention has been used to describe the dynamical behav-
ior of systems from different disciplines of physical sciences in a uniform manner.
It has been known for a long time that the power of any physical system can be
expressed by two variables: a through variable and an across variable. These two
quantities are carried along the entire Bond graph so that the balance of energy
at any point of the Bond graph can be found. This makes it easier to deal with
interfaces between different types of physical systems as well as determining the
energy within the system. A lead accumulator, for example, — usually used as
a starter battery in a car — represents such an interface, a chemical-electrical
coupler. The Bond graph methodology provides for a more systematic technique
in handling complex systems. Further, Bond graphs preserve both the topological
and computational structure of all kinds of physical systems, thus, they constis-
tute a more general graphical representation than, for example, either signal flow
graphs or Block diagrams that are commonly applied by Control Engineers. Chap-
ter 2 provides for more information about the Bond graph modeling technique in
general and contains a step-by-step description (with figures) which illustrates

the concept of using Bond graphs.
As mentioned above, DYMOLA (DYnamic MOdeling LAnguage) is exploited
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to implement Bond graphs in a computer program by mapping Bond graphs into a
state-space description. This application of DYMOLA is new and has exclusively
been used by some of Dr. Francois Cellier's Masters and Ph. D.-students at the
University of Arizona. DYMOLA was designed at the Lund Institute of Technol-
ogy in Sweden . in 1979 by Hilding Elmqvist in his Ph.D. dissertation.[18].
Large scale systems, for example, chemical systems, can be considered, that can be
- handled conveniently by DYMOLA by being modeled in a modularly hierarchical
manner. Chapter 3 provides for the general introduction of the properties of DY-
MOLA — the cut concept will be explained in detail, an application of DYMOLA
to the example introduced in the second chapter will be shown. In this example,
DYMOLA is demonstrated to be a very powerful tool, able to automatically as-
sign causalities of the model’s equations, produce a state-space description and,
finally, transfer the DYMOLA-program into a simulation language code. The
currently available codes are DESIRE [23] and SIMNON [17], two direct exe-
cuting flat contimuous-system simulation languages, that are available on both
PC—compatibles, VAX /VMS-systems. Some rules to be followed about the transi-
tion of Bond graphs to the DYMOLA description are shown at the end of chapter

3 as well.

Chapter 4 contains the case-study of this project. At the beginning of chapter
4, basic equations of chemical kinetics and thermodynamics will be introduced
since they are needed to derive the algebraic and differential equations for mod-
eling chemical systems. The sets of differential and algebraic equations will be
evaluated in both existing and newly invented Bond graph elements in order to
hierarchically describe the dynamical behavior of chemical reactions. The design
of modular Bond graph elements is demonstrated in the Hydrogen—bromine reac-
tion representing a complex chemical reaction. This project introduces a method
for modeling chemical reactions, which is applied to the Hydrogen—bromine reac-

tion under certain input constraints. First the isochoric (constant volume) and
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isothermic (constant temperature) is analyzed, and then the isobaric (constant
pressure) and isothermic case is analyzed. For the model validation there will be
used another program, named “Computer Program for the Calculation of Complex
Chemical Equilibrium Compositions, Rocket Performance, Incident and Reflected
Shocks, and Chapman-Jouget Detonations” [59].

Chapter 5 concludes this project by summarizing the results and suggesting

future research topics.



Chapter 2

Bond Graphs

2.1 Preview

In this chapter the concepts of Bond graphs are introduced in general. The Bond
graph methodology will prove to be a very powerful tool to represent any kind of

physical systems.

2.2 Introduction to the Basic Principles of Bond

Graphs

For a long time it has been known that the dynamical behavior of systems of
different types of physical sciences has mathematical structures in common. Ther-
modynamic systems, for example, have a fluid mechanical analogon, i.e. the tem-
perature and the heat energy flow can be treated as velocity and shear tension,
respectively. Another example is the mechanical system and its electrical system

counterpart, since the mass, the spring and the friction represent the inductor,the

capacitor and the resistor, respectively.

14
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The need to both formalize the knowledge of a common structure of physi-
cal systems and simultaneously provide both their computational and topological
structure, led to the invention of Bond graphs. This relatively new and very
powerful tool can be applied to most physical systems including chemical re-
action networks, electrical networks, mechanical rigid bodies, and thermal and
hydraulic/pneumatic transport phenomena. See the reference list for further de-
tailed information about the bibliography of Bond graphs [1-15], especially there
is Dr. Cellier’s book mentioned [2].

The real strength of the Bond graph is the ease by which different types of
physical systems can be interfaced using the transducer, as will be shown later.
This is only possible since the power in the sytem is carried along in the Bond
graphs. Hence, the balance of power can be made at any point in the graph and
thus the connection to another system can be easily made since the law of energy
conservation is true for any point inside the graph describing a physical system. It
should be noted that using power instead of energy is more convenient since one
of the main tasks of Bond graphs is to represent dynamical systems and, thus, the
change of energy over time is important to be considered which, of course, is equal
to power.

The engineering world always needs graphical methods to quickly illustrate
physical problems. A control engineer, for example, traditionally uses the Block
diagram whose disadvantages will be described. This shall help to clarify the
importance of Bond graphs and how they overcome the Block diagram’s disadvan-

tages.

Since the Block diagram preserves the computational structure of a control
system, there is no problem to read out its set of differential and algebraic equa-
tions directly. But in order to draw the Block diagram for a physical system, it
is important to derive its complete set of equations first. There is yet another

disadvantage as mentioned above. Even though the Block diagram preserves the
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Figure 2.1: Block diagram of a simple RLC circuit
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Figure 2.2: RLC circuit of the above Block diagram

computational structure it does not preserve the topological structure. This can

be seen from the Block diagram of a simple electrical circuit in Fig.2.1.

It is almost impossible to reconstruct the physical system shown in Fig.2.2 from
its Block diagram. This is because the voltages and and the currents associated
with the voltages are totally separated in the Block diagram representation. It
should be noted that in this chapter an example of an electrical circuit will be used
since electrical circuits can be conveniently used as examples when explaining the
application of graphical methods.

In the following the algebraic-differential equations of the electrical network

are given:

di[d - uLl
i = I (2.1)
die, _ Ui (2.2)

dt ~— L,
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-‘?;‘—tc = 'EC | (2.3)
in, = '% (2.4)
in, = %C; (2.5)
up, = ur, +ug (2.6)
ur, = Up—uc (2.7)
ug, = uc (2.8)
o = i, +1ir, (2.9)
ic = —ip, —ig, +iL, (2.10)

The complex kinetical and thermodynamical properties of chemical reaction net-
works can be decomposed into smaller modules. If there is furthermore an elec-
trical system connected, as the lead accumulator represents a chemical—electrical
linkage as mentioned, the Bond graph will prove to be quite helpful to achieve this
coupling.

Modeling physical systems with Bond Graphs is a simplified abstract construc-
tion which will be introduced in this chapter. Thereby the Bond Graph modeling
will be explained in general, and in the end of this chapter the concept of Bond

Graphs will be applied to the previously shown electrical circuit.

2.3 Basic Definitions

This section demonstrates the basic definitions of the Bond graph methodology
containing the multiport elements (Sec.2.3.1 and 2.3.4) which build the “net-
work” of the Bond graphs. The through and across variables (Sec.2.3.2) are

carried along the Bond graphs, determining the value for the power, displacement,
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R:R

(a) (b) (c)

Figure 2.3: (a) Elements, (b) Elements with ports, (¢) formation of bonds

and momentum (Sec.2. 3. 3).

2.3.1 Multiport Elements

In analyzing systems the first step will be to isolate components or elements and
to define variables which will be used to characterize them. In the example in
Section 2. 2 the capacitor, inductor, resistor and the voltage source have been the
elements while the voltage u and the current s represented the two variables. Such
components are realized in the graph’s nodes by alpha-numeric letters (for example
0 and C in Fig.2.3a).

The connection of an element or a subsytem with its environment is called
and is port indicated by line segments incident to the end of the component. For
example,one port belongs to the capacitor C in Fig.2.3b while four ports are linked
to the 0-element. Since elements and their ports are not isolated in a real-world
system the bond is introduced being simply a combination of pairs of ports. This
is illustrated in Fig.2.3¢ where two resistors and one inductance representing one-

port elements are combined with the four-port element of a so called 0-junction.
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Figure 2.4: Bond Graph with through and across variable

System 1 :; System 2

Figure 2.5: Power flow convention

2.3.2 Bond Graphs, Through and Across Variables

A group of multiport components combined is a so called Bond Graph whereby
nodes symbolize the multiport elements attached by branches. The bond can also
be described as a bold half arrow connecting two variables — one across variable,
which in the Bond Graph language is usually referred as the effort “¢”, and one
through variabdle called the flow “f”.

As it turned out the power of any physical sytem can be always split into these
two quantities., Fig.2.4 presents such a bond. Such a bond is normalized, i.e.
the bond’s arrow half and the across variable are always on the left side and the
through variable is on the opposite side. The direction of the power flow along
the Bond graph still has to be considered. The bond connecting system S1 and
system S2 in Fig.2.5 points to the system S2 and thus the power will flow from S1
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to S2 if the product of P(t) = e(t) - f(t) has positive sign. On the other hand,
the power flows from S2 to S1 with P (t) having opposite sign.

2.3.3 Direct and Indirect Integral Quantities

Bond graphs are based on three direct and three indirect integral quantities. The
direct quantities are represented by the two variables in effort e and flow f and

their product as seen above being a power P or a conducted energy flux.
P(t)y=e(t) - f(t) (2.11)

The displacement ¢ (t) equal to the time integral of the flow, and the momentum
p(t), equal to the time integral of the effort, comprise two of the three indirect
integral quantities. The third one is the energy E(t), the time integral of the

power over the interval [to, ¢].

a) = o)+ [ () (212)
WD) = plto)+ [ e(r)r (2.13)
E(t) = E(to)+ /t: P(r)dr (2.14)

The four generic variables — the effort, flow, displacement and momentum —
are used in most of the common types of physical sytems as demonstrated in

Table 2. 1.
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2.3.4 Basic Multiport Elements

In the Bond graph methodology nine basic multiport elements can be found which
are separated into four categories. The first three categories are considered the
two sources ( the effort source SE and the flow source SF ), the dissipation ( the
resistor R ), and the two storeges ( the inductance I and the capacitance C), and
are completely characterized by 1-port elements. The fourth group formed by the
transducers ( the gyrator GY and the transformer TF ) and the junctions ( the
0- and the 1-junction ) are 2- or at least 3-port elements, respectively. In Table
2.2 these elements are given together with their mathematical definition and an
example.

The little arrows pointing to the effort and flow source mean a signal path.
The value of the signal is determined from outside of the system. Since one only
considers a system inherent in another system the sytem considered has to be
attached to outer systems. The universe is the largest system and is an exception
to this rule. The sources isolated do not have any physical meaning since energy
cannot be generated, but only transformed.

The resistor represents a special element in the sense that it is actually con-
nected with its environment since its dissipated energy does not disappear from
the system, but is transformed into heat energy flowing into the environment.
The capacitor and the inductor store energy flowing into them.

The most powerful strength of the Bond graph can be considered the ease with
which different types of physical sytems can be attached. If systems are to be
connected, the law of energy conservation has to be satisfied. Since the power is
carried all the way along the Bond graphs of each system the link between can be
easily made by introducing a transducer. In reality, the transducer and resistor

“lose” energy, but this energy is actually transformed into heat.
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Table 2.1: Power-(e,f) and energy—(p,q) variables [2]

Effort Flow Generalized Generalized
Momentum Displacement
e f p q
Electrical voltage current flux charge
u [V] i[A] ¢ [V q [A-g]
Translational | force velocity momentum displacement
F [N] v [m-s7) I [N-s] x [m]
Rotational torque angular twist angle
velocity
T [Nm] w [rad-s™!] 7 [Nm-s] ¢ [rad]
Hydraulic pressure volume flow pressure volume
rate
p [N-m™?] ¢y [m3-s7] T [N-m~?s] V[m?
Chemical chemical molar - molar
potential flow mass
p[3-mol™] &l [mol-s~!] N [mol]
Thermo- temperature entropy - entropy
dynamical flow
T [°K] £ (W.°K~1] S [J-°K™]

23
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Table 2.2: Nine basic Bond graph elements

Name

Symbol

Example

Effort source

Flow source

Inductance

Capacitance

Resistance

0—junction

1-junction

Transformer

Gyrator

Loy o 8 N

electrical: voltage source E = U
mechanical: force E = F

el.: F= Io
mech.: F = v (speed: wheels moved
by road)

el.: inductance L
mech.: mass m

el.: conductor C
mech.: spring C=1/k ;
k spring constant

el.: resistor R

mech.: friction B

el.: node of Kirchhoff’s current law
mech.: node with equal forces

el.: loop of Kirchhoff’s voltage law
mech.: a mass with connected forces,
thus, equal velocities

el.: electrical transformer
mech.: gear

el.-mech. : DC-motor
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Defining the force of the mechanical system as a flow instead of an effort vari-
able, and the velocity as effort variable, the gyrator of the electro-mechanical DC-
motor would simply become a transformer. Thus these two types of transducers

are really the same depending on the definition of the direct integral quantities.

All the efforts are equal at the 0-junction while the flows add up to zero.
Identifying the voltage of the electrical system as effort and the current as flow
the node of the Kirchhoff’s current law is the analogon to the 0-junction. Since
the 1-junction is the dual of the 0-junction, its properties are straightforward and

are also summarized in Table 2. 2.

2.4 Causality, Singularities, Algebraic Loops

The concept of Bond graphs provides an easy way to translate from a physical
system to a graphical representation while preserving the topological structure.
But if this were the whole story the Bond graph could be only considered another
variant to be added to the wide range of techniques already available. There is yet
an additional feature making the Bond graph into a most potent tool for displaying
the properties of a system and directing its analysis. This is the assignment of

causalities to the bonds along with the power direction.

Each bond is connected with two structure elements, and thus is associated with
two equations: one side determines its effort “e” and the other side determines its
flow “f”. The decision whether the equation at the end of each bond has to be
solved for either the effort “e” or the flow “f” is indicated by a small perpendicular

stroke at one end of the bond as demonstrated in Fig.2.6 for a resistor.

If the stroke is attached to the end of the bond, this symbolizes the associate
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Figure 2.6: Causality of the resistor and the appropriate equations

e
S1|—fe-—- S2 System S1 > System S2
f
(a)
| S
SS——?—'I S4 System S3 < System S4

(b)

Fig. 2. T a. ) effort e is input of system S1 and output of system 52
flow f is input of system S2 and output of system S1

b. ) effort e is input of system S4 and output of system 53
flow f is input of system S3 and output of system 5S4

26
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equation to be solved for the flow variable, and vice versa, if the stroke positioned
at the beginning of the bond , then the associate equation has to be evaluated for
the effort variable as illustrated in Fig.2.7. From this figure follows that the stroke

denotes the end where the flow variable is computed.

This computational structure allows the state equations to be conveniently
derived from the Bond graph representation, and then to be resolved for the causal
variable. Table 2.3 shows the nine basic elements from the previous section, but
now their causal strokes have been added.

Most of these elements have mandated causalities. It comes as no surprise that
the flow of a flow source is determined at the flow source, and thus the effort must
be determined at the other end. Consequently the little bar is at the source. For
the effort source, it is just the opposite.

Since the goal is to derive state equations from the bond graphs the causalities
of the inductance and the capacitor are recommended. Thinking in terms of elec-
trical sytems the current i, for example, will be the state variable of the inductor

L
d iL/dt = uL/L

and thus this equation will be evaluated for the current, or in Bond graph termi-
nology the flow. If the inductor’s stroke was placed the other way around, this
would mean that the integral equation should be solved for u;, and the variable i
should be computed from somewhere else in the circuit, and then would have to
be differentiated in above equation.

Since the 0—junction connects all bonds with equal efforts and adds up all flows
to zero there is only one equation generated that can be solved for one of these flow
variables, indicated by exactly one stroke at this 0—junction. Since the 1-junction

is the dual of the O-junction, all the bonds attached but one have their strokes at

the side of the 1-junction.
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Table 2.3: Nine basic Bond graph elements and their assigned causality

Name

Causal Form

Causal Relation

Effort source

Flow source

Inductance

Capacitance

Resistance

O—junction

1-junction

Transformer

Gyrator

e(t) = E(t)
f arbitrary

f@)=F()

e arbitrary

fF=%7"(S'e (r)dr)

e=85' (J'f (r)dr)

e= ®r(f)
f=ez'(e)

€] = €2 = €3

f2=f3'“f1

f1=f2:f3

€3 =¢€;+ €

€y = k'&g
f2=k'f1
€y = El/k
h= fz/k‘
fl =€-2/l
f2=f31/l
e1 =1-f
ez =1f

28
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The transformer transmits causality straight through itself with no change in
direction, and thus has the causal strokes either both at the end or both at the
start of its attached bonds. The gyrator, on the other hand, inverts the direction
of causality: i.e., a flow causality into the gyrator results in an effort causality
at the output. The resistor | “R” has an arbitrary causality which can be used to
adjust the causality to the system’s requirements.

2.5 Fields

Sometimes it is quite useful to split a system into identifiable parts as then the
structure can be more simply understood. In this context the term “field” is used
as a discription of Bond graph elements which are grouped together according to
their properties. In Chapter 4, the CS—field will be introduced which determines
the change of a compound’s mass influenced by all the reactions of a certain
chemical system. There also exist different types of fields which are described in
the book of Blundell [4].

2.6 An Example and Rules in Bond Graphs

Since electrical networks include all the elements and structures of the Bond graph
methodology, Bond graph application can be shown using the RLC circuit intro-
duced above. It should be noted that the chemical networks are not suitable for
general examples. This is because chemical networks represent a special case for

which new Bond graph elements have been developed in this project.

One of the great advantages of using Bond graphs is that they keep the topology
of their physical system. This is shown in Fig.2.8 with the modified RLC circuit.



CHAPTER 2. BOND GRAPHS

(a)
A

. VO|L1 Vo 'R,

IL‘I UR1
o1k, 1T RR
thy 4 . y Rs

Vi g v, v, v,
@: ™ 1 —AiLe 0 —A'Rz 1 —-A’iﬂz
vyl ic]va RZERZ

] i

SE —/> 1 C < 1 R:R,
Up ° c <
0 V&o felVo
(b)

Figure 2.8: (a) Modified RLC circuit, (b) the detailed Bond graph
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Figure 2.9: Simplified Bond graph of the RLC circuit

The rules for constructing the Bond graph of electrical circuits are very sim-
ple. Each node of the circuit is represented by one 0—junction since according to
Kirchhoff’s current law all voltages — the efforts — are equal and the currents —
the flows — add up to zero. They are indicated by (1) and (2) in Fig.2.8. The
1-junctions represent the loops or meshes of the electrical circuit. Each branch
has to be translated into the Bond graph language as two bonds connecting two 0-
junctions with one 1-junction in between. From the sign convention of the power,
it follows directly that the harpoons point in the same direction that was picked
for the branch currents. This means that the harpoons are directed away from the

sources and towards the passive elements R, L and C.

Fig.2.8 can be simplified after finding nodes which have zero voltages. This
is the case for the reference node v,, normalized to zero, by convention: thus,
its power can be considered zero. Consequently, these harpoons are redundant
and can be eliminated. Now all the 1-junctions except one have only two bonds
attached. Whenever in either the 0—junction or the l1-junction two bonds are
connected which point in the same direction they can be cancelled out. This
cancellation of these junctions simply means that one redundant power balance

with same input and output of the junctions was eliminated. Thus, the two bonds
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i i, in

U;'- i~ju :
ollo Clbc
SE: U, C.C

Figure 2.10: Bond graph of the RLC circuit with assigned causality

will merge to one. If it happens that two junctions of the same type are adjacent
to each other, these two junctions can be combined into one. As a result, 1-
and O-junctions always toggle in any Bond graph model. Fig.2.9 illustrates the
simplified Bond graph.

Setting the causal strokes is an easy procedure, and is illustrated in Fig. 2.10.
Since the effort source SE has its causality at the O—junction (1), the causality
of the bond between this 0-junction and the 1-junction is fixed at its end. The
inductor L; then causes no conflict with the causal rules. As a result of the
inductor L, setting the stroke away from the l-junction, the assigment of the
causality of this bond inbetween the 1-junction and the rightmost 0—junction (2)
is at this 1-junction. The capacitor C determines the position of the resistors’
causality strokes since, as previously noted, 0—-junctions can only have one causal
stroke attached. All the causal rules are satisfied and thus this electrical circuit

problem can be solved and a unique solution obtained.

The Bond graph causality property is a powerful instrument which can be used
to reveal singularities and algebraic loops in a given physical system. This will be
shown in the following paragraphs.
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Figure 2.11: (a) RLC circuit with singularity, (b) its Bond graph

Fig. 2.11 is almost identical with the RLC circuit from above but the resistor
R, is replaced by the capacitor C;. The solution of this circuit is degenerate since
the two capacitor in parallel yield a third order- instead of the expected fourth
order system. The singularity can be eliminated, however, by combining the two

capacitors into one.

To illustrate how an algebraic loop can be revealed the above circuit has been
modified with the capacitor C being replaced by a third resistor R3 shown in
Fig. 2.12. This algebraic loop gives the choice of assigning causality which is to
be ascertained by the equations for the RLC circuit.

d [iLI] _uL
el (2.15)
dlir,] _ up,
dt L (2.16)
: ug,
1] = — 2.17
R Rl ( )
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in, = %’;i (2.18)
iR = -‘-‘I—{’-"; (2.19)
[u,] = Up—ur, (2.20)
[ur,] = ui, +ug, (2.21)
tRy, = —iR, — iR, +1L, (2.22)

The voltage uz, has to be determined by equ.(2.21) according to equ.(2.16).
Thus, the voltages uz, and ug, must be evaluated either from equ. (2. 20) or from
equ. (2.22) where in both cases the voltage ug, must be known. Equ.(2.23) is
derived by plugging equ. (2. 18-20) and equ. (2. 22) into equ.(2.17). The current
i, is assumed to be known since iy, is a state variable according to equ. (2. 16).

: 1 1 1 1
up, = R-if, where ETR + R + i (2.23)

However, with equ. (2. 16) an algebraic loop occurs since this equation assumes the

unknown voltage uy, is known, ur, has to be computed somewhere else, but there
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is no further equation available to evaluate ur,.

Note that the computer will try to assign causalities illustrated by the brackets
in the equations, but then will give an error message. In this case the algebraic
loop can be solved be hand by simply eliminating the current ig, from the set of

differential equations.

2.7 The Dual Principle in Bond Graphs

Any Bond graph model representing a physical system has a dual. Sometimes
it is quite helpful to apply this dual principle especially when there are more 1-
junctions than O—junctions in the model. This will become clear when the Bond
graph model is coded in the modeling language DYMOLA (Chapter 3). Fig. 2.13
illustrates most of the commonly used Bond graph elements and their duals. The
1-junction will be transformed into the O-junction (which is represented conve-
niently by the node in DYMOLA) since the 1-junction does not have a direct
translation into DYMOLA.
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Figure 2.13: a.) Basic Bond graph elements and b.) their dual



Chapter 3

DYMOLA

This chapter introduces DYMOLA (DYnamic MOdeﬁng LAnguage). The focus
will not be on of detail software aspects, but rather on the main features, proper-
ties, unsolved problems, and the application of DYMOLA. Illustrative examples
are included which show how DYMOLA works. It is also shown how the DYMOLA
compiler processes DYMOLA source code into the simulation language DESIRE
(DIrect Executing Simulation in REal time) [23] by means of an example. For
further information concerning the software aspects of DYMOLA, Qingsu Wang’s
master thesis [30] can be consulted. This description of DYMOLA is closely re-
lated to Dr. Frangois Cellier’s book [1], Qingsu Wang’s master thesis, and Hilding
Elmgqvist’s PhD. dissertation [18].

“The first bond graph simulation language written in the early seventies was
ENPORT [27 +28]. This software used an approach similar to SPICE, i.e., it did
not request causalities to be specified, and it transformed the topological input de-
scription into a branch admittance matrix which could then be solved by employing
similar techniques to those used in SPICE. Consequently, ENPORT was able to
handle structurally singular problems. The current version of the code, ENPORT-

7 [28], offers an alphanumerical topological input language which, however, is not
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yet very user—friendly. A full-fledged graphical window system is currently under
development. ENPORT-T7 runs on various mainframe computers, but a slightly
reduced version, ENPORT/PC, exists for IBM PC’s and compatibles. ENPORT
offers also a macro capability (somewhat comparable to the subcircuits in SPICE)
which is, however, rather clumsy, and does not provide for fully hierarchical de-
composition capabilities.

In the late seventies, another bond graph simulation language was developed at
Twente University in the Netherlands, called THTSIM in Europe, and TUTSIM in
the United States [8]. TUTSIM translates bond graphs into a state-space repre-
sentation. The user is required to specify the causalities, and structurally singular
systems cannot be handled. TUTSIM’s simulation engine is somewhat poor in
comparison with other state-space solvers such as ACSL [26]. The same research
group is currently prototyping a new bond graph modeling system, CAMAS [16],
which runs on SUN’s, has nice graphics capabilities, and is able to handle alge-
braic loops. CMAS employs an object—oriented language (SIDOPS) for the model
description which has similar properties as DYMOLA. Once available, this might
become a good product.

The third product on the market is CAMP [20,21], a preprocessor to ACSL
which translates bond graphs into ACSL programs. CAMP has the same limita-
tions as TUTSIM, i.e., it does not‘handle algebraic loops or structural singularities,
but it has the better simulation engine (ACSL). It is not truly flexible with re-
spect to handling non-standard network elements. Non-linear elements need to
be edited manually into the generated ACSL program which is very clumsy. There
exists meanwhile also a graphical frontend for CAMP [22]. However, as in the case
of ENPORT-7, the graphics editor is menu—driven rather than window—operated.

With exception of the unfinished CAMAS system, none of the above products
is able to handle hierarchically structured models in a general fashion which is

essential for the analysis of complex systems.”[1]
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For these reasons, it has been decided to use a different software tool. DY-
MOLA, developed by Hilding Elmqvist (1979) and enhanced by Qingsu Wang
(1989), represents an interface between a hierarchical system modeling language
and flat continuous simulation languages. Since DYMOLA does not provide for
a simulation engine, it cannot be used as a simulation language but serves as a
front—-end to several simulation languages. Most of the CSSL-type languages sort
the equations of a model but do not provide for the assignment of the causality to

these equations. For example, the equation of Ohm’s law
u=R-.:

inside a model cannot be solved for the current i:

e

DYMOLA provides this feature.

Currently, DYMOLA can be run on either UNIVAC computers — this is the
SIMULA version of DYMOLA — or on PC compatibles and VAX/VMS machines,
where DYMOLA is coded in PASCAL. DESIRE and SIMNON (another direct
executing language), and FORTRAN represent the languages which are supported
by DYMOLA. It would be a fairly simple task to enhance to another language, for
instance the well-known ACSL ( Advanced Continuous Simulation Language).

DYMOLA preserves the possibility for the user to code continuous systems
modularly and hierarchically structured such that programs are better readable
and understandable. For this, DYMOLA offers the submodel-concept as well as
the cut-concept which will be explained in detail by means of figures and programs

later in this chapter.
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3.1 Some Selected Features of DYMOLA

In this section DYMOLA’s cut—concept and submodel-concept are introduced.

3.1.1 Some Properties of DYMOLA

Since there already exist a number of documents on DYMOLA ([18,19], Dr.
Frangois Cellier’s book, and Qingsu Wang’s thesis), parts of their work are ex-
tracted by paraphrasing and quoting in certain paragraphs.

The following items demonstrate the different types of constants and variables
used in DYMOLA, and how DYMOLA expressions are transformed by the DY-
MOLA equation handler.

1. Constants and Variables

(a) DYMOLA destinguishes between two types of variables:
The terminal-type variables act like global variables and are thus con-
nected to variables or constants outside of the model. The domain of

local-type variables is limited to inside the model.

(b) Terminal-type variables can work either as inputs or as outputs. The
user can explicitly declare terminal-variables to be either of input-type
or of outpui-type. In case that a default value is assigned to terminal-
variables they do not have to be attached to the outside of the model
anymore; otherwise they do.

(c) Constant variables of a model are defined as constant— or parameter—
type. If constants are to be reassigned in simulations then the
parameter-type will be used. Unless the value of the constant parameter

is already assigned from outside of the model, a default value has to be
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declared. It is only possible to change the value in between simulation

runs, but never during a simulation run.

Constants, as their name implies, obtain constant values that never
change.

“Ezternals are similar to parameters, but they provide for an implicit
rather than explicit data exchange mechanism. In this respect, they
are similar to COMMON variables in a Fortran program. Externals are
used to simplify the utilization of global constants or global parameters.
For security reasons, the calling program must acknowledge its aware-
ness of the existence of these globals, by specifying them as internal.
Notice, however, that “internal” is not a declaration but only a provi-
sion for redundancy, i.e., all “internal” variables must be declared as

something else also.” [2]
2. Declaring Derivatives and Initial Conditions

(a) In DYMOLA the dot notation is used as in DARE-P. The first and
second derivative of a variable can be expressed by the der(.) and
der(.)-operator, respectively, or abbreviated by the prime (') or (”).
These operators are allowed to be placed in any position of an equation,

i.e., both on the left side and on the right side.
(b) If initial conditions differ from the zero default value, they have to be
assigned from outside of the model. The use of initial conditions is

described in more detail in Section 3. 1. 3.
3. Transforming and Solving equations in DYMOLA:

(a) Since in DYMOLA, equations with the syntax ezpression =
expression are used, and the equations are solved for the appropriate

variable, it does not matter whether an expression of “der(chemical
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potential)” and the variable “chemical potential” is found on the left

side of the equal sign.

(b) If there is a term of an equation multiplied by a zero parameter, then

(c)

this term will be automatically cancelled out during the model expan-
sion — the DYMOLA procedure to receive all the connected equations
from the main program and its submodels .

For instance, if there is

C, =0.0 (3.1)

and the model equation is to be

C, - der(uy) = iq — iy + % (3.2)

then the equation handler sets the left term of equ.(3. 2) to zero. Equa-

tion (3.2) becomes

0.0 = i, — iy + -f‘R—a (3.3)

resulting in one of the three equations:

iy = iy - == (3.4)

R,

iy = iq + ";T (3.5)

U = (i —is) " Ra (3.6)
depending on the causality assigned during the model expansion. If C,

is not equal to zero, equ.(3. 2) is transformed to

der(u,) = z;l' (o 3 (3.7)

Note that this feature is currently not yet imlemented.
The concept of eliminating terms which are multiplied by a zero pa-
rameter has some problems. Sometimes it is quite useful to run a sim-

ulation, for example, in DESIRE, with different values assigned to one
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parameter. However, if the equation including the zero parameter is
eliminated in the compiling process of the DYMOLA program to the
DESIRE code, it is no longer possible to interactively replace the zero
parameter by a non-zero value in DESIRE directly. The parameter has
to be returned to DYMOLA in this case. However, the advantage of the
process of eliminating zero parameters predominates the disadvantage
of not being flexible to parameter change, since due to this elimination

feature an entire class of structural singularities has been avoided.

3.1.2 The “Cut”-Concept and its Connections

Subsystems are introduced in most CSSLs (Continuous System Simuation Lan-
guages) in order to keep a structure hierarchical. The number of parameters and
variables which are exchanged by the submodels will grow as the level of hierarchy
is increased.

The mechanism which groups together variables exchanged by submodels is
called the “cut”. One can imagine the procedure of using cuts as a complex con-
nection mechanism of physical systems, for instance, to group individual electrical
wires into buses or cables and cables into trunks.* A cut is like a plug or a socket.

It defines an interface to the outside world.”[2].

As an example, two pressure tanks S1 and S2 are to be considered which are
connected by a pipe where gas flows through (flow rate &, pressure p, temperature
T), depicted in Fig.3.1.

The connection of the two pressure tanks is split to describe the two subsys-
tems independently of each other. The connection of the two subsystems will be

achieved by declaring the variables ®,p, T in cuts:
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cut: outlet

.

o.p,T — ®p.T,

S

cut: inlet

Figure 3.1: Pressure system cut to be descibed seperately

cut inlet (¢, p, T)
cut outlet (¢, p, T)

The variables could be attached from outside of the subsystems using:

5$1.0 = 520
Slp = S2p
S1.T = S2.T

However, it is more convenient to use the connect-statement in DYMOLA to

connect an entire set of variables between subsystems:
connect SI:outlet at S2:inlet

The use “of named parameters instead of positional parameters upon invocation
of a DYMOLA model helps with long parameter lists.” [2]. The variables which
are defined in cuts as either inputs or outputs are explained later in this section.

In summary, the declaration of cuts in submodels and the connect-statement

can generally be described as follows:
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cut cut.name (cui_variables)

connect modell_spec:cutl_name at model2_spec:cut®_name

In the cuts all the corresponding variables are set equal.

If this were the whole stbry of the cuts, they would be nothing but a tool to
conveniently handle variables which are exchanged between submodels. However,
this could also be done by simply declaring these variables as terminals. The two
models describing both the mechanical friction are shown in Fig.3.2. The force F
is chosen to be output in the first model while in the second model the causality
is assigned to the velocity v, since v is chosen as the output.

These two models are almost identical except that the inputs and outputs
are interchanged. DYMOLA overcomes the problem of duplicated models by dis-
tinguishing between the well-known across— and through-variables in the cut-
statement itself. The connection of such cuts can be considered as an outlet of an
electrical wire attached to an inlet transmitting both the voltage V (the across-
variable) and the current I (the through—variable). Such a transmission of the two

variable types is guaranteed by the following cut-statement:
cut cut-name (across_variables/through_variables)

Fig.3.3 shows the mechanical friction symbolized by an electrical resistor with
two ports, X and Y.

Such a submodel can be coded as shown in Fig.3.4:

Three submodels SM1, SM2, SM$ of the mechanical friction model (Fig.3.3)

are to be connected in the port X as shown in Fig.3.5.

By connecting the three submodels at cut X,
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model name : frictionl
input : v

ouput : F

parameter : B

equations : F=B v

or model name : friction?2
input : F
ouput : v
parameter : B

equations : v=F/B

Figure 3.2: Two Models of a mechanical friction

model: friction

F >
F

Fx | vx vy [y
cut: X o——)——/\/\/——o cut: v

Figure 3.3: Mechanical friction symbolized by an an electrical resistor
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model name: friction
cut : X(Fz/vz), Y(Fy/-vy)
local : F
parameter 8

equations :vz = vy

VT = VY
v =vr

F =Fa-Fb
F =v+B

end

Figure 3.4: Model of a mechanical friction

47
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submodel:
friction3 T

cut: v cut: v

Figure 3.5: Three friction submodels connected in one port X

43
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connect SM1:X at SM2:X at SM3:X

or abbreviated:
connect SM1:X=5M2:X=SM3:X

the following equations will be generated automatically:

SM1.Fa = SM2Fa
SM2.Fa = SM3.Fa
00 = SMlv+SM2.v+4SM3.v

This is no surprise since the port X represents the 0—junction in the Bond graph
methodology where all the flow—variables (here the velocities) have to be added
up to zero while the effort variables (here the forces) are equal to each other.

It should be noticed that all the flow—variables at cuts are normalized to point
towards the subsystem. If a flow-variable is directed into the opposite direction,

it must take a minus sign on the cut definition as already shown in Fig.3.4 of the
Y-cut.

"Cuts” can be grouped hierarchically together as will be demonstrated using
the friction model:

cut X(Fz/vz) Y(Fy/-vz)
1. Declaring a hierarchical cut:
cut Z[X,Y]
and connecting two submodels SMI, SM2 with common cut Z:

connnect SM1:Z at SM2:Z
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generates the same result in DYMOLA as using:

connect SMI1:X at SM2:X
connect SMI1:Y at SM2:Y

2. “One cut can be declared as main cul. The main cut is the default cut in
a connection, i.e. it suffices to specify the model name to connect the main

cut of a submodel.”[2] For instance, the friction-model is to be connected

to a system § with the same main cut:

model friction
cut X(Fz/vz) Y(Fz/vz)
main cut M[X,Y]

end

connect friction at §

3. There are often inherent connections in models, especially if the cut variables
are to be appointed from a source to a destination. This is shown by the
friction model of Fig.3.4, where its equations F' = Fz — Fy and vz = vy will
disappear by introducing a directed path from the input cut to the output
cut declared in the model below: |

model friction
cut X(Fz/vz) Y(Fy/-vy)
path trans<X—Y >

end

4. Two friction—submodels SM1, SM2 can be connected inside of a model MS
by simply writing:
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connect (trans) SM1 to SM2

which can be abbreviated as:
connect (trans) SM1—SM2

If a parallel connection of two friction-models SM$, SM4 was desired in a

model MP, then the code would appear as follows:

connect (trans) SM3 par SM/4

or abbriaviated:
connect (trans) SM$ || SM/

The “\” operator denotes the reversed order in the parallel connection.

Fig. 3.6 illustrates the subsystems SM1 and SMZ both coupled in parallel

and in series.

In summary, due to the existence of the cut-concept DYMOLA provides for the

following features:

1. As seen from the friction~model, additional description of models caused by
variation of I/Q variables can be avoided. This is because variables that are
declared as “terminals” or in “cuts”, are indirected. Thus, for example, the
two “friction-models” of Fig.3.2 with the input and outputs interchanged

can be united in the one “friction-model” of Fig.3.4 with the input and

output undirected.

2. By using the cut-concept, the physical laws which describe the static and
dynamic properties of a model are seperated from the physical properties

which dominate at connecting points of several subsystems.
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92

cut vy

sM2 pP—m—o

———o0 cut Y

cut X cut vy cut X
r—i SM1  —
model MC
SM1
cut X o=———
SM2
(a)
model MP
cut X o~-o0 SM1 o SM2 o

o cut v

(b)

Figure 3.6: Coupled models in DYMOLA: (a) parallel, (b) series connection
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3. Models in DYMOLA can be defined in proper modular form. This means

that models can be developed as a set of independent modules being atomic

or generic.

Finally, the use of cuts is necessary to exploit DYMOLA for implementing Bond
graph models since DYMOLA comes up with an equivalence to the 0—junction (the
DYMOLA-node) and the possibility to distingnish between across— and through—

variables.

3.1.3 Hierarchical Model Structures, Submodels and
Nodes in DYMOLA

As discussed above, the CSSL-languages together with DYMOLA use the concept
of submodels to achieve hierarchical structures in programs.

This concept is going to be demonstrated by means of an example: A main
system “MS” is decoupled into three subsytems: 551, §52, and §58. Further,
the subsystem SS51 includes two additional subsystems 5§51, and $552 shown
in Fig.3.7. This hierarchical system can be coded in DYMOLA as illustrated in

Fig.3.8.

But this description of a hierarchically structured system has a serious disad-
vantage. For instance, even if two subsystems are to be identical, their description
has to be replicated in a program if they are to be called several times by the main
program. The user can avoid such a replication by declaring subsystems as “model
type”s in DYMOLA.

These are, for example, an electrical resistor and inductance that can be defined

as generic, atomic model types shown in Fig.3.9.

The description, in general, is given by Fig.3.10.
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S$S1 $S2 SS3

SS8S81 || SSS82

Figure 3.7: A hierarchically structured system in DYMOLA

The terms being in square brackets of Fig.3.10 are optional. Two of these

optional terms need to be explained in more detail:

1. Node: “Sometimes it is usefu] to allow connections to take place inside a
model instead of across model boundaries. For this purpose, DYMOLA pro-
vides a node declaration” [2] besides the path declaration introduced above.
Cuts can be attached to the nodes. They then automatically assume the

same hierarchical structure as the cuts that are attached to them.

2. Submodel: With the submodel-statement, the subsystems declared as

model types, are called. The syntax of the submodel —statement can be

described, in general, as follows:

submodel [(modeltype_name)] {modelidentifier}
[(parameterlist)] [( ic initial_list)

where  parameter.list = {number} or {parameter = number}
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model §
model $51
model S5S!

end
model 5552

end
end

model 552

end
model S$53

end

end

Figure 3.8: Description of the hierarchical structure of a system
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model type resistor
cut X(V/I) Y(V/-I)
path Z<X—Y>
parameter R = 1.0
R+xI=V

end

model type inductance
cut X(V/I) Y(V(-I)
path Z<X—Y >
parameter L = 1.0
der(l)*xL =V

end

Figure 3.9: Submodels model types resistor and inductance
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model [type] modelname
declaration_variable_type
[submodel submodelLname]
[node node_name]
[connect variable.name]
model_equations

end

Figure 3.10: General description of a DYMOLA model [type]

The curly brackets denote a repetition of one or more times.

If no modeltype_name is given it is assumed to be the same as the
model_identifier.
The parameter.list is used to change default values of the subsystems (model

types). This can be done by either explicitly denoting the names of the

parameters or by simply giving them in the same order as they are declared

in the model type.

In the tnitiallist there are the initial conditions that are to be changed

from the zero default value. Further, the tnitiallist can be treated like the

parameter.list from above.

An example will be considered in which both the submodel- and the node-
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statements are illustrated. Refer to Section 3.3 for further information about
these statement, where the RLC—circuit description of Chapter 2 is coded in DY-
MOLA.

By coupling the two atomic elements, model type resistor and inductor of
Fig.3.9, a coupled model “pri” is generated. “Pri” stands for “parallel connected
resistor and inductor”. Its symbolic description as well as its code in DYMOLA

are shown in Fig.3.11.

The “model type pri” of Fig.3.12 can be rewritten by using the node-statement
as shown in Fig.3.12.

With the “model type pri” of Fig.3.11, using the node-concept, it is possible
to connect the submodels more clearly to the “pri-model”. Remember that both
the “resistor-” and the “inductor-model types” are provided with a DYMOLA
path. Thus, both the resistor and the capacitor can be connected from the “node
N1” to the “node N2” by using the “from” and “to”-statements. Therefore, the
direction of the model] types have been considered automatically.

Using nodes is a convenient way to make several connections, like in the case

of a power distributor.

3.2 Bond Graph Modeling in DYMOLA

Bond graphs have been discussed in Chapter 2 and in this chapter it has been
explained how an input file for DYMOLA has to be prepared. This section is
dedicated to the use of Bond graphs in performing actual simulation runs.

For this, several rules are to be given to implement Bond graph models in
DYMOLA programs where the RLC-circuit introduced in Chapter 2 is used to
illustrate them. The approach is actually straightforward:
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R
cut: X o AN —e cut: Y
L
cut: X o——IlY¥YW\\ o cut: Y
model: PRI
R
[ ]
cut: X e L o Cut: v
l laaas l

model type pri
cut X(Vz/I)
cut Y(Vy/.I)
submodel resistor (R = 30)
submodel inductor (L = 1.0E-3) (ic I = 1.0)

connect resistor:X at inductor:X
connect resistor:Y at inductor:Y
connect X at resistor:X
connect resistor:Y at Y

end

Figure 3.11: Model type pri using the cui—concept
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model: PRI

R
AN
cut: X o N, ] N, §——t—e CUL: Y
L__ren

model type pri

 eut X(Va/I) Y(Vy/-I)
submodel resistor (R =30)
submodel inductor (L =10E~3) (ic I=1.0)
node NI, N2

connect resistor from NI to N2, — >
tnductor from NI to N2, — >
X at NI, — >
N2atY

end

Figure 3.12: Model type pri using the node-concept
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model: bond

cut: A 0wt b0 CUt: B

model type bond
cut A(z/y) B(y/-z)
main cut C[A B
main path P<A—B>

end

Figure 3.13: Model type “bond” to exchange the effort and flow variable

1. The 0-junction of the Bond graph terminology is equivalent to the DYMOLA

node.

There is no DYMOLA equivalent to the I-junction. Howéver, as explained
above, 1-junctions are the same as (-junctions with the effort and flow
variables interchanged. This circumstance can be used to create a model
type “bond” to simply exchange the effort and flow variables as shown in
Fig 3.13.

Since in all the Bond graph models the junction-types toggle between 0-
and 1-junctions, they can be both defined by regular DYMOLA “nodes” if

they are connected with a model type “bond”.
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2. In order to avoid duplication of the different types of Bond graph elements
R,C, L, TF, and GY, there is one additional rule to be considered:
All the atomic model types of the Bond graph elements (except for the
“bond™) have to only be attached to O—junctions. If they need to be attached

to 1-junctions, then a “bond” has to be placed in between.

It should be noticed that DYMOLA is case-sensstive.

Fig. 3.14a shows again the Bond graph model of the RLC-circuit of Chapter
2 while Fig. 3.14b presents the expanded Bond graph according to the rules given
above, i.e. all the elements are attached to O-junctions. The causalities of the
Bond graph were not marked “since DYMOLA is perfectly able to handle the
causality assignment by itself (although no structural singularities yet).”[2]

In Appendix A, the DYMOLA model type library is given that describes the
basic Bond graph elements. These model types are used to code the RLC—circuit
in the DYMOLA program shown in Fig. 3.15, where L1 = 1.0 H,L2 =20 H,C =
20E-1F,R1=80Q,R2=7.0%, and U0 =sin(0.5xt) V.

Following the rules given in Section 3.2 the program in Fig. 3.15 is quite self-
explanatory. Since there are four junctions in the Bond graph mode] and one
1-junction with three bonds attached, there are also four nodes that have to be
declared in DYMOLA, and the “model type bond” has to be called three times.

The arrow (— >) indicates contination lines.
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Il.e 'Q ) A
Uﬁio fefYe
SE:U, C.Cc
(a)
L,
u'-z iLz
/I':L1 0 R:R,
Uy, iL1 u'-z iL-z UnﬂiR‘
00 = g Yo%) YRy o o
Uo io iC Uc
SE:U, C.c

(b)

Figure 3.14: (a) The Bond graph of RLC—circuit of Chapter 2, (b) its DYMOLA

expanded Bond graph
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model RLC
submodel (SE) U0 _
submodel (R) Rl (R=8.0), R2 (R=17.0)
submodel (I) L1 (I =1.0), L2 (I = 2.0)
submodel (C) C1 (C =2.0E - 1)
submodel (bond) B1, B2, B3

node vl, iL2, ul2, v2
input u

output yi, y2

connect U0 at vI, — >

L1 atvl, - >
L2 at ul2 - >
Catvg —>
R1 at v2, — >
R2 at v2, — >

Bi from vi to iL2, — >
B2 from iL2 to ul2, — >
B3 from iL2 to v2, — >

UOLEO=1u

yl==u

y2=Cl.e

end

Figure 3.15: The main program of the RLC circuit in DYMOLA

64



CHAPTER 3. DYMOLA 65

3.3 Generating DESIRE Programs, the Simula-
tion Control Model

The objective of this section is to show how to generate a DESIRE program from
a source code in DYMOLA. The DYMOLA preprocessor compiles DYMOLA code
into DESIRE code. The individual steps of the DYMOLA preprocessor are demon-
strated in Section 3.4, which is helpful if there is a DYMOLA program to debug.
DESIRE has been chosen as simulation language since it is a direct executing
language, and thus, very fast compiling programs.

Before explaining how to run the DYMOLA preprocessor, the simulation con-
trol portion (i.e., the experiment description) of the DYMOLA program will be
introduced.

The basic information for the simulation control such as simulations step, com-
munication points, and simulation time are required in order to run a DYMOLA
program describing a continuous system. The syntax of the control program starts
with “cmodel” and it normally will be stored under the same name as the one of
the DYMOLA program, but now with the extension “ctl”. The cmodel includes

the following three parts:
1. basic part
2. run control block

3. output block

Sometimes it is desirable to store the output tabulated with respect to time in an
ASCII-file. This can be done very easily by changing the output-channel from
the screen into a file, shown in Fig.3.16.

The basic part contains the following information:
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cmodel
simutime 30
step 1.0F — 2
commupoints 1000

input I,u(depend;sin(0.5 * t))

ctblock
{GEAR-Integration Algorithm}
irule 15
ERMAX = 1.0E ~3
DTMAX = 0.01
disconnect 1 | connect ’RLC.tab’ as output 1
scale = 1.5
XCccC =1
label TRY
drun | if XCCC < 0 then XCCC = —=XCCC | scale = 2 * scale | go to TRY

else proceed

disconnect 1 | connect ’user’ as output 1

ctend

outblock
ouT
type yl,32

outend

end

Figure 3.16: Simulation Control Program of the RLC—circuit
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1. simulation time
2. simulation step size
3. number of communication points

4. inputs(outputs)

Qingsu Wang’s thesis contains more information about the format of the basic

part.

If there are inputs in the DYMOLA program, then there must be the same
number of snputs in the control program.

The run control block is coded in DESIRE, involving DESIRE run control state-
ments in the run time ouiput part of DESIRE. Inside the run control block, the
integration rule can be chosen by the statement “irule”. If an integration method
with variable step size is used, then the absolute error of the state variables and
the mazimum step size can be specified using the statements “ERMAX” and “DT-
MAX?, respectively. Refer to Granino Korn’s book [23] for further information.

The feature of defining the tadular function in DYMOLA models has to be in
a special format and can be looked up both in Qingsu Wang’s thesis and Granino
Korn’s book [23,30].

The output block contains the simulation output requirements. There are four
output statements “disptxy, dispt, type, and stash”. Only two of them, “dispt” and
“type”, are to be described in more detail in this section. For further information
about the other two statements, refer to Qingsu Wang'’s thesis.

In order to receive a graph of the simulation with respect to time on the screen,
the output statement “dispt” has to be chosen. The “type”- statement causes an
output in tabulated form with respect to time either on the screen, or, if the output

channel has been changed to a file, then to this file.
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The two lines inside the “ctblock” starting with the “disconnect” statement
force the program to store the output in a file. Note that the “connect”-statement
used in the “ctblock”, which is written in the DESIRE language, has a completely
different meaning from DYMOLA’s connect-statement, namely to connect the
output to the file “RLC.tab” or “user”, respectively.

The portion in between the two “disconnect-lines” automatically scales the
run—time display if the “dispt”—statement has been chosen. “XCCC is a DESIRE
variable which is set —1 whenever the DESIRE program is interrupted with an
“overflow”. This happens when one of the displayed variables hits either the top
or the bottom of the displayed window. At this time, the plot is simply rescaled,
and the simulation is rerun by a new drun statement. “Since DESIRE is so fast,
it is not worth the effort to étore the results of the previous attempt, instead, the
entire simulation is simply rerun.” [2]

How the DYMOLA compiler processes DYMOLA programs together with the
simulation control block is now looked at. This is illustrated by using the DY-
MOLA program of the RLC-circuit from above.

The command sequence invoking the DYMOLA preprocessor which immedi-

ately reads in the model definition, is shown:

$ dymola

> enter model
— @bond.lid
— @QSE.lib
— QR.lib
— Q@I.lib
— @C.Izb
— QRLC.dym

>
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Being at the operating system prompt ‘¢, the DYMOLA preprocessor is called
which enters into an interactive mode indicated by its own prompt ‘>’. The
statement “enter model” instructs DYMOLA to read a model pointed out by
the next level prompt ‘-’ as long as the model specifications are read in. It is
possible to enter all the equations of the DYMOLA model directly, but it is more
practical to enter them indirectly by using the add-sign ‘@’ connected with the file
names of the model types stored in the DYMOLA model type library. Finally, the
specific RLC-circuit application model is loaded into the DYMOLA preprocessor
intializing the first step of the compilation, i. e. all submodel references both of the
main program and the model types, and the connect-statements are replaced by
their model definitions and by the couplings equations, respectively. In Appendix

A, the result of using the following two commands is shown :

> outfile RLC. eql

> output equations

The “outfile”~statement commands DYMOLA to redirect the output to the
file “RLC. eql”.
If it i1s desired to compile a DYMOLA program directly into a DESIRE pro-

gram, the previous two commands do not have to be entered, but the following

one does:

> partition eliminate

This manipulates all the equations above in the following way:

1. The causality to each equation is assigned.
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2. The equations are sorted into an executable sequence.

3. The equations which have to be solved simultaneously are partitioned into

smaller sets of equations.
4. Redundant equations are eliminated.

5. The equations are solved for the causal variables if possible.

The commands:

> enter experiment

— QRLC.ctl

loads the simulation control program and

> oultfile RLC.des

> output desire program

will generate the DESIRE program and save it in the file “RLC.des” which is given
in the Appendix A. This process will take a little longer since all the variables
of the DYMOLA program have to be converted into DESIRE variables of eight

characters at most.

This DESIRE program can now be executed by entering the following sequence:

> stop
$ desire

> load 'RLC.des’

> run
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which will generate the file “RLC.tab” with the desired output variables uc and

ir, tabulated with respect to time as declared by the “disconnect”-statement of

the control block.

3.4 Helpful Commands to Debug a DYMOLA-
Model

Very often the DYMOLA compiler gives error messages or even worse the result of
the simulation does not represent the expected rc;sult. There are some statements
presented to follow the preprocessor and discover how it manipulates the equations
of the DYMOLA model step by step. This is one way to debug a DYMOLA model.
As in Section 3.3, both the model types of the DYMOLA model library and
the specific DYMOLA model have to be entered.
Assigning the causality to the model equations, sorting them, and saving the

result in the file “RLC.sor” is obtained by entering the foHoWing sequence:

> partition
> ouifile RLC.sor

> oulput sorted equations

The file “RLC.sor” is given in the Appendix A. “The variables enclosed between
square brackets “[]”are the variables for which each equation must be solved. This
set of equations contains many trivial equations of the type a = b. DYMOLA is
capable of throwing those out.” [2] This is achieved by the following commands:

> eliminate equations

> eliminate parameters
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The algorithm which is now invoked performs the following tasks along with
several other ones which can be looked up in Dr. Frangois Cellier’s book:

All the equations of the type a = b are eliminated by replacing all occurances of
the variable a in all other equations by the variable b. “ There is one exception to
the rule: the eliminate operation will never eliminate a variable that was declared
as output. If a is an output variable , it will throw the equations away as well, but
in this case, all occurences of b are replaced by a. If both ¢ and 4 are declared as
output-variables, the equation will not be eliminated at all.”[2]

It should be noticed that both commands eliminate equations and eliminate
parameters are not currently available in DYMOLA, but are planned for the near
future. The following set of instructions achieves a much reduced set of equations
compared to the ones saved in the file “RLC.sor” and, in addition, the equations

will be solved for their causal variables.

> partition eliminate
> outfile RLC.sov

> output solved equations

The file “RLC.sov” is presented in Appendix A.
This section is not intended to replace the comprehensive paragraphs in
Dr. Frangois Cellier’s book, but is intended to represent a partial summary of

the most important commands.
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3.5 Features of DYMOLA of the Future

Since DYMOLA is currently in the development stage, there are still some prob-
lems with the language. A fair amount of research work is needed to make
DYMOLA a comprehensive language and, thus, turn DYMOLA into production

code. Some suggestions for the future extracted of Dr. Frangois Cellier’s book and

Qingsu Wang'’s thesis follow:

1. DYMOLA is currently able to get rid of variables in equations of type z = y.

However, it should be capable to eliminate variables in equations of type

z £y = 0.0, too.

2. “DYMOLA should be able to recognize equations that have been specified
twice, and eliminate the duplication automatically to avoid redundant equa-
tions.”[2] This property is very important in achieving hierarchically con-

nected submodels.

3. “DYMOLA should be able to handle superfluous connections, if we specify
that ¢, = —¢,, it is obvious that also w; = w,"(w is the angular velocity and
¢ its corresponding angle). “However, DYMOLA will not let us specify this
additional connection at the current time. Superfluous connections should
simply be eliminated during model expansion.”[2] This elimination can help

to get rid of a whole group of structural singularities.

4. DYMOLA currently extracts the equations which cannot be solved individ-
ually, by grouping them together in a set of equations. DYMOLA should be
able to transform this set of equations, of course, if they are linear, into ma-
trix form. DESIRE could take care of the generated matrix representation
to solve the set of equations by simply inverting the matrix. (In the near

future DESIRE will provide algorithms which invert matrices. )
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5. DYMOLA can solve linear equations. However, nonlinear equations like
A*+B*+2+(C+100=0.0

cannot be solved for A or B. Several possible solutions to handle nonlinear

equations are proposed by Dr. Francois Cellier [3].

6. While DYMOLA can handle continuous systems it cannot handle discrete
time models. This feature would make sense, since DESIRE allows discrete

time models.

7. DYMOLA needs more powerful user interfaces. For instance, a graphic pre-
processor of DYMOLA, called “HIBLITZ” [19], supporting all the mod-
eling concepts of DYMOLA is already available on “Silicon Graphics (Iris)”
but not on 386-compatibles yet.



Chapter 4

Chemical Reaction Networks

Modeled by Bond Graphs

4.1 Preview

The main emphasis of the previous chapters has been the Bond graph method-
ology and its implementation in the modeling language DYMOLA, having been
introduced by means of an example, an RLC circuit. The goal of this chapter is to
apply Bond graphs to chemical reaction networks described by a set of chemical
reactions. Before doing this, however, some basic equations have to be derived
which are necessary to describe and to fully understand the Bond graph model of
chemical reactions. See the reference list for further detailed information about
chemical thermodynamics and kinetics [31-50,60-65]. It will be necessary to
introduce some equations which represent simultaneously occurring energy tran-

sitions, but the intention of this chapter still represents the modular modeling of

chemical systems.

75
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4.2 Chemical Reaction Kinetics

The intention of this section is to describe equations for chemical reactions by
looking at the macroscopic rather than the microscopic behavior of an occurring
reaction. The chemical properties of matter, such as color, taste, smell, etc. will
also not be considered but, instead, the calculation of the physical properties, i.e.
the temperature, volume, pressure, concentration, etc. The big advantage of Bond
graphs is their capability of very easily connecting different types of physical sys-

tems. Chemical power can be expressed as follows:

Pcheml = I:"n Pchem2 = ﬂ'h (41)

where the chemical potential 4 and the number of moles n can be declared as the
across variables e while the time derivative of the chemical potential 4 and the
molar flow rate n can be chosen to be the through variable f. One interesting
point associated with this result is that the power is separated into two different
forms as it has been suggested by declaring two flow— and two effort—variables.
The reasons for this will be explained below.

Table 2. 1 shows that chemical besides thermodynamical systems do not have a
generalized momentum. This is due to the fact that these systems lack an inertia
element, one of the two storage elements existing in both electrical and mechan-
ical systems, for example. With this information Dr. Francois Cellier concluded
in his forthcoming book that the missing inertia element is the reason why it
is possible to decouple the chemical kinetics from the chemical thermodynamics.
This was exactly the decomposition property that has led the chemical sciences
to split intd two camps. The “kineticists” research reactions by dealing with the
change of matter. Thereby they totally ignore the variation of chemical power.

The “thermodynamicists” mainly consider chemical reactions near chemical equi-
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librium. Thus, they look neither at the change of mass nor at the power flow but
at the statics of energy around the steady-state.

Even though the decoupling property seems to be very convenient in modeling
chemical reactions, it will cause difficulties if other physical systems are to be linked
to chemical systems, since two forms of energy have to be transmitted at the same
time. Mostly chemical reactions occur endothermically or exothermically under
definite conditions, i. e. , substances react isobarically, isothermically, isochorically,
etc. The hydraulics/pneumatics and thermodynamics of chemical system reactions
have to be considered simultaneously in this cases. This idea is explored in this
chapter.

In the following sections the kinetic equations will be derived before continuing

with chemical thermodynamics.

4.2.1 Basics of Chemical Reactions

The following chemical reaction shall be considered using appropriate notation:

CaHs + 502 = 3002 -+ 4H20 (42)
or
CsHs + 50, 2% 3CO0, +4H,0 (4.3)
3C0, +4H,0 25 C3Hg+50, (4.4)
or more generally:
I I :
St A=Y 000 A (4.5)

=1 =1

where A; represents the chemical symbol for the ith chemical species while vF
and v are the non-negative integer coefficients in the chemical reaction. By

convention, chemical species on the right-hand side of equ.(4. 1) are called products
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of the reactants standing on the left-hand side of the right-left—harpoons. These
harpoons mean that this reaction actually represents an equilibrium reaction, i.e.,
after a considerably long time the composition of the reaction substances will not
change macroscopically any more. The reaction will not totally react either to
the right or to the left side but the equilibrium composition will be something in
between the two extremes. However, in reality this equilibrium will never be static
but dynamic, or, in other words, this equilibrium is actually a flow equilibrium.
This means the same number of reactants will react to the right side as the number
of products being split again into reactants.

Due to the law of mass conservation, the sum of individual atoms of the re-
actants must be the same as the sum of individual atoms on the right-hand side.
The act of balancing the atoms on both sides is called the stoichiometry. Equ.(4.5)
can be written differently as following:

! -
S vik-Ai=00 or #-A=00 (4.6)
i=1

where

Vik, = vf = Vﬁi (4.7)

is called the stoichiometric coefficient.

Traditionally, v, is negative for reactants and positive for produ(;,ts and can be
either positive or negative for species being both products and reactants at the
same time. The non-negative coefficients ufk.. and v}, are called the reactant and
product stoichiometric coefficients, respectively. It should be noted that the sec-
ond subscript k; of the stoichiometric coefficients stands for K different reactions
occurring simultaneously. If there is a set of chemical reactions then the stoichio-
metric coefficients will build each a matrix of dimension i times k;. In the simple
case of one chemical reaction the stoichiometric coefficients are written in terms

of a vector. As an example, the vectors of the stoichiometric coefficients of the
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above reaction are given as follows:

7 = [1,5,0,07 (4.8)
7 = [0,0,3,47 (4.9)
7 = [~1,~5,3,4]7 (4.10)

This reaction of carbonhydrogens can also be said to be the reaction of one mole
of propane C3Hg with five moles of oxygen O, to three moles of carbondioxide
CO; and four moles of water H,O. In the case of introducing the concept of a
“mole” for describing a chemical reaction macroscopically the balance of atoms is
precisely guaranteed.

One mole of any chemical substance exactly contains the same number of
molecules as 12grams of C'?, namely 6.023-10%, This number is mostly referred
as Avogadro or Loschmidt number. Further, the relation between the mass m of a

species and its number of moles n is expressed by the following equation:
m=n-M (4.11)

where M represents the molar mass of a chemical species. The molar mass can
be succinctly expressed as the product of the molecular mass and the fraction
1gram-mol™'. The molecular mass of a molecule is roughly explained as the sum of
the molecular masses of all the species building this molecule. The molecular mass
of an atom is evaluated from its number of heavy elementary particles (protons
and neutrons) multiplied by the mass of the heavy particles. Values of molecular

mass are basic data of the chemical periodic system.

With the concept of moles a normalized form of the mass of every species
taking part at a reaction has been obtained providing for the necessary condition

of balancing the number of atoms. The number of moles of any pure substance is

measured in mole.
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In chemical laboratories, the molar concentration ¢ is very often applied to
express the amount of a certain substance in a liquid or in a gas phase. The molar
concentration is the ratio of the number of moles n and the the volume V occupied

by this quantity.

ng

With this normalization the influence of a possibly variable volume is eliminated.
The unit of the molar concentration is mole - m™3,

If the amounts of chemical species in a single reaction are measured in moles
or in moles per volume then in the course of this reaction the number of moles
will change. Mathematically, the molar flow rate £; is described as the derivative

of the number of moles with respect to time, and is measured in mole - sec™.

dn,- ‘
§&i= 7y (4.13)

It should be noted that in some textbooks the letter £ is used for the reaction

extent or the degree of advancement whose derivative is defined as

1dé, 1 ¢
V dt - Vi ks dt (414)
For fixed volume this equation can be simplified to
d&k‘- _ 1 dn,-
dt Vi di (4.15)

which is well known as the “law of definite properties”. In this project the first
application of the letter £ will prove to be more convenient for describing the
dynamic behavior of chemical reactions also with changing volume.

The amount of mizture z; is introduced as the number of moles of each sub-
stance s divided by the sum of the number of moles of all pure substances contained

in the mixture.

_ 1
z; = -:-:1 where n =) n; (4.16)

i=1
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The reaction rate directly depends on the concentration of reactants and on the
reaction constant k;. In order to get their mathematical relation the microscopic
behavior of the reaction has to be considered. A reaction will only take place if
all the involved partner molecules come together at the same time at the same
place. The probability of such an event is directly proportional to the density
of every involved partner molecule. On the other hand, the density in a unity
volume is nothing but the concentration. One can assume that the probability of
any molecule to be at a specific time at a certain place is statistically independent
of the probability of the other molecule to be at the same time in the same volume
element. Consequently, the product of the reactants’ concentration represents
their joint probability to react with each other. In the propane—oxygen reaction,

for example,

ri = ki coum, - €p, (4.17)

r2 = kz-co, cho (4.18)

are the reaction rates of this equilibrium reaction.
In general, the reaction rates are given as:

I R
re, = ki [] eal® (4.19)

i=1

The change of one reaction participant’s concentration in a set of chemical reac-
tions is the sum of all the reaction rates of these reactions in which the participant
is involved minus the sum of all the reaction rates of those reactions in which it is

eliminated. This can be expressed using the stoichiometric coefficients as follows:

de; o~ P o~ R
dat - D kTR = D Vik T
ki=1 ki=1
= U -F (4.20)

Using this notation, the equations of the above chemical reaction become:

d
ZCHy = T1m Ty (4.21)
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d

E;Co, = &r;—b6ry (4.22)
d
3600 = 3ry — 3ry (4.23)
d
S CH0 = 4ry —4r; (4.24)

However, these equations do not perfectly describe the reaction system since the
chance of seven reactants in equ.(4.18) colliding in the same instant and at the
same place is highly unlikely, and thus, may never occur. Chemical experiments
have shown that the maximum of three or four participants involved in one reaction
step will never be exceeded and, therefore, the above brutto reaction has to be
split into a set of chemical reactions as will be done in the case of the hydrogen-
bromine reaction in the following section. The propane—oxygen reaction is actually

a complex chemical reaction with radicals involved.

4.2.2 The Temperature Dependence of the Reaction Rate

Constants

In the previous sections the kinetic equations together wfth the reaction rate con-
stants have been considered to be completely decoupled from the thermic system.
However, heat energy, which is either absorbed or generated in a reaction, is fed
back to the chemical system again. This leads either to cooling or heating of the
system in which the temperature varies. Experiments have shown that most of the
chemical reaction rates generally increase very fast as the temperature rises. This
temperature dependence can only be explained as a temperature dependence of
the reaction rate constants, which increases exponentially with linearly increasing
temperature. The following empirical relation between the temperature and the

reaction rate coefficient has been explored

k=A-e7 (4.25)
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where b and A denote empirically determined constants.

In order to interpret equ.(4.25), Arrhenius (1889) assumed these particles to
react in a collision with each other if their energy exceeds a certain amount of
energy E,. For an ideal gas, the number of particles fulfilling this condition was

found by Boltzmann to be:

S—E’— B (4.26)

where ¢ denotes the total concentration of a reaction substance.

The reaction rate r of a bimolecular reaction is assumed to be proportional
to the concentration cg, of the “activated” particles. Further, the reaction rate
increases with the growing number of collisions (CO) being by itself proportional

to the total concentration ec.

r = acg-CO=a-e# .c.CO (4.27)
or
r = a-e®.c-b-c (4.28)

With A = a - b, equ.(4.28) becomes:
r=A.em . (4.29)

Equ.(4.29) is usually referred to as Arrhentus’ equation with
k=ko - T™. T (4.30)

where m can vary between zero and four. Usually m = 0.5.

The constant b of the empirical equ.(4.25) can be identified as the factor E,/R
where E, denotes the activation energy by Arrhenius. The reaction will take place
if the temperature is sufficiently high so that the collision energy exceeds the
activation energy. In the exothermic case, the temperature of the system grows
such that the reaction is accelerated, which can finally lead to an explosion in
which the energy stored in the matter of the reactants is mainly transformed into

heat energy and pressure/volume work.
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4.2.3 An Example for a Complex Chemical Reaction: The

Hydrogen—Bromine Reaction

One might expect the hydrogen-bromine reaction with its chemical brutto reac-

tion:
H; + Br, = 2HBr (4.31)
or equivalently,
H,+Br, X% 2HBr (4.32)
oHBr -2, H,+ Br, (4.33)
to have a steady-state of: .
kl C%IBr
o _SHBr (4.34)

k2 cm, - cBr,
where equ.(4. 34) was found from the set of differential equations with zero deriva-
tives. But experiments of Bodenstein and Lind showed in 1906 that in the gas
phase, over the temperature range of 200 — 300°C, the empirical equation
1/2

d k-cq, - cg,,
L g, = 4.
at 5 T T E - cupr/con (4.35)

where k' = 0.1 and k e and E = 175kJ- mol~!, was approximately followed for
the concentration change H Br. Equ.(4. 34) cannot be true since the concentration
of bromine in equ.(4. 35) has some influence on the steady-state concentration of
hydrogen-bromine. The concentration coefficient of bromine has an exponent of
1/2 rather than 1, as in equ.(4. 34).

Christiansen, Herzfeld, and Polanyi proposed the following set of chemical

equations thirteen years later to explain what actually happens in reality:

Br, X, opr (4.36)
*, By, (4.37)
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Br*+H, = HBr+H* (4.38)
HBr+H* X5 Br*+ H, (4.39)
Br,+ H* %% HBr+ Br® (4.40)

The hydrogen-bromine reaction was in fact found to contain a chain reaction,
whereby the reaction (4.36) represents the initiation step forming one of the so-
called “chain carriers”; in this case, the bromine radical Br*. Reaction (4. 38)
and (4.40) denote the propagation step, that is the chain carriers Br® and H*
stay in these two reaction types by catalyzing them, until the bromine radical is
removed in the termination step of reaction (4.37). Reaction (4. 39) represents an
inhibition step since the hydrogenbromine, the product of the entire reaction set,
is split again.

The typical reaction rate constants were measured years later as, [43,etc.],

1.97
ky = 1.39-108-1'1/2-(1;92;3) e =REY (4.41)
ky
kg - —K—(?-)- (442)
ks = 1018, “FF° (4.43)
ks
o= 2 (4.44)
k3
ks = ———— .
5 10_0.54 ._eg_}é.%g_ (4 45)

where K(T) is the equilibrium constant of reaction number 3. These constants
strongly depend on temperature. This dependency has been analyzed in detail in

Section (4.2.1.1) where the Arrhenius equation has been introduced.

The concentration rates break down to the following set of equations:

d

5B = T +r2—7rs (4.46)
d

ECB,-- = 27‘1 - 21‘2 —~r34rs+rs (447)
4 o = (4.48)

ECHQ = —r3+ry



CHAPTER 4. CHEMICAL REACTION BOND GRAPHS

C =T r r
lt He 3 4 5
[ = 7 re+7

where the reaction rates are:

rnh = kl * CBry

ry = kg . C%,.o

rs = ki cn,-cpp

re = k¢ -cypr-cye
rs = ks cyeChry
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(4.49)

(4.50)

(4.51)
(4.52)
(4.53)
(4.54)
(4.55)

Since Bond graphs applied to chemical reactions require computation in moles,

equs.(4. 46-50) must be written in terms of number of moles and of molar flow

rates rather than in terms of concentrations, in which the kineticists prefer to

formulate the kinetic equations.

d (ng, ' ng. Npee\ ? nge nNpr
3 (5) = S (3 a5 0
() = ook (TE) ke T T

nHBr NHe NHe MNBr,

the T gtk

4 2.!!..) = . DR DB, PHBr THe

a\v VTV TV Y
i(l‘ﬂ'.) — k..DM2 NBre . THBr DNHe . TH
t\V Vv R 72 VR A 72
d n M n TLBye n r  TLHe 1230
G(5) = Ttk et

Defining molar flowrate as:
. f__in
T dt

and the derivative of the total volume V with respect to time as:

d
‘I>=-G-EV

(4.56)

(4.57)
(4.58)
(4.59)

(4.60)

(4.61)

(4.62)
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equs.(4.56-60) can be rewritten as:

2 -
£Br2 = —k;- npr, + kp- (_____n;r‘) — ks - (_——'"""'nH. VnBrg) + . (E.‘('B/E) (463)

n%r'

€sre = 2k -np, - 2k;- ( 2 ) — kg (Rl )
+ k- (——-——n“' : ""') + ks - (—————"”' : "B") +®- (-——"3) (4.64)

|4 |4
fr, = ke (PR g (BEELDE) b (HR) (ag))
_ (nHy "NBre\ ,  (NHBr ' NHe
e = ks ( v ) e ( v )
ks (EH__‘_/P&A) e (I‘_‘f/f_) (4.66)
_ (nHyMBre\ ,  (NHBr " THe
éﬂBr = k3 ( Vv ) k4 ( Vv )
+ ks (__.._.__"”' "/nB”) +@. (n’é,s') (4.67)

By introducing the reaction flow rates:

& = ki -ng, (4.68)
€2 = ko (ﬁ"}——) (4.69)
s = ks (E.f!z_‘;’i) (4.70)
£ = ko- ("ﬂ‘;—ff-’-—) (4.71)
s = ks (PETE) (4.72)
equs.(4.63-67) become:
%nsr, = —fu+ba—~Gs+®- (E‘E}“’) (4.73)
%nsr- = 2k — 2k — Era + Ena + Eus + 8- (”%) (4.74)
Lrm = ~totba+e (C2) (4.75)
%nyo = fa—Cu—Cs+ P (%) (4.76)

d r
~"HBr = bz —bra+Es+ - (n[{/B ) (4.77)
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The reaction described by these equations will be illustrated with an example.
Reactants of a certain amount are put in a tank of known volume with a piston at
one end. After steady-state is reached, the piston is to be moved in, decreasing the
total volume. From equs.(4. 73-77), it follows that the number of moles increases,
which cannot be true since in a system without in- or outflow of mass, the total
number of moles does not change. If the term with the @ in equs.(4. 73-77) were
cancelled out, the change in the number of moles of one species would only depend
on the reaction flow rates of those reactions in which the species is involved.
Consequently, a surplus term will be added to the set of differential equations

(equs. (4.46-50)). to make the two sets of differential equations consistent:

d s

-‘-:l-;cB,.2 = -kl * CBry + kg . CQB,. - k5’° CHe * CBr, — "7 * CHrq (478)
‘5;031-- = 2ky-cpr, —2k;- 623,.- —k3-cp, - Cpye
‘ ¢
+ks-cypr-cys + ks - cge CBr, — -‘7 s CBye (479)
d ¢
ECHQ = —ky- CH, * CBye + ky - CHBy * Coe — "‘7 * CH, (480)
d
ECHo = k3 *CH, " CBye ™ k4 *CHBr ' CHes ~— k5 *CHe * CBr, — V *CH» (481)
d $
S CHBr = ks -cy, - cBrs — k4 Cpr - CHe + ks - CHe - CBry — v CHBr (4.82)

The concentration of the species will now increase if the volume decreases since
the volume flow rate will get a negative sign, and therefore making the last term
of equs.(4. 78-81) positive. Only with the assumption of constant volume can the
last term be deleted. In many textbooks of chemical kinetics this last term is

erroneously omitted for the variable volume case as well.
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4.3 Chemical Thermodynamics

Since the goal of this chapter is to derive equations balancing the energy in a
chemical system it is necessary to consider the thermochemical as well as the
kinetic behavior which has given the relation between the number of moles in the

reaction in the previous section.

4.3.1 Basic Definitions

The basic thermodynamics terms are to be explained first. Most chemical reac-
tions generate heat, and are thus exothermic. Reactions which absorb heat are
endothermic. These reactions have some thermodynamical constraints and occur
under two constraints at the most, for example, isothermic (under constant tem-
perature), isochoric (with constant volume), or isobaric (under constant pressure),
respectively. The case of reactions without the in— or outflux of heat energy is

called adiabatic while reactions with constant total entrdpy are called isentropic.

4.3.2 The Chemical Potential and the Two Power Balance

Equations

Assuming that only pressure—volume work is possible the first and second law of
thermodynamics give the following equation, found in many textbooks [29,36,43]:
-« L3 - I
U=T'5—p'V+Eﬂ,‘-fli (4.83)
=1 :
where U represents the internal energy, T is the temperature, S stands for the

entropy, p denotes the pressure and V the volume. n; represents the molar flow of
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a pure substance { — in the Bond graph terminology it is symbolized by a through
or flow variable —, y; characterizes the chemical potential of a pure substance and
is, in Bond graphs terms the across or effort variable. The existence of a chemical
potential comes as no surprise since in any chemical system mass flow is denoted
by the molar flow rate 5 carrying chemical power along the Bond graphs. This
power can be evaluated from the product of the molar flow rate and its adjugate

variable —this is exactly the chemical potential— measured in Joule - mole™!,

Equ.(4. 83) shows three possible ways to simultaneously store energy in a chemi-
cal reaction. These are the thermic storage (expressed through the storage of heat
energy), the hydraulic/pneumatic storage and finally the chemical storage. The
existence of a difference in chemical potential is the driving force in a chemical
reaction necessary for the transfer of matter while the difference in temperature

and pressure are necessary for the transfer of heat energy and pressure-volume

work.

The variables used in equ.(4.83) can be subdivided into two categories. One
category includes the property of pressure, temperature, and chemical potential
remaining constant regardless of whether or not one were to describe all the matter
or only a part of it. Since this category is independent of matter, it is called
intensive. On the other hand, those properties, for example, the volume and the
entropy, which vary directly with the changing mass, are called eztensive. Besides
the entropy and the volume, the internal energy and the molar mass of any pure
substance fall into this category. If the extensive properties are divided/normalized
by the mass, then they certainly become intensive since they ldo not depend on

matter any longer. By doing this, equ.(4.83) becomes

d n-u)—T i( . 8)+ .i( . )-ZI: .-i(n-z-)—oo (4.84)
d Y gt TR v T e g n w) =0 '

where u denotes the molar internal energy, s is called the molar entropy, and z;

represents the molar fraction.
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Evaluating equ.(4. 83) gives:
du dv dz; dn
(ZT_T PG ";”' dt)+ dt ("—T sEP v_z;“'.x') =00
Since the molar mass and the molar flow rate are independent of each other, the

two terms between the parentheses have to be zero:

du ds

E‘ = T.E-—p dt+'_zl (4.85)
u = T-s—p-v+zp.--:c,- (4.86)

i=1
Equ.(4.86) again shows that chemical systems actually have three possibilities to
store energy.
It proved to be convenient to use the Gibbs free energy G or its intensive
equivalent ¢ and the enthalpy H, or the molar enthalpy h to express chemical

thermodynamic equations.

g
H=U+pV=T-S+> pi-n (4.87)
i=1

I
G = H-T-85=)_pi-n; (4.88)
g1
or
I
h = utpv=T -5+ pi (4.89)
i=1
1
g = h=-T-s=3 pi-z (4.90)

=1
The molar Gibbs free energy g measures the total chemical energy stored in one

mole of a pure substance. The Gibbs free energy G can also be written as
G=U+p-V-T-5 (4.91)
or by taking its derivative with respect to time:

G=U+p-V+p-V-T.-§-T-8 | (4.92)
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Replacing the time derivative of the internal energy U by equ.(4. 83) this becomes:
I
G=p-V-T-S+) pi-& (4.93)
=1
Using equ.(4. 88) again, equ.(4.92) can be rewritten as:
Y §
G’=Zﬁ.~-n.~+2m-£.- (4.94)
=1 =1
With equ.(4.94) compared to equ.(4. 93) it follows:
I »
Eﬂ;-n;:ﬁ-V—T-S . (4.95)
=1
Under the assumption of constant temperature and pressure this equation boils

down to

I
Zi‘,‘ Ny = 0.0 (4.96)

=1

which represents the well-known Gibbs-Duhem equation.
In the following sections a closed system with total constant energy is assumed.
By neglecting any other work except for pressure-volume work, the internal energy

can be considered as constant:

U = constant
From equ.(4. 83) it follows
UzT-.S"—p-V+zI:y.--r‘z.-=0.0 (4.97)
i=1
With equ.(4.95) and equ.(4.97) two separate power balance equations have been
found helping to build the “Chemical Reactor” of the Bond graph model.

1
p-V = T-S+3 pi-& (4.98)

=1

1
pV = T-S+> j-n (4.99)

=1



CHAPTER 4. CHEMICAL REACTION BOND GRAPHS 93

4.3.3 The Equation of State

The equation of state for liquids, simple solids and for an ideal gas will be shown

in this section, as will the use of the equation of state for an ideal gas.

4.3.3.1 The Purpose of an Equatipn of State

Even though in the last section two power balances have been found, there are
still four additional equations yielding a total of six unknowns to determine. Three
of them were already determined, i.e., the two inputs from the environment and
the one set of kinetic equations. The objective of this section will be to derive
the sixth and last equation. For this purpose, a fundamental postulate of the
thermodynamic state principle is cited:

“For any real systemn there exists a positive integer z such that if z intensive
thermodynamic state functions are fized, then all other intensive thermodynamic

state functions are fized.”

This state principle must be regarded to be empirical since it is based on
experimental observations near equilibrium.

The concept of an equation of state is determined as a direct consequence of
this principle, whereby one intensive variable depends on the linear combination
of the other intensive variables. If the value of one extensive variable is given, then
the value of the mass can be evaluated.

Especially for an ideal gas the equation of state is:
p-V=n-R-T (4.100)

where V represents the volume, p is the pressure, T denotes the absolute tempera-

ture, R is the ideal gas constant (R = 8.314Joule-°’K~1-mole~1), and n represents

its total number of moles.
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In order to illustrate Dalton’s law a container with a fixed volume containing
gaseous compounds is considered. All compounds are completely independent
of each other and their measured pressure represent the partial gas pressure.

Equ.(4.101) can be written for the individual component 3:
pi-V=n;-R-T (4.102)

In the second case the partial volume V; is given by the modified equation of state

under the condition of constant temperature and pressure:
pVi=n;-R-T (4.103)

according to Avogadro’s Law which states that one mole of an ideal gas under
constant pressure and temperature exactly occupies the same volume as a mole of
any other gas with the same pressure and temperature (every gas under normal
conditions, i.e. with p = 1.023 bar and T" = 273.15 ° K, has a volume of V =
22.4 liter = .0224 m®). Since the time derivative of the partial volume is.needed
for the power balance of equs.(4. 98,99), equ.(4. 103) has to be rewritten as follows:

$,; = §-'—§'—-—£ where & = i Viks - Ek; (4.104)

ki=1

Application of equ.(4.104) to the hydrogen~ bromine reaction yields:

&5, = cB,,~(5;5)=(—&1+£kz—éks)-(R—f) (4.105)
B = es,--(%z) -——(2&1-2£k2—§k3+5k4+ek5)-(5;5)(4-106)
Py, = &y (F—};Z) = (=3 + &ra) - (%I) (4.107)
&y = s»-(-’%z)=(eks—su—fks)-(£;—T—) (4.108)

tua = o () = (G- e+ ) (2T) (4.109)
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The total volume flow is the sum of all the component volume flows:
! R-T R-T
¢=Z¢i=£' ( ) =(£k1"'€kz)' ( _) (4.110)
i=1 p p
If the volume flow of each reaction is desired rather than of the individual com-

pounds, then the above equation is usefully split into:

B, = oy, (#) where &, = ZI:Vi,k.- & (4.111)
i=1
and applied to the hydrogen—bromine reaction:
By = (2-1) b - E-;Z (4.112)
Do = (1-2)-biz- EP—T (4.113)
s = (2-2) Eis- %1 (4.114)
Crs = (2—2) Era- %—1: (4.115)
Ops = (2-2)-&s - E;Z (4.116)

Note that the numbers between the parentheses denote the difference of the number
of gaseous product particles a.nd the number of gaseous reactant particles according
to the definition of the stoichiometric coefficient.

In the third, fourth and fifth reaction, two gaseous reactants are traded for
two other gaseous products. Consequently, the volume does ﬁot change, in full
accordance with Avogadro’s Law, and thus, hydraulic/pneumatic power is neither
produced hor absorbed. This is contrary to the first and second reactions, where
one mole of bromine-molecules Br, is split into two moles of bromide-radicals
Br® or generated by two moles of Br®, respectively. As a result, the first two
reactions produce hydraulic/pneumatic power (p - ®;;, and p- ®;;). The sum of
the stoichiometric coefficients multiplied by the reaction flow rate £, is called the

effective flow rate {, of each reaction.
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4.3.4 The Initial Conditions

The two power balances, the reaction kinetics and the derived modified equation
of state for ideal gases are without exception of dynamic type. Le., they depend
on time and therefore they have to be integrated over time to solve this highly
nonlinear problem. Thus, the initial conditions for the dynamic equations have to

be evaluated. This process is covered in the next two sections.

4.3.4.1 [Initial Conditions of the Kinetics and the Equation of State

There is usually no problem to get the initial conditions of the reaction kinetics and
the equation of state. The reactants’ number of moles ng; are normally measured
before the reaction takes place and, thus the set of initial conditions of the reaction
kinetics are directly given. The equation of state requires either the temperature
To, the pressure po, or the volume V, as initial values depending on how the
dynamic variables have been chosen.

The two initial values of the power balance equations have to be computed
from thermodynamic data which is tabulated in appropriate literature [47—54].
This calculation is to be the subject of the following section.

4.3.4.2 Initial Conditions of the Two Power Balance Equations

In any case it is necessary to determine the initial value of the chemical potential

oi from equ.(4. 86) shown below under isobaric and isothermic conditions:

Ui=—p-Vi+T-Si+p;n; (4.117)
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There exist various equations of state for all kinds of properties of the matter,
which can be found in the literature [40,48].

As an example of another form of the equation of state, liquids or simple solids
are to be looked at. Assuming fluids and simple solids to be nearly incompressible,

their volume boils down to be directly proportional to the number of moles.
Van

Actually, the intention of this project was to derive dynamic equations in order
to simulate chemical reactions far away from their steady-state. But this plan
fails with the application of the modified equation of state since any equation
of state is in some way empirical and only valid in the vicinity of equilibrium.
Unfortunately, chemical thermodynamics does not provide such an equation of

state that can correctly be used in dynamic simulation.

4.3.3.2 The Application of the Equation of State to Ideal Gases

The equation of state is normally applied to compute one of the hy-
draulic/pneumatic variables p or V. It would be useful if a value of the pneumatic/
hydraulic energy p- V of any gaseous compound i in a ideal mixture of ideal gases
were found. For this, two different cases have to be considered:

In the first case, the pressure of each compound in an isochoric and isothermic
reaction is to be evaluated depending on the constant temperature and volume
and its number of moles. Therefore, the partial gas pressure p; will be introduced
as well as Dalton’s law. According to this law, the sum of all partial pressures in
an ideal gas is identically equal to the partial pressures of any compound of the
gas mixture. Equ.(4.100) can be rewritten as:

(EI:P-') V= (in;) ‘R-T (4.101)

f==1 i=1



CHAPTER 4. CHEMICAL REACTION BOND GRAPHS 98

Rearranging terms, it follows:
H=U+p-V;=T-5+ pi-n; (4.118)

If the enthalpy H; and the entropy S; were known, it would be very easy to compute
the initial values of u; and U.

The Heat of Formation The origin of the heat of formation will be determined

by means of a carbon with oxygen to carbondioxide reaction:
C+0, 24 CO, (4.119)

If this reaction occurs stiochiometrically, i.e., if, for example, the reactants are
completely converted into carbondioxide, then the measured heat energy is the
same as the reaction enthalpy AH,, when mizture enthalpies AH,, (being zero for
ideal compositions) are neglected. This means that the reaction substances will

not influence each other neither micro— nor macroscopically.
AQ = AH;, + AH,, where H, =00 (4.120)

This relation can also easily be derived from the first law of thermodynamics by
neglecting any kinetic, potential or mechanical work.

Since the above observed reaction, which is considered to be completely stoi-
chiometrically converted, occurs under normal conditions (i.e. at room tempera-
ture T = 298.15° K and the pressure p* = 1.0132 bar), the heat energy measured
is called te standard heat of formation of the molecule CO;. The heat of formation

is normalized to this standard molar heat of formation of the pure substance:

hi(p®, T") = 5131;’_———) = Ahj, (4.121)
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for which data is tabulated in most of the common literature [51,56,57]. By con-
vention, the standard heat of formation of pure elements, for example of hydrogen

H, and carbon C, is normalized to zero.

For more complex reactions under certain conditions (p, T)
vR A+ R BE VL. C+P- D (4.122)
the molar reaction enthalpy is found as follows:

Ah(p,T) = v§ -he(p,T)+v5 - hp(p, T) — vf - ha(p,T) — v5 - hp(p, T)
I
= 2 v h(p,7) (4.123)

=1
where v; represents the stoichiometric coefficient and k;(p,T) denotes the molar

heat of formation which can be written as the differential of the intensive variables

? and T and the molar standard heat of formation A} as following:

. — . - - Tahl'(p"T) 6hl(p’T‘)
h,(p,T)-h,(p,T)+/T_ e pdT+_/:———6p Td,i (4.124)

b e
The term a of equ.(4.124) is as said the molar standard heat of formation of the

pure substance &. This value is usually found in existing tables in literature, for

example in Perry and Chilton [46].

The integrand of the temperature correction term b can be identified as the

specific heat capacity cp,:
Oh;

| & (T,p) = 5 i (4.125)
The specific heat capacity under constant pressure is equal to the specific heat ca-
pacity under constant volume for ideal gases, and also equals the partial derivative
of the molar enthalpy h; of the pure compound i with respect to temperature. For
ideal gases in the vicinity of atmospheric pressure, the specific heat capacity can

be approximated by a polynomial of the temperature variable:

en(T,p) = ai+ Bi+ T+ 7 - TH(+6: - T°) (4.126)
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where the coefficients a;, 5; and 4; are also tabulated in the aforementioned liter-
ature. Equ.(4.126) should only be used for the gaseous phase. It will not be valid
any more if the phase changes from the gaseous phase to the liquid one since the
value of the molar heat capacity will jump from a low value to a very high one.
Under the assumption of an ideal gas, the presmre correction term ¢ can be
neglected. Thermodynamical data for this correction term can also be looked up

in the appropriate literature for real gases.

In summary, the heat of formation of an ideal gas is:

W(pT) = k(" T+ [ en(eT)T (4127)

= W) ba (T=T)+ 5 (T -1 + L. (12 - 1)

Since the objective of this section is to compute the initial chemical potential with
the entropy besides the heat of formation, the entropy has also to be determined.
It turns out that it can be evaluated by the same method applied to the heat of

formation. This is because both the enthalpy and the entropy are state functions.

si(p,T) = Sa(P‘,T‘)-i-/ Ml ar+ [ 2‘?‘%’;—) (4.128)
a ~ - T
b c

Term a can be normalized to zero, and thus can be cancelled out if the initial
temperature is chosen to be the standard room temperature; otherwise its value
must be found from tabulated data in the literature.

The integrand of the term b depends on the specific heat capacity as well
as the heat of formation, but now, by definition of the entropy, divided by the

temperature:
2151 = _———a“"g}' 1) (4.129)

»
This is valid for systems of one-phase ideal gases.
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Unfortunately, term ¢ cannot be eliminated as in the case of the heat of for-

mation. For this, one has to consider one of the Mazwell equations:

s oV
% =7 (4.130)

Taking equ.(4.130) and the equation of state for ideal gases it follows that:

’: B.Séz()p) agq(”?) = —n;- R/p_dp-—- —n;-R-ln (p ) (4.131)

T T
Normalizing the pressure correction term yields:

Asi(p,T*) = —z; -R-In (ﬁl_) (4.132)

In the literature, data is only listed for the first two terms of the molar entropy.

These two terms are abbreviated as follows:

dT (4.133)

P

i, 1) = ity )+, AT

where ¢ stands for “tabulated”, and with this abbreviation the molar entropy can

be rewritten as:

3(p,T) = si{(p",T)—z:-R-In (z%) (4.134)
With the free Gibbs energy of a pure compound i, equ.(4. 88) can be written as:
Gi=H;-T-5; (4.135)

The value of the free Gibbs energy exactly represents the chemical energy stored
in the compound i. By normalizing equ.(4. 133) it follows:

gi=h;—T-s; (4.136)

Interestingly, the molar Gibbs free energy is just another name of the chemical

potential y;. The chemical potential can hence be expressed as follows:

pi(p:T)=gi(p,T) =hi ~T-si=hi~T-s;+z;-In (;J’i_) (4.137)
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With this equation it is possible to compute the initial value of the chemical poten-
tial. The second power balance equation under isothermic and isobaric conditions

is not violated by equ.(4.137) since the sum over all the y; is again a constant:
Yori=1 \ (4.138)

Note that the decoupling of the kinetics and the thermodynamics can only be
assumed if the chemical is considered to be isolated from the surrounding sys-
tems. But as soon as the chemical system is attached to the thermodynamic
or hydraulic/pneumatic environment the decoupling effect will be eliminated and

thus, the chemical reaction kinetics will depend on the variation of temperature

as mentioned.

4.4 Chemical Reaction Bond Graphs

In the previous sections, all the definitions have been derived because they serve
as a basis for the Bond graphs applied to chemical reaction kinetics and chem-
ical thermodynamics. For this purpose, two basic examples of the previously
introduced hydrogen—bromine reaction are to be shown in the Bond graph model,
and in their implementation in the modeling language DYMOLA. The hydrogen-
bromine reaction will be considered under isothermic and isobaric, and isothermic

and isochoric conditions.

4.4.1 Basic Elements in Chemical Bond Graphs

According to the general definition of the 0—junction the low variables have to add

up to zero. In the case of chemical systems, the flow variables are represented by
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§Bre = 26k, — 26k, — Eks + €y + &is (4.139)

Figure 4.1: The mass balance of the bromine radical Br*

the molar flow rates. Since the mass balance has to be satisfied, the molar change
& of one pure substance of a reaction is balanced by the reaction flow rates £, of

those reactions in which this pure substance is involved.

As an example, the change of moles of the bromine radical £, depends on all
five reactions illustrated in Fig.4.1 including the bond graph and its appropriate
equation of the mass balance. The direction of the bonds follows directly from
the pure substances being either a product (then the arrow will point towards the
0-junction), or a reactant (then the arrow will point away from the 0-junction).

Since in the first and second reaction two moles of the bromine radical Br® are
genérated or absorbed, respectively, it should be clear to multiply these reactions
by two. In general, the mass balance can be written as:

I
€= vig - Ex (4.140)

i=1

where v;, represents the stoichiometric coefficient as usual.
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The mass balance at 0-junctions perfectly satisfies the power balance which

has to be valid at the 0-junction as well as in any point of the Bond graph model.
pBre - EBre = pBre + 26ky — piBre + 26k, — pBre + Eky + pBre * Eky + pBre  Exy  (4.141)

The other type of junction, the I-junction, symbolizes one chemical reaction.
Thus, its reaction flow rate £, has to be constant while the chemical potentials
representing the across variables add up to zero. The general formula of this
balance of the chemical energy boils down to:

I
Pi, = ’_Zl ik * i (4.142)
and its approriate power balance:
| I
B, k= (.Z_; Vik: * #.‘) i (4.143)
However, the chemical potential of a reaction evaluated at the 1-junction is nothing
but the balance of chemical power into or out of the reaction with other types
of power such as the thermodynamic and the hydraulic/ pneumatic power. An
example of the equ.(4. 142) or equ.(4. 143) is demonstrated in Fig.4.2, representing
the third reaction.

The transformer is introduced in the Bond graph model in order to take the
stoichiometric coefficients into account. The transformer necessary in the second
reaction serves as an example: With the mass of the bromine radical Br® balanced
at the O—junction (which is shown in Fig. 4.1), there is yet one outflux of power,
being the product of the reaction rate 2£;, and the common effort variable g+ of
the O—junction. This power has to be converted into a differently composed power
since it flows with a reaction rate £, into the second reaction at the 1-junction.
However, since the power balance always has to be preserved, the chemical po-
tential going along with the power flux into the 1-junction must have a value of

2pp,+. This convertion of power is shown in Fig. 4.3.
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Y
e &.ﬁ

Bry = Br, + HBBre + He = BHBr (4.144)

Figure 4.2: The chemical power balance at the 1-junction

28,
1k2—— TF k— 0
of: 1 Her
pore - (266,) = (2pBre) - €y (4.145)

Figure 4.3: The convertion of power at the transformer
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model type TF
cut A(mul/zil), B(mu2/ — zi2)
main cut C[4 B
main path P<A-B>

parameter £ = [

k*zi2 = 24l
kxrmul = mu2

end

Figure 4.4: The DYMOLA-program of the transformer

The knowledge of the Bond graphs, being a unified methodology for modeling
complex physical systems enables the reuse of the same transformer as the one

implemented for electrical systems in DYMOLA in Chapter 3.

The mass of any compound of the reaction is accumulated in the C§-element,
& new storage element used to treat chemical systems conveniently. This element
works like a capacitive source and is attached to all the 0—junctions of the chemical
systems since the mass flow, which is balanced in the 0—junction, is either accumu-
lated in it or is absorbed from it. In addition, the CS—element is used to compute
the chemical potential u; of any pure substance by using the initial condition, the
molar free energy u in equ. (4.137). The initial condition will be evaluated in the
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main program in DYMOLA and then transmitted by the “submodel—call” into the
CS-model, as will be explained in more detail at hand of two examples later in
this Section((4.4.2)and (4. 4. 3)).

At this point of the report it is appropriate to leave the introduction into the
general Bond graph elements of chemical reactions but to consider special vari-
ations of the two power balances. Under certain thermodynamical conditions,
for instance, the isochoric-isothermic case, the two power balance equations are
simplified but different for every case. Therefore, new Bond graph elements are
developed for differing input—cases and even for one specific input—case. For ex-
ample, the CS-element which is to compute the chemical potential by using the
second power balance equation cannot be generic both in the case of isobaric-
isothermic and of isochoric—isothermic conditions, whose treatment is to be the

subject of the rest of this chapter.

4.4.2 The Isobaric—Isothermic Case

Under the assumption of isobaric-isothermic, conditions equs.(4.98) and (4.99)

lead to:
I
pV = T-5+ 3k (4.146)

i==]

I
0.0 = > fi-ng (4.147)

i=1
The pressure p and the temperature T are given as inputs in equ.(4.146), the
chemical potential y; is calculated in the CS-element as mentioned above, and
the reaction flow rate §; is determined by the kinetic equations. Thus, there
are only the volume flow V and the entropy flow S left to be computed from
equ.(4. 146). For this, another new element, the so—called chemical reactor ChR is

introduced which is attached at each 1-junction. This chemical reactor performs
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the conversion of the chemical power balanced in the 1-junction into other forms
of energy, namely thermic and hydraulic/pneumatic energy. Thus, the chemical
reactor is nothing but an ideal energy transducer converting the power at its ports
and neither storing power nor dissipating power.

It proved to be convenient to use the first power balance in the ChR—element
to compute the entropy flow. Since the chemical potential u;, of the reaction is
balanced at the 1-junction, and thus, serves as an input of the chemical reactor
and hence, as input of the first power balance equation, it is necessary to express
the whole power balance in terms of the partial volume flow V;,, the partial entropy
flow .S"k.., and the molar flow rate £, of component reactions. For this, the term of
the chemical power in the power balance has to be rewritten in terms of component
reactions.

Before showing this conversion, the mass balance expressed by the molar flow
rate £ of the pure substance i and the molar flow rate £, of the component

reactions in matrix notation will be shown using equ.(4. 140):

& = kf:l Vi - € (4.148)
or
() (-1 1 0 0 -1) (&)
£5ee 2 -2 -1 1 1 &,
w, |=1 0 0 -1 1 0 Ex, (4.149)
Exe 0 0 1 -1 -1 &,
\EHBr} \ 0 0 1 -1 1 ] \é&,)
or
£, =N-§ (4.150)

Note that the computation of the molar flow rate £; of the pure compound i from
the molar flow rate £, of the component reaction is possible but not vice versa since

the matrix N is singular. Dr. Frangois Cellier explored an interesting symmetry
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between this mass balance and the power balance at the 1-junction represented

by the chemical potentials known by equ.(4. 142):

I
Pri = D Vig, " i (4.181)
il
and in matrix notation:
(bn) (-1 2 0 0 0 { s )
M, 1 -2 0 0 O [iBre
B, | = 0O -1 -1 1 1 L, (4.152)
Bk, O 1 1 -1 -1 HHe
) N1 1 0 < 1) s

or in the more compact way:
=M., (4.153)

where obviously:
N =M7* (4.154)

Since the matrix M is the transpose of the matrix N, it is straightforward that
the matrix M is singular as well, and thus, the chemical potentials y; of the pure

compounds t cannot be computed from the chemical potential y;, of the component
reactions k;.
The proof for the convertion of chemical power in terms of the pure substances

i into the chemical power in terms of the component reactions k; is as follows:

é(#i &) = wBr,€Br, + UBre€Bre + pmlm, + puene + pHB-EHB:
i = pBr, (~€ky + &k, = €ks) |

+ #pre  (26r1 — 26k, — Ly + &k + i)

+ by - (=€ + ki)

+ pre  (Eks = &k — Eks)

+ puBr - (€ — &ky + &)
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= (—=HBry + 2uBre) * &k,
+ (eBr, — 28r+) - &k,
+ (—pBee — pp, + ppe + puee) - €k
+ (BBrouttet + BH, — HHY — BHBr) - €ky
+ (=pBr, + pBre = pue + BHBr) * Eky
= ey + pr2be, + praey + prale, + prséas

I
Z (}‘ki * Eki) (4'155)

=1

This proof can be written more compactly as:

g b= (N-&)=a - (M"-&)= (@ -M") -G=M &) &= &
(4.156)

The power balance (equ.(4. 146)) can be either decomposed in terms of reaction

compounds k;:

1 A |
p-Y.®=T-3 Si+> p-& (4.157)
=1 =1 =1
or in terms of substance compounds i:
K K K
Py k=T 3 S+ te-bh (4.158)
k=1 k=1 k=1

Considering the power balance at a single chemical reactor CiR, equ.(4. 158) boils
down to:

P& =TSk + s, - &, (4.159)
Nature tries to minimize its energy as well as in chemical reactions, for example,
where the co—energy G is to reach minimal energy. Since the sum @ of the co-
energy’s derivative equals zero, and since it does not make much physical sense if
the single co—-powers G; of the component substances change in time — why should
nature change any quantity if this does not contribute to energy minimization ?
—, the time—derivative of the chemical potential ji; can be set to zero. Thus, the

chemical potentials y; stay constant over time and are evaluated from equ.(4. 137).
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4.4.2.1 The Bond Graph Elements

The partial volume flow ®;,; of equ.(4.159) in the chemical reactor ChR has to be
computed from the dynamic version of the equation of state for ideal gases (4.111)
which is only valid in the isobaric-isothermic case. The chemical reactor CAR also
includes the kinetic equations (4. 68-72) that evaluate the molar reaction flow rates
€,. Fig.4.5 shows the chemical reactor ChR of the fifth reaction ks in which the
signal paths coming from the CS-Br, and H*-elements (explained later) indicate
the modulation of the number of moles ng,, and ny., respectively. These numbers
of moles have to be known for the kinetic equations and are declared as terminals
in the DYMOLA model type of the chemical reactor ChR. The modulation sig-
nal of the total volume V coming from the Preumatic—element (later explained),
is needed for the first power balance (equ.(4.159)) and is defined as terminal-
variable as well. In the case of the fifth equation, the effective molar flow rate
€er, Will be zero. Cuts in a model represent an interface to outer modules like the
chem—, the pneuk5—, and the thermk5—cuts of the chemical reactor ChR—element
with the approriate cuts in the CS-, the Thermic-, and the Pneumatic—elements,
respectively. Due to the fact that the chemical reactor Chr of each reaction has
different modulation signals it was necessary to create one such model for each

reaction in the system.

The CS-model is sufficiently simple to be described as an atomic element
which can be reused for all CS-elements. Under isobaric-isothermic conditions,
the chemical potential y; of any substance i is constant, and thus, the chemical
potential u; equals the molar Gibbs free energy u; evaluated from equ.(4.137)
in the main program. The CS5;-elements compute the numbers of moles of any
substance i from the molar flow rates £; which are evaluated at the 0—junctions of

the Bond graph. Fig.4.6 depicts the generic CS—element.
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pneu:
pneu: 9 y
P 1]
. kg
yChR:ks : g - 1
ks
. T
therm: /4” \arz
CS:H CS:Br,

model type ChRk5
cut chem(muk5/ — zik5), thermk5(Temp/ — Sdotk5)
cut pneumk5(p/Phik5)
main cut C [chem]
terminal nBr2,nH,V
parameter R = 8.314
local k5, ziekb

k5 = 10.0**11.97 * exp(—149800.0/( R *« Temp))
0.0 = Temp * Sdotk5 + muk5 * zik5k

xiek5 = 0.0

p * Phik5 = T * Sdotk5 + muk5 * zik5

p* Phik5 = ziek5 + R * Temp

ztkb = k5 nBr2«nH[V

end

Figure 4.5: The ChR—element in a Bond graph and coded in DYMOLA
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0

reaction: —*&5 Cs; <

HBr K HBr

gHBr 1

model type CS
main cut chem(mu/zi)

terminal n, mul
mu = mul

der(n) = zi

end

Figure 4.6: The generic CS—element in a Bond graph and coded in DYMOLA
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:pnaeutot output:

N’ J

Lo
ChR:k; : k, ChR:k,
: pneuk1l Pneumatic T_— pneuks
ChR.k2 ChR:k, ChR:k,
:pneuk2 :pneuk3 :pneukd

model type Pneumatic
main cut pneutot(p/Phi)
cut pneuk!(p/-Phik1), pneuvk2(p/-Phik2)
cut pneuk3(p/-Phik3), pneukf(p/-Phik{)
cut pneuk5(p/- Phik5)

terminal V

Phi = Phikl + Phik2 + Phik3 + Phikd + Phik5
der(V) = Phi

end

Figure 4.7: The Pneumatic—element in a Bond graph and coded in DYMOLA
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The Pneumatic—element adds up all the partial volume flows ®;, that are
computed in the ChR—elements, and integrates the total flow to the total volume
V, on the other hand, needed as modulation signal of the ChR-elements. This

element is shown in Fig.4.7.

The Thermic—element is needed if one wants to know the total entropy — the
integral of the sum of partial entropies Sy, — § which, actually, is not used in any
of the model equations to compute the kinetics and thermodynamics. But if the
internal energy U is to be computed to validate the model as shown later, the

total entropy has to be known. Fig.4.8 shows the Thermic—element.

Since the isochoric-isothermic case will prove to be the more general case than
the isobaric-isothermic case, the main program is not shown for the isobaric-
isothermic case, but it is referred to the next section where the structure of the
main program of the isochoric-isothermic case will be explained in detail, or to
Appendix B. Fig.4.9 shows the Bond graph model of the hydrogen-bromine re-
action under isobaric-isothermic conditions. The forth reaction has been left out
of this graph to keep the graph planar. The signal paths are also not drawn in
order to enhance the clarity of the graph. The main program’s generated DESIRE
program is given in Appendix B as well.

The simulation run of the DESIRE program generates the graph of the number

of moles n; changing over time which is shown in Fig.4.10.

4.4.3 The Isochoric-Isothermic Case

Due to the complexity of the modulation of chemical reactions — the number of
moles in the reaction rate is variable! — it was necessary to come up with some

Bond graph elements that describe the isochoric, isothermic case separately. But
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:thermtot output:

ChR:x, . . sks ChR:k5
— Thermic N T :thermk5

:th.rmkl S,
1

T A . S

4 48“’ TN

ChR:k, ChR:k , ChR:k,
:thermk?2 :thermk3 :thermk4d

model type Thermic
main cut thermiot(T/ — Sdot)
cut thermk1(T/Sdotkl), thermk2(T/-Sdotk2)
cut thermk3(T/Sdotk3), thermk3(T/-Sdotk)
cut thermk5(T/Sdotk5)

terminal S

Sdot = Sdotkl + Sdotk2 + Sdotk3 + Sdotk4 + Sdotk5

der(S) = Sdot

end
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Figure 4.8: The Thermic—element in a Bond graph and coded in DYMOLA
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Ear Hap 2pg, Br Hp,

CS w0 —=NTF—2N1| 0 = CS
Br PBr y 28, .05 Sk, Sk %6, Bp
”klgkz
| ChR:k2
2§k‘ Ha, B, \NT gk‘ l'I'Brz
D, Sy,
| TF \il 1k

T20 2k

Figure 4.9: Bond graph of the hydrogen—bromine reaction, p=const., T=const.
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n_i [mole}

Time t [sec.]

Figure 4.10: The Number of moles changing in time for p = const.,T = const.
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before doing this, the two power balances are to be considered:

I
00 = T-S+ > pi-& (4.160)
=1
I
pV o= D piemy : (4.161)

i=1

As known from the isobaric-isothermic case, equ.(4.160) can be expressed in terms
of component reactions ;. Thus, equ.(4.160) is used in the chemical reactor. On
the other hand, this second power balance reveals that the chemical potential has
to be evaluated dynamically. The question of whether or not this equation can be
decomposed into component reactions rather than component substances is an-
swered in the proof below:
The time derivative of the chemical potentials decomposed into component reac-
tions depend as shown in the previous section on those which are decomposed into
component substances:

fi=M- jig (4.162)
while the number of moles of any pure substance i is determined by integrating

the mass balance with the initial condition 7ig:
g = N - g + 11 (4.163)

However, the matrix N does not have full rank and in the more general case of
complex reactions, is not even square, but is of dimension K x I, where K denotes
the number of chemical reactions and I represents of component gases. Thus,
N cannot be inverted to receive the number of moles of component reactions
from equ.(4.163). There is only one other chance left to assign the causality of
equ.(4.163) in the number of moles of component reactions; that is to normalize
all the initial conditions of 7y to zero, and to set the constant vector 7y equal to

the vector 7iy of the given initial conditions:

ﬁo = -g(t = 00) y ;. = 0.0 (4.164)
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The time derivative of the free Gibbs energy now becomes:

: -T & T
G = jg5-€s+fg-fis
— g =T - -
= g5 (N-&)+fs - (N- iy + o)
- > +T - »T
) 6o () a4

—

> pod =T _ =T
BT &+ oy - Tk + g - Tig

and therefore:

T _, T _,
s+ s # iy - ik (4.165)

From this proof it follows that the second power balance cannot be decomposed

into component reactions, and thus, the power balance equations now become:

0.0 = T-Si + - &, (4.166)
pi-V = pi-n (4.167)

4.4.3.1 The Bond Graph Elements

The above results require two chemical reactors ChR1 and ChR2 to compute the
two power balance equations separately. In the ChRI-module attached to the
1-junction, the first power balance equation will be used to evaluate the partial
entropy S.'k.. of component reactions and to solve the kinetic equations for the
reation flow rates £;. With this process the causalities and the signal paths of the
Bond graphs are fixed as well as for the chemical reactor in the isobaric-isothermic
case. The ChR2-element of the fifth reaction in the Bond graph model and its
code in DYMOLA are shown in Fig. 4.11.
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input:

\'

1
therm: ‘——-I ChR1:k.} SN

A

CS:Br,

model type ChR1k5
cut cheml(muk5/ — zik5), thermk5(Temp/ — Sdotk5)
main cut C [cheml]
terminal nBr2,nH,V

parameter B = 8.314
local k5

k5 = 10.0*11.97 * exp(—149800.0/( R * Temp))
0.0 = Temp » Sdotk5 + muk5 * z:k5
zik5 = k5*nBr2«nH/[V

end

Figure 4.11: The ChR1-element in a Bond graph and coded in DYMOLA
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Under isochoric-isothermic conditions, the total chemical power P, depends

on two different kinds of chemical power:
Pepem = i - ni + pi - & (4.168)

The second power balance relating to the second term of equ.(4.168) has to be
evaluated in the chemical reactor ChR2 of any component substance. Together
with the chemical reactor ChR1, the ChR2-elements correspond to the chemical
reactor ChR in the isobaric—isothermic case which was actually only a special case
where the dynamic character of the second power balance equation disappeared.
For this separation, the pneu-cut of the ChR- element was transferred into the
ChR2—element rather than into the ChRI-element since the partial pressure p; of
any pure substance is to be evaluated from the second balance equation and is
needed in the Pneumatic—element to calculate the total volume V. Both V and p;
are transferred through the pneu-cut of the ChR2- and the Prneumatic—element.
Further, since the ChR2-elements are to compute the number of moles n;, they
have to have the molar flow rates &; as input or as terminal of the CS-element
connected to the ChR2—element. These assumptions lead to the entire Bond graph
model of the ChR2-module and its implementation in DYMOLA given in Fig. 4.12
for the HBr—gas: |

There is only the equation of state left which is utilized to compute the chemical
potential u; of component gases in the CS-element. Since the reaction occurs
under constant volume the equation of state is exploited conveniently to compute

the partial pressure change p; of component gases as follows:

. &-R-T
pi = v (4.169)

Equ.(4.166) plugged into the second power balance equation (4.161) leads to the
formula to evaluate the chemical potential y,:

ﬁ;:(—é')-R-T=(§-‘)-R-T (4.170)

n; T
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E-'HBr

v |

pneu: —bl—\l ChR2: HBr —LHE S CS: HBr
HBr

HBr

model type ChR2HBr
cut chem2(mudotH Br/ — nH Br), pneu5(pdotH Br/V)
main cut C [chemZ]

terminal ziH Br

pdotHBr +»V = mudotHBr + nH Br
der(nHBr) = ziHBr

end

Figure 4.12: The ChR2-element in a Bond graph and coded in DYMOLA
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There is still a problem to be solved in equ.(4:170). If the number of moles

n; equals zero, for example, by starting the chemical reaction with the initial
conditions of nyp,, n};, and n}_being zero, equ.(4.170} exhibits a singularity. This
singularity physically means a discontinuity in the chemical potential. Since no
matter has no chemical potential, but the smallest amount of matter has chemical
potential equal to the the free energy of formation, the value of the chemical
potential jumps from zero at n; = 0.0 to the value of the free energy of formation.
Practically, this discontinuity does not bother any further since the free energy
of formation will be assigned as an initial condition of the chemical potential of
component gases even before the first gas molecule appears in the reaction. Thus,
the discontinuity is numerically avoided best by adding a small number ¢ to the

denominator of equ.(4.170). This number shall be chosen at least four orders of

magnitude smaller than the smallest number n; of moles expected.

Interestingly, if equ.(4.170} is integrated to:
ui =} + (R T)ln(z;) (4171)

then this equation looks pretty much the same as the equation used in most of
the textbooks of chemical thermodynamics [33,4b,47,48] to compute the chemical
potential of ideal gases. But equ.(4.171) has only been considered in a very special
case, namely the isochoric-isothermic case, and is not valid for the variety of

conditions many textbooks assume.

Back to the CS—element. Since in the CS- element the time derivative of the
chemical potential f4; is needed in the chemical reactor ChR2, and the number of
moles n; evaluated within this reactor which is connected to the C'S—element, has
to be known as well. It comes as no surprise that the €S- and the ChR2Z-elements
are connected by the chemf-cut that transfers both g4; and n;. The equivalent

reason breaks down for the cheml-cut introduced between the CS-element and

the ChR2-reactor.
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Input:——w

ChR2: —YH 8 os; S —Jo
HBr HBr HBr HHBr

model type CS
cut cheml(mu/zi), chem2(mudot/n)
main cut Clcheml]
terminal Témp

parameter R = 8.314, eps = 1.0E—-15

mudot * (n + eps) = zi « R« Temp
der(mu) = mudot

end
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Figure 4.13: The generic CS—element in a Bond graph and coded in DYMQOLA
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Fig. 4.13 shows the generic model type of the CS—element with the temperature
T as modulation signal for the HBr-gas.

If one wants to evaluate either the total entropy, or the total number of moles,
or the Gibbs’ free energy, then the model types Thermic, Chemical, and Chpower,
have to be added to the DYMOLA program shown in Appendix B.

4.4.3.2 The Main Program and the Bond Graph of the Complete Re-

action

The complete hydrogen-bromine reaction is shown in Fig.4.14 whereby the fourth
reaction being the least important one is left out to keep the Bond graph planar.

The signal paths are also not drawn to make the Bond graph less cluttered.

Since the Bond graph model is already rather extensive, the modified Bond
graph model which could be directly translated into the DYMOLA language will
not be shown. But instead, the chemical system will be analyzed by counting the
bond-model types and the nodes needed to appropriately describe the Bond graph
model in the modeling language. Presently there are five 1-junctions corresponding
to five chemical reactions with 21 bonds attached to, which can be split into two
categories. The first category of bonds represents the connection of 1-junctions
with O-junctions. Ten of this type can be read out from Fig.4.14 plus four of the

fourth reaction shown in Fig.4.15.

The second category describes the connection between 1l-junctions and
multiport- elements: For instance, the transformer TF and the chemical reactors
ChR1. In this category of Bond graphs, normally, additional 0—junction should be
inserted since according to the rule of Chapter 3, any model-type—element has to
be embedded in between either two nodes or at least one node and another model-
type—element (due to the absence of the 1-junction in the DYMOLA- language).

One can count seven bonds of this category. The same number of nodes which
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Figure 4.14: Bond graph model of the isochoric-isothermic H,-Br,-reaction
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Figure 4.15: The fourth reaction illustrated in Bond graphs



CHAPTER 4. CHEMICAL REACTION BOND GRAPHS 129

represent the newly added 0-junctions are to be introduced plus the number of
O-junctions already existing. This is equal to the number of pure substances %,

i.e., five of them, and the number of 1-junctions (five of them also). These are 17

altogether.

The construction of the main program follows, as described in Chapter 3:

1. Loading the model-types:

@bond.lib
@TF.1ib
@Thermic.ct
@Pneumati.ct
@Chemical.ct
@Chpower.ct
@Cs.ct
@ChR1k1l.
@ChR1k2.
@ChR1k3.
@ChR1lk4.ct
BChR1lk5.ct
@ChR2Br2.ct
@ChR2Br.ct
@ChR2H2 .ct
@ChR2H.ct
@ChR2HBr.ct

ct
ct
ct

2. Calling the submodels:

submodel ChR1lkl
submodel ChR1k2
submodel ChR1k3
submodel ChR1lk4
submodel ChR1k5
submodel ChR2B2 (ic nBr2 = 0.5E-7)
submodel ChR2Br (ic nBr = 0.0)
submodel ChR2H2 (ic nH2 = 0.5E-7)
submodel ChR2H (ic nH = 0.0)
submodel ChRZHB (ic nHBr = 0.0)
submodel (CS) CSBr2 (ic mul = muBr2) ->
CSBr (ic mul = muBr) ->
CSH2 (ic mul = muH2) ->
CSH (ic mul = muH) ->
CSHBr (ic mul = muHBr)
submodel Pneumatic (ic p = 1.0E+5)
submodel Thermic (ic 8 = 80)
submodel Chpower (ic G = 0.0)
submodel Chemical
submodel (TF) TF1(k = 0.5), TF2(k = 2.0)
submodel (bond) B11, B1Br2, Bl1Br, B2l, B2Br2, B2Br, B31
submodel (bond) B3H2, B3H, B3HBr, B3Br, B41, B4H, B4HBr
submodel (bond) B4Br, B4H2, B51, B5Br, BS5Br2, BSH, BSHBr
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Note that in the current version of DYMOLA it is not possible to declare
the initial conditions as variables evaluated in the main program itself. But
this capability would make sense since it is very often necessary to run a
program several times, for instance in the case of chemical reactions, with
different values of temperature which directly influences the free energy of
formation. However, this energy composed by the temperature dependent

heat of formation and the molar entropy of component substances i:
po = h(T) =T - s(T) (4.172)

represents the initial condition of the chemical potential evaluated in the
CS—element. Since the reference pressure p, has been made equal to the
operating pressure p in order to make the simulation easier, the molar entropy
S; evaluated from equ.(4. 134) will actually depend only on the temperature

as correctly shown in equ.(4.172).

The initial condition S, of the Thermic-element can be computed from the
sum of the single entropies S0; of ng,, and ny, at the temperature T =
800°K, since at the initial time ¢ = 0.0s the two gases can be considered
to be separate and in chemical equilibrium. This assumption is valid for all
isothermic cases which have been analyzed above.

Also, the current DYMOLA version does not allow negative initial conditions

to be directly specified in a submodel-call.

In Appendix B the main program which actually generates the DESIRE
program appears. Some further remarks about this main program explaining
the practical implementation of negative initial conditions follow. For this
purpose, the sc—variable, being the variable of the switch—function in the
CS—element is introduced. If the initial condition has a negative sign then
sc¢ equals 0.5 and the switch—function is sgn(0.5 — 1) = —1. For the initial

condition being positive sc is 1.5 and the switch-function is sgn(1.5 - 1) =

+1.
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One might erroneously conclude that the inability of the current version of
DYMOLA to allow the declaration of variable initial conditions represents a

serious problem when a chemical reaction occurs under non-isothermic con-
ditions, where the free energy of formation uo depends on the temperature.
But since the free energy of formation will only be considered once during a
complete simulation, namely as the initial value, the change of its value is of

no interest any more for any time greater than zero.

3. Computation of the free energy of formation and reading the equilibrium

constant K:
func K900 = KBr2Bt (TempO)
func HiBr2 = HiBr2t (TempO)
func HiBr = HiBrt (Temp0)
func HiH2 = HiH2t (TempO0)
func HiH = HiHt (TempO)
func HiHBr = HiHBrt (TempO)
func SiBr2 = SiBr2t (TempO)
func SiBr = SiBrt (Temp0)
func SiH2 = SiH2t (TempO)
func SiH = SiHt (TempO0)
func SiHBr = SiHBrt (TempO)
muBr2 = HiBr2 - Temp0*SiBr2
muBr = HiBr - Temp(0*SiBr
muH2 = HiH2 - TempO*SiH2
muH = HiH - TempO*SiH
muHEBr = HiHBr - Temp(0*SiHBr

S0 = SiBr2 + SiH2
These values of the free energy of formation are used as initial conditions of

the CS-element as mentioned above.
4. Declaration of the input and output
5. Declaration of the variable type
6. Declaration of the nodes

7. Connections of the Bond graph elements

0o

. Setting the modulation signals

9. Connection of the n;—state variables with the outputs
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Time t [sec.]
Figure 4.16: Change of the number of moles in the H, — —Br; reaction,

T = 800°K,V = 1.0E — 3m3

The last six items are thoroughly explained in Chapter 3, and thus, their c;ode is
not given now but is included in Appendix B. The DYMOLA code is compiled
into the simulation language DESIRE. By executing the DESIRE program, the
graph of the number of moles n; changing over time and plotted by the graphic
module of MATLAB, [25], is achieved. This is shown in Fig. 4.16.

This graph will be analyzed in more detail in Section 4.5.
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4.4.4 The Isentropic-Isobaric Case

Mainly, the isentropic-isobaric case of the hydrogen-bromine reaction can be con-
sidered equivalently to the isochoric-isothermic case concerning the number of
model types needed in the Bond graph. Thus, this case will not be described as
much in detail as the isochoric-isothermic case but each model-element will be
succinctly shown. The reason why the isentropic-isobaric case is explained never-
theless, is that it needs to be analyzed how the changing temperature influences
the behavior of the chemical system. Remember, there is a large temperature
dependency of the reaction constants k; according to Arrhenius’ Law.

This time, it has proved to be more convenient to operate with partial tem-
perature flows T; rather than with partial entropy flows in the isothermic cases.
These “partial temperature flows” do not exactly have a physical meaning, but
they work mathematically just fine. The two power balance equations boil down

to:
p-®r = pi & (4.173)
00 = T.- S+ n (4.174)

Since three quantities of the state of equation vary, the equation of state looks

different from the isothermic cases for component substances :
p-®%=¢-R-T,+n-R-T, (4.175)
where £ represents the total molar flow rate and n denotes the total number of
moles. When plugging equ.(4. 173) into equ.(4. 175), it follows that:
pi-&i=€6 R-T;+n-R-T, (4.176)
Expanding equ.(4. 176) by §, and plugging equ.(4. 174) into equ(4. 176), it can be

seen that:
gi-n;on-R=¢6 R-T;-S—p;- &S (4.177)
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The appropriate CS—element for HBr is illustrated in Fig.4.17. Note that, this
time, the CS—element is modulated by the input entropy S, the total temperature
Tit evaluated in the Thermic—element, the total flow of moles £, and the total
number of moles ny,y, both computed in a new element, called Chemical. The
Chemical-element is connected with the CS-elements by terminals rather than
by means of power that would have been achieved by cuts. Fig.4.18 shows the
ChR1-element for the fifth equation, and Fig.4.19 depicts the ChR2-element for
the HBr-molecule. Note that the thermic and pneumatic/hydraulic ports have
switched the places in between the chemical reactors ChR; in comparison to the
isochoric-isothermic case. The Pneumatic—element is the same as in the isobaric-
isothermic case. Below the DYMOLA codes of the Thermic- and the Chemical-

elements are given:

model type Thermic
main cut thermtot(Tdot/-S)
cut thermBr2(TdotBr2/-S), thermBr(TdotBr/-5)
cut thermH2(TdotH2/-S), thermH(TdotH/-S)
cut thermHBr(TdotHBr/-S)

Tdot = T'dotBr2 + T'dotBr + TdotH2 + TdotH + TdotH Br
der(T) = Tdot

end

model type Chemical
terminal ziBr2, ziBr, ziH2, ziH, ziHBr

terminal ntot, zitot

zitot = ziBr2,ziBr + 2iH2 + ziH + ziH Br
der(ntot) = zitot

end
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input:%

ChR2: —=H&A cs: Sue g
HBr HBr HBr HHBr

T
therm: 'L'M Stoy :chemical

ntot

model type CS
cut cheml(mu/zi), chem2(mudot/n)
main cut Clcheml]
terminal Ttot, S, ntot, ritot

parameter R = 8,314, eps = 1.0E-15

mudot * (n + eps) * ntot * R = zitot * R* Ttot x S —mu +zi* §
der(mu) = mudot

end

Figure 4.17: The CS—element in a Bond graph and coded in DYMOLA
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input:

\'

Hi,
pneu: —\l ChR1:k | > 1

A

Cs: Br,

model type ChRI1kS
cut cheml(muk5/ — zik5), pneukd(p/Phik5)
main cut C [chem]]
terminal nBr2,nH,V
parameter R = 8.314
local k5

k5 = 10.0*11.97 * exp(—~149800.0/( R * Temp))
p * Phik5 = muk5 * zik5
zik53 = k5% nBr2xnH/[V

end

Figure 4.18: The ChR1l-element in a Bond graph and coded in DYMOLA
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§HBr
v |

therm: ‘-%—1 ChR2: Her L2 cs:
HBr HBr

model type ChR2HB
cut chem2(mudotH Br/ — nH Br), thermH Br(TdotH Br/ — §)
main cut Clchem?)

terminal z:H Br
0.0 = TdotHBr * S + mudotHBr «nHBr

der(nH Br) = ziH Br

end

Figure 4.19: The ChR2-element in a Bond graph and coded in DYMOLA
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Fig.4.20 shows the entire Bond graph of the isentropic-isobaric hydrogen-
bromine reaction with the same simplifications done as in the isothermic cases.
Appendix B includes all the programs of the model types, the main program, the
DESIRE program, and Appendix D includes graphs of the number of moles chang-
ing with time as well as graphs of the changing total temperature, volume, the
change of Gibbs’ free enthalpy, the reaction enthalpy, and the change of the mole
fraction. The graphs were faster to be generated by ACSL programs than by the
DESIRE programs. Appendix E includes the ACSL-programs of the three cases.

4.4.5 Further Cases for the Hydrogen—Bromine-Reaction

The isentropic-isochoric case of the hydrogen-bromine reaction turns out to be
more difficult than the previous three cases. Looking at the two power balances:
) I
p-V = T-S+3 jui-n (4.178)
1=1

I
0.0 = Z,u.- -& (4.179)

i=1
the second power balance equation (4.179) boils down to be unsolvable for indi-
vidual components i. E.g., since the molar flow rates £; are evaluated from the
kinetic equations, exactly one of the chemical potentials y; can be computed from
equ.(4.179). The first power balance equation (4.178) can be decomposed into

component substances 1:
pi V=T S+ n (4.180)

However, equ.(4. 180) requires all the derivatives of the chemical potentials 4; to
be known, thus, equ.(4.179) and equ.(4, 180) are structurally singular.
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Figure 4.20: Bond graph model of the hydrogen-bromine reaction, S=const.,

p=const.
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Finally, the adiabatic-isobaric—case will be considered. Since the total thermic
power adds up to zero, the external condition can be written as:

)’I_j (T-5:+T-5)=00 (4.181)

=1
If it is decided to operate on partial entropy flows of component substances S;, the

power balance equations both written in component substances, turn into:

p® = T-S.'-!-u.'-f.' (4.182)
0.0 = T - S,' + [.'l,' - N (4.183)

The equation of state for ideal gases can be written as:
p-®=n-RT+&-R-T (4.184)

Equ.(4. 181) is to evaluate 7', equ.(4. 182) computes S;, equ.(4. 183) is used to find
fii, and equ.(4.184) determines ®;. Since each of the four equations (4. 181-184)
includes furthermore one of the unkown variables T, S;, i, ®; — besides the causal
variable —, this set of equations turns out to contain an algebraic loop expanding

over all these equations.

Of course, there are further possibilities to choose external constraints for the
hydrogen-bromine reaction, but then, the received set of equations could be treated
similarly to one of the cases previously considered. The following section includes
the validation of the chemical reactions’ model, i.e. the simulation results of the
different cases will be compared to physical equations as well as to results of

another simulation program.
4.5 Verifying the Model of a Chemical Reaction

One of the main objectives of an engineer modeling physical systems represents the

model validation of his abstract mathematical construction. For this, he will com-
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pare his sitnulation results to data received by experiments or by other simulations

in which the data has been validated.

4.5.1 The Balances of Moles, Internal Energy, and the
Steady-state of Moles, and the Reaction Enthalpy

In this process it is of interest to consider the total number of Br and H atoms,
which have to be constant over time since the chemical system is closed. Also the
internal energy U has to stay constant. The total numbers of Br and H-atoms —

aBr and aH — can be added up stoichiometrically from the individual component

gases:

aBr = 2-ng,, +np,e +nyp, = const. =2 - n%,.z (4.185)

aH = 2-npg, +nge+nyp, = const. =2-nY;, (4.186)

They have to be constants equal to twice the initial condition of the number of
moles n? since mass is neither added nor substracted.

The simulation runs generate constant a; for all three cases as desired from the
above equafion. The graphs are given in Appendix D. The internal energy U stays

constant over time as it can easily be shown in simulation runs.

The steady-state of the number of moles n; and the difference of the chemical
energy’s steady—state G and the initial condition Gy can be compared to values
calculated by hand. Equ.(4.148)

K
Ei = Z Viki " gk,'
ki=1
applied to the hydrogen—bromine reaction leads to equs.(4.187-191):

d
i) ~&k1 + €z ~ ks (4.187)
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d

B = 280~ 2 —&o + it s (4.188)
%nm =~ +{ke (4.189)
%nyo = &3 — Eka — s (4.190)
Lnnn = o= Guut i (4191)

The time derivatives of the molar flow rates ¢; are set to zero in the above equations
if the steady—state of the number of moles n; is to be considered. Solving this linear
system of singular equations for the molar flow rates of component reactions £,

the following set of equations results:

§ey = &k (4.192)
fka = &k, (4193)
&, = 00 (4.194)

Plugging equs.(4. 68-72) into equs.(4. 192-194), the set of equations boils down to

a nonlinear system of equations in terms of the number of moles n;:

By
kl *NBr, = kg . —"‘/"" (4195)
L R Y DA (4.196)

Ny - Npr,
k5 . .._V_._

There are five unknowns n; and five equations if the equs.(4. 185,186) are taken

= 0.0 (4.197)

into account. Since all the equations for the computation of energy are only valid
for the chemical reaction being stoichiometric, the initial conditions of ng,, and
ny2 must be set equal:

ng,, = nj, (4.198)

Solving the above set of equations by taking note of equ.(4.198), the following

single solution is obtained:

np, = 0.0 (4.199)
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nge = 0.0 (4.200)
ng, = 0.0 (4.201)
nge = 0.0 (4.202)
REgr = 2-ng, =2-ny (4.203)

One must be careful not only to consider the first seconds of the simulation of the
hyd.fogen—bromine reaction but simulate the reaction over a long time, for example,
5000sec.. Fig.4.21 which shows the changing number of moles in the isochoric—
isothermic hydrogen-bromine reaction simulated over 3.3sec, might provoke the

following steady-states assuming:

~ 0
ng., = 0.5-npg,
nges =] 0-0

ny, = 0.0

P

NHe = n%rg

~ 0

nHBf’ ~ nBr:

Fig.4.22 shows the actual steady-states of the number of moles which are equiva-

lent to those received by equ.(4. 199-203).

The reaction enthalpy can be theoretically calculated using the following equa-

tions:

9i(T) = h(T)-T-s(T) (4.204)
1
Ag(T) = 3 vi-gdT) (4.205)

i=1
The model type which is needed in the simulation to gain this additional informa-
tion is shown in Fig. 4.23.
It is apperent that the terminals of the chemical potentials u; and their time

derivative 4;, and the molar flow rates £; have to be connected to the appropriate



n_i [mole]
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x10-8 Number of Moles n_i, V=const., T=800K, tmx=3.3s

Time t [sec.]

Figure 4.21: Number of Moles in the hydrogen—-bromine reaction; simulation time

3.3sec., V = const.,T = const.
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x107 Number of Moles n_i, V=const., T=800K, tmx=5000.0s

500 1000 15

Time t [sec.]

Figure 4.22: Number of Moles in the hydrogen-bromine reaction; simulation time

5000sec., V = const.,T = const.

model type Chemical
terminal nBr2, nBr, nH2, nH, nHBr

local ntot

ntot = nBr2 +nBr+nH +nH2+ nHBr

end

Figure 4.23: Model type to compute the Chemical Energy/Power
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0.015

0.01

0.005

-0.01 -

-0.015
0

Gibbs‘ Free Enthalpy G, V=const., T=800K, tmx=3.3s

H T H H 1

0.5 1 1.5 2 25 3 3.5

Time ¢ [sec.]

Figure 4.24: Gibbs’ free energy in the hydrogen—bromine reaction; simulation time

3.3sec., V = const., T = const.

CS;-modules while the terminal of the number of moles n; needs to be connected
to the ChR2;—element. As usually, the connections used in the Chpower-model

type have to be set in the main program shown in the Appendix B.

The graphs which illustrate the change of the total chemical energy G con-
structed from the simulation data of the isothermic- isochoric hydrogen—bromine
reaction are depicted below. For the Gibbs’ free energy, the simulation also has to
run over a long time as the comparison of Fig.4.24 which illustrates the simulation
run over 3.3sec., to Fig.4.25 — the simulation over 5000sec. — shows. The initial
value of the Gibbs’ free energy G has to be read out of Fig.4.24 since Fig.4.25 does
not provide it. G jumps in the first period of the simulation to a high value seen in
Fig.4.25 for zero time which leads to the supposed initial value = —0.0085J. The

reaction enthalpy AG, can be computed from the simulation run as the difference
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Gibbs* Free Enthalpy G, V=const., T=800K, tmx=5000.0s

0.015 ) g ; i T )
0.01 ‘ SR —
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G
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Q.01 b e —

-0.015 h i i i i H i i H
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time t [sec.]

Figure 4.25: Gibbs’ free energy in the hydrogen.—bromine reaction; simulation time

5000.0sec., V = const., T = const.
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of the steady—state of the Gibbs’ free energy and its initial value:
AG, =Gt = c0)-G(t=0) (4.206)

The following table 4.1 shows the reaction enthalpies of the isobaric-isothermic,
isochoric-isothermic, and isentropic-isobaric hydrogen-bromine reaction in com-
parison to the theoretically calculated value. The enthalpies and entropies of
equ.(4.204) have been looked up in the table of thermodynamic data [51].:

Table 4. 1: Model validation by comparing the molar Gibbs free energy
calculated by hand and evaluated in the simulation runs of the
isobaric-isothermic, isochoric-isothermic, and

isentropic-isobaric cases

Equ.(4. 205) Ag(T = 800°K) = —0.593F — 2J
(p=const., T=800K) ~ ~0.6E — 2J
(V=const., T=800K) ~ +0.6E - 2J
(S=const., p=const.) ~ —0.6E - 2J

Since only the temperature varies, the change of the free Gibbs’ energy Ag(T)
should be the same for the isobaric-isothermic and isocoric-isothermic cases ac-
cording to equ.(4.205). But this is only true for the isobaric-isothermic and the
isentropic—isobaric cases. The isochoric-isothermic reaction seems to be highly en-
dothermic in the beginning (graphs are included in Appendix D), but the steady—
state of G has a smaller value than its peak at the reaction’s beginning. This is
plausible, since in the beginning energy will be absorbed expressed by a positive
value of AG until its activation energy is exceeded. Then, the reaction starts to
occur and energy will be generated expressed by the AG-value which decreases

again. The steady-state of AG is positive. This result is not in accordance to
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the result obtained by equ.(4.205) which has to be explained in future research.
Note that the results of the validation for the isobaric-isothermic and isentropic-
isobaric cases have been shown, of course, but not their model types for the model
validation since these model types are similar to those of the isochoric-isothermic

case which can be looked up in Appendix B.
4.5.2 Comparison to Another Simulation Program

There is yet another simulation program, the “Computer Program for Calcula-
tion of Complex Chemical Equilibrium Compositions, Rocket Performance, Inci-
dent and Reflected Shocks, and Chapman-Jouget Detonations”, [59], which can
be used to simulate the combustion in chemical reactions, and especially in this
process to simulate the hydrogen—bromine reaction. This program, as the name
implies, is used for computations involving chemical equilibria in complex systems
using a free-energy minimization technique. “The program permits calculations
such as (1) chemical equilibrium for assigned thermodynamic states (T,p), (H,p),
(S,p), (T,V), (U,V), or (8,V), (2) theoretical rocket performance for both equilib-
rium and frozen compositions during expansion, (3) incident and reflected shock
properties, and (4) Chapman-Jouget detonation properties. The program consid-
ers condensed species as well as gaseous species.”[59] In this project only the first

feature has been used for the hydrogen—bromine reaction.

For numerical reasons, the free—energy minimization formulation is used in-
stead of the equilibrium constant method. “The condition for equilibrium may be
stated in terms of several thermodynamic functions such as the minimization of
the Gibbs free energy (¢ = h — T - 3) or Helmholtz free energy (f = g —p- v)
or the maximization of entropy. If one wishes to use temperature and pressure
to characterize a thermodynamic state, the Gibbs free energy is most easily mini-

mized inasmuch as temperature and pressure are its natural variables. Similarily,
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the Helmholtz free energy is most easily minimized if the thermodynamic state
is characterized by temperature and volume (or density).”[59] The equations for
this minimization problem as well as their numerical solution are not shown in
these studies but can easily be looked up in [59].

This program package is introduced by being applied to the hydrogen-bromine
reaction: The program input data includes all information in order to run the
program. This can be discussed in four categories. One is optional and three of
them are required. The four categories are illustrated by the program input data

of the isochoric—isothermic hydrogen-bromine reaction:

1. Library of thermodynamic data for reaction products (THERMO data):

thermo *

Since all the thermodynamic data of the reaction’s reactants and products
are included in the data base stored in the file “chemthrm.dat”, there are no
further data necessary to be implicitly written in the input file. Additional
information about the “THERMO data” are found in [59].

2. Data pertaining to reactants (REACTANTS cards)

reactants *
h 2 100. 3512.0 ¢800.0 f
br 2. 100. 11834. ¢800.0 o

There is a special input format to be followed which is shown in Table 1 in

Appendix C.

The first card in the set contains the word “reactants” (“h 2.” and “br 2.”)

punched in card columns 1 to 9. The value “100.” describes the relative
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weight of fuel in total fuel (the hydrogen has been chosen to be the fuel, thus
“f” at the end of its card) or oxidant in total oxidant (bromine is oxidant,
thus “o” at the end of its card) . Since in this case the reaction is considered

to be stoichiometrical, these values will always be 100%.

 The next column provides for the molar enthalpies of H, and Br;. The unit

is cal/mole.

Since H; and Br, are in gaseous state, this is indicated by “g”. “800.0”

descibes the temperature associated with the molar enthalpies from above.

3. Chemical formulae of species which are singled out for special purposes (op-
tional)

omit br2(l) .

which excludes liquid bromine to be considered by the reaction simulation.

The names of from one to four species start in columns 16, 31, 46, and 61.

4. Namelist data which include the type of problem, required schedules, and
options (NAMELISTS inputs) always require an “inpt2”-input.

namelists *

& inpt2 tv t nsgm t v 1.0E-3 of t miz 79.904 trace 1.0E-12
temper 800 kase 50 eta 1.0

& end

stop *

Table 2 in Appendix C indicates which variables are reqired and which are
optional for the various types of problems. Table 3 gives a brief definition of
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each variable. “tv” which is set to be true “t”, expresses the thermodynamic
state function to be isochoric and isothermic. If the pressure is desired to be
in units of N/m?, then “nsqm” has to be set true. The next expression sets
the constant volume equal to 1.0E — 3m3. “of” indicates that in “mix” the
oxidant to fuel weight ratios is given. The value for “mix” is calculated by

the following equation:
molecular mass of ozidant (Br;)

molecular mass of fuel (H;) 004

miz =

If compositions of species are to be printed if they are smaller than 5-107¢,
then “trace” has to be set equal to the desired value. The temperature
“temper” equals 800°K. “kase 50 represents an optional assigned number
associated with the considered case. The efficiency coefficient “eta” always
has a value of 1.0 if one is interested in receiving reaction equilibrium com-

positions.

Note that the program input data must be stored in a file named “cheminfi.ipt’.

The output file (“chemprnt.out”) of the simulation provides the equilibrium
composition of the compounds of the chemical reaction as well as its appropriate
thermodynamic data. The essential part of the results of the isobaric-isothermic,
isochoric—isothermic, and isentropic—isobaric cases, i.e. the equilibrium composi-
tions (mole fraction z;) and the values of entropy and enthalpy and its associated
value of the Gibbs’ free enthalpy are presented in the following table 4.2. The
complete results’ files of the three cases can be looked up in Appendix C.

The values of the equilibrium compositions are similar to the steady-state val-
ues of the number of moles gained by DESIRE simulation runs. However, the val-
ues of the Gibbs’ free enthalpy differ from the values computed from equ.(4. 205).

It is still open research to explain these divergences.

Finally, the advantages and disadvantages of the combustion program which

has been used without exception to generate data of chemical reactions under



CHAPTER 4. CHEMICAL REACTION BOND GRAPHS

Table 4.2: Essential results received by the “Combustion Program”

case ZBy, T Bre TH, THe
(p,T) || 3.9328E — 3 | 1.9007TE — 5 | 4.4624E — 6 | < 1.0E — 12
(V,T) || 3.9424F -3 | 7.3788E -9 { 4.451TE -6 | < 1.0FE - 12
(S,T) | 39379E-3 [ <10E-12| <10E-12| <1.0E —-12

153

Table 4.3: Essential results received by the “Combustion Program” (Table 2 con-

tinued)
case || zus, entropy [J/K] | enthalpy [J] | G [J]
(p,T) || 9.9604E — 1 | 2.276E - 5 ~2.114F -3 | —2.032F -2
(V,T) || 9.9605E —1 | 9.745E -6 ~2.114F -3 | —9.910F -3
(S,T) || 9.9606E ~1 | 0.0 ~4.475E — 3 | —4.475E - 3

certain thermodynamic conditions are to be treated. In contrast to the Bond graph

model the mass balance is coupled to the energy balance, i.e. the number of moles

are computed simultaneously from equations involving both the Gibbs/Helmholtz

free energy. Since it is not necessary to know the intermediate reaction steps but

only the global reactions, one can consider highly complicated reactions. Also,

there is no need to know the reaction coefficients k; which are often not available.

This program only provides the equilibrium state of a reaction rather that the

dynamic case which clearly represents a big disadvantage. This program does not

distiguish between the different forms of energy as the Bond graph model certainly

does. In summary, this program package can only help to validate the equilibrium

composition of reactions which, of course, has already been done in Section 4.5.1,

and thus, does not provide new knowledge.

A program package to validate the dynamic data has not been found.
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Conclusions

The Bond graph methodology that has proven to be a very powerful tool to model
the dynamical behavior of all kinds of physical systems, its implementation into the
modeling language DYMOLA, and finally the compilation of DYMOLA programs
to the simulation language DESIRE have been demonstrated in this project.

The modeling of chemical reaction systems has been presented using a new ap-
plication of the Bond graph technique. Thereby, the two power balance equations,
the kinetic equations, the state equation of ideal gases, and the input constraints
— as the case-study of this project — of either constant volume and tempera-
ture, constant pressure and temperature, or constant entropy and pressure have
served as basis for the design of a Bond graph model using both existing and newly
designed Bond graph elements.

The absence of the inertia element in chemical reaction systems can be consid-
ered one of the reasons why the chemical sciences have divided into two camps,
the chemical kinetics and the chemical thermodynamics. This interpretation has
been given by my advisor, Dr. Frangois Cellier.

Interestingly, the second power balance equation (equ.(4. 99) could not be eval-
uated in terms of component reactions due to the fact that the matrix M of equa-
tion (4.152) happened to be singular.

There are some problems unsolved:

1. The Gibbs’ free energy G of the isochoric-isothermic case differs from the

154
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value obtained in equ.(4.205).

2. The values of the Gibbs’ free energy G computed from the “Computer
Program for Calculation of Complex Chemical Equilibrium Compositions,
Rocket Performance, Incident and Reflected Shock, and Chapman-Jouget
Detonation” [59] differ from the value obtained in equ.(4.205) and they are
not equal to each other.

3. If in the isentropic-isobaric case the stationary value of the entropy § is

different from zero value, the simulation will be unstable.

4. Considering the equation of state for the initial condition of the total volume
V, the total volume can be calculated for zero time in the isobaric-isothermic
and isochoric-isothermic cases as V;,; = (ny - B+ T)/p. Simulation results
are included in Appendix F. The reaction enthalpy AG differs from the value

received from equ.(2.205), too.

This project can be used as a basis for future research on the application of Bond
graphs to complex chemical reactions as well as to the combination of chemical
sytems with all kinds of physical systems. The following research topics are sug-

gested for the future:

1. Modeling of chemical reactions under all kinds of input constraints.

2. Modeling chemical reactions in the borderline cases of electrochemistry, pho-

tochemistry, etc.

3. Designing a library of Bond graph elements describing all types of instru-

ments that are used in chemical engineering, such as elements for destillation

columns, chemical reactors (for example: CSTR and tubular reactor), pipes,
etc. Thus, for any application in chemical engineering elements of this li-
brary simply would have to be plugged together like a modular construction

system.

Currently, one of Dr. Frangois Cellier’s Ph. D. students is studying this topic.
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Appendix A
Programs for chapter 3

This appendix describes all programs to which chapter 3 refers. It includes the
DYMOLA model library, the DYMOLA and DESIRE programs and intermediate
results of the DYMOLA preprocessor of the RLC—circuit, and a simulation graph
of the RLC-circuit.

A.1 The DYMOLA Model Library of the Basic
Bond Graphs

model type SE

cut A(e/.)
terminal FQ
EQ)=<e

end

model type SF
cut A(./ - f)

terminal FO
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FOo=f

model type R
cut A(e/f)

parameter R = 1.0
Rxf=e

end

model type C
cut A(e/f)

parameter C = 1.0
C*der(e) = f

end

model type I
cut A(e/f)

parameter [ = 1.0
Ixder(f) =e

end

model type TF
cut A(el/f1) B(e2/ - f2)
main cut C[4 B]
main path P< A-B >
parameter m = 1.0
el=m=*e2

f2=m=*f1
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end

model type GY

end

cut A(el/f1) B(e2/ — f2)
main cut C[A B]

main path P< A-B >
parameter r = 1.0
el=rx* f2

e2=r=x f1
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A.2 The Main Program of the RLC—-Circuit

{ RLC - circuit }

@r.lib
@c.lib
@i.lib
@se.lib
@bond.lib

{ khkhkhhkhkkhhhkhkhkkhhhkhhkhkhhkdhhkhAhkkhhkhkhrkhhrhkhhkarhkhhkrhrhhhhdhkkhkkkhkk }

model RLC
submodel (SE) U0

submodel (R) R1(R = 8.0), R2(R = 7.0)
submodel (I) L1(I = 1.0), L2(I = 2.0)
submodel (C) Cl(C = 2.0E-1)

submodel (bond) Bl,B2Z,B3

node vl,ilL2,ul2,v2
input u

output yl,y2
parameter dirty = 1.0

connect U0 at vl, =->
Ll at vz, =->
L2 at ul2, ->
Cl at v2, ->
Rl at v2, ->
R2 at v2, ->
Bl from v1 to iL2, ->
B2 from iL2 to ul2, ->
B3 from iL2 to v2

U0O.EQ0 = u

dirty*yl

dirty*y2
end

n#

acs
=
o
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A.3 The Simulation Control Program of the
RLC-Circuit

{ RLC - circuit }
cmodel

simutime 30.0
step 1.0E-2
commupoints 1000

input 1,u(depend, sin(0.5*t))

ctblock
{Gear-Integration Algorithm}

irule 15

disconnect 1 | connect ‘RLC.tab’ as output 1

scale = 1.5
XCCcCc =1

label TRY
drun | if XCCC < 0 then XCCC=-XCCC | scale = 2Z2*scale | go to TRY
else proceed

disconnect 1 | connect ‘user’ as output 1
ctend

cutblock

ouT

type yl, y2
outend

end
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A.4 (a) RLC.eql, (b) RLC.sor, (c) RLC.sov

R1 R*f = e

C1l C*dere = £

Ll I*derf = e

U0 dirty*EQ = e

R2 R*f = e

L2 I*derf = e

RLC U0O.EQ0 = u
dirty*yl = u
dirty*y2 = Cl.e
U0.e = Bl.x
L2.e = B2.y
L2.f = B2.x
B2.x = B3.x
Bl.y = B2.x
B3.y + B2.y = Bl.x
RZ2.e = B3.y
Rl.e = R2.e
Cl.e = Rl.e
Lli.e = Cl.e
R2.f + R1.f + C1.f + L1.f = B3.x

(a)

RLC Cl.e = [Rl.e]

R1 R*[f] = e

RLC Rl.e = [R2.e]

R2 R*[f] = e

RLC L2.f = [B2.x]

‘ B2.x = [B3.x]
R2.f + R1.f + [C1.f] + L1.f = B3.x

Cl C*[dere] = £

RLC [L1.e] = Cl.e

Ll I*[derf}] = e

RLC [UO.EQ] = u

uo dirty*EQ = [e]

RLC Ul0.e = [Bl.x]

[Bl.y] = B2.x
R2.e = [B3.y]
B3.y + [B2.y] = Bl.x
[L2.e] = B2.y

L2 I*[derf] = e

RLC dirty*[(yl] = u
dirty*[y2] = Cl.e

(b)

R1 f = Cl.e/R

R2 ‘ f =Cl.e/R

RLC Cl.f = L2.f - (R2.f + R1.f + L1.%)

c1l dere = f/C

L1 derf = Cl.e/I

Uo Bl.x = dirty*RLC.u

RLC B2.y = Bl.x - Cl.e

L2 derf = B2.y/1

RLC yl = u/dirty

y2 = Cl.e/dirty
(e
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A.5 DESIRE Program of the RLC—-Circuit

—— e A M M T S A M W SR R ————

—————— - —— o ——— s —— el —— ;e W5 A T S A - ——

-- STATE Cl$e L1$f L2Sf

-~ DER dCl$e dL1S5f dL2Sf
-- QUTPUT yl y2

-- INPUT u

-- PARAMETERS and CONSTANTS:
R1$R=8.0

C=2.0E-1

L1$1=1.0

U0sdiy=1.0

R2SR=7.0

L2$1I=2.0

RC8diy=1.0

~-- INITIAL VALUES QF STATES:
Clse=0

L1S£=0

L2$£=0

- ——— ——— e - - — - ——— ———— ——

TMAX=30.0 | DPT=1.0E-2 | NN=1000

irule 15
ERMAX = 1.0E-3
DTMAX = 0.01

disconnect 1 | connect 'RLC.tab’ as output 1

scale = 1.5

XCcce =1

label TRY

drun | if XCCC < 0 then XCCC=-XCCC | scale = 2*scale | go to TRY
' else proceed

disconnect 1 | connect ‘user’ as output 1

—— - — i —— — — ——— . " — T ————————————

- ——— A Y R W — - ————— Y —— — ———— ———— ——— ——— i ————

u = sin(0.5*t)

-- Submodel: R1

R1Sf = Cl%e/R1SR

-- Submodel: R2

R2$f = Cl$%$e/R2SR

-- Submodel: RLC

Cl$f = L28f - (R2Sf + R1SEf + L1SE)
== Submodel: C1l

d/dt Cl$e = ClS$f/C

—-- Submodel: L1

d/dt L1S$f = Cl$e/L1SI
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-- Submodel: U0

Bl$x = U0Sdiy*u

-~ Submedel: RLC

B28y = B1l$x - ClSe

-~ Submodel: L2

d/dt L2S$f = B2Sy/L2S$I
-- Submodel: RLC

yl = u/RCSdiy

y2 = Cl$e/RCSdiy

- —— AT A —— N o S G i S g S e e

ouT
type yl, y2

/__

/PIC ‘rlc.PRC !

/.__

A.6 Graph of a Simulation of the RLC~Circuit

RLC-circuit: Input Voltage U0 and Voltage at Conductor Uc

T T Y T

Voltage U0, Uc [V]

Time t [sec.]



Appendix B
Programs for Chapter 4

This appendix contains all programs to which Chapter 4 refers, excluding the

programs of the “combustion program” which are shown in Appendix C.

B.1 Hydrogen—Bromine Reaction: Isochoric-
isothermic Case

Following, the DYMOLA main program “CT.dym” including all the model types,
the simulation control program “CT.ct!”, and its generated DESIRE-program
“CT.des” of the hydrogen—bromine reaction under isochoric-isothermic conditions
are listed. Additionally, there are the DYMOLA main program “CTwish.dym”
and the simulation control program “CTwish.ctl” that are listed presenting the

desirable programs of DYMOLA in the future.
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B.1.1 DYMOLA Main Program “CT.dym” Including All
the Model Types

{ H2 -Br2 reaction isochoric and isothermic }
{ Bond Graph bond }
model type bond

cut A (x / y) B (y / -x)

main cut C [A B]

main path P <A - B>

end

{ H2 - Br2 Reaction isochoric and isothermic }

model type Thermic
cut thermtot ( Temp/-~Sdot )
cut thermkl( Temp/Sdotkl ), thermk2( Temp/Sdotk2 )
cut thermk3( Temp/Sdotk3 ), thermk4( Temp/Sdotk4 )
cut thermk5( Temp/Sdotk5 )

terminal S
parameter dirty = 1.0

Sdot = Sdotkl + Sdotk2 + Sdotk3 + Sdotk4 + Sdotk5
dirty*der (S) = Sdot

end
{ H2 - BrZ Reaction isochoric and isothermic }
model type Chemical

terminal nBr2, nBr, nH2, nH, nHBr
local ntot

ntot = nBr2 + nBr + nH 4+ nH2 + nHBr

end

{ H2 - Br2 Reaction isochoric and isothermic }
model type Pneumatic
cut pneutot ( pdot/V )

cut pneul ( pdotBr2/-V ), pneu2( pdotBr/-V )
cut pneu3( pdotH2/-V ), pneud( pdotH/-V )
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cut pneub( pdotHBr/-V )

terminal p

parameter dirty = 1.0

pdot = pdotBr2 + pdotBr + pdotHZ + pdotH + pdotHBr
dirty*der (p) = pdot

end

{ H2 - Br2 Reaction isochoric and isothermic }

model type Chpower

terminal mudBr2, mudBr, mudH2, mudH, mudHBr
terminal muBr2, muBr, muH2, muH, muHBr
terminal xiBr2, xiBr, xiH2, xiH, xiHBr
terminal nBr2, nBr, nHZ2, nH, nHBr

terminal Gdot, G

parameter dirty = 1.0

mudBr2*nBr2 + mudBr*nBr + mudH2*nH2 + mudH*nH + mudHBr*nHBr ->
+ mMuBr2*xiBr2 + muBr*xiBr + muH2*xiH2 + muH*xiH + muHBr*xiHBr

dirty*der (G) = Gdot

Gdot =

end

{ H2 - Br2 reaction isochoric and isothermic }

model type TF

cut A( mul/xil ), B( mu2/-xi2 )
main cut C [A B]

main path P < A-B >

parameter k = 1.0

k*xi2 = xil
k*mul = mu2

end

{ H2 - Br2 Reaction isochoric and isothermic }

model type CS

cut cheml(mu / xi), chem2 (mudot / n)
terminal Temp

local mul .
parameter R = 8.314, eps = 1.0E-15, dirty = 1.0, sc = 1.5

sgn( s¢ - 1 })*mul = mu
mudot*{ n + eps ) = xi*R*Temp
dirty*der (mul) = sgn( sc - 1 )*mudot

end
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{ H2 - BrZ Reaction, isochoric and isothermic }

model type ChR1lkl

cut cheml( mukl/-xikl ), thermkl( Temp/-Sdotkl )
main cut C[ cheml ]

terminal nBr2, V

parameter R=8.314

local k1, akl

akl = 1.39E+8*Temp**0.5*( 189243/ ( R*Temp ) ) **1.97
kl = akl*exp( -189243/( R*Temp ) )
0.0 = Temp*Sdotkl + mukl*xikl
xikl .= kl1*nBr2
end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChR1lk2

cut cheml( muk2/-xik2 }, thermk2( Temp/-Sdotk2 )
main cut C[ cheml ]

terminal nBr, K, V

parameter R=8.314

local k1, akl, k2

akl = 1.39E+8*Temp**0,5*( 189243/ ( R*Temp ) )**1,97
k1l = akl*exp( -189243/( R*Temp ) )
k2 = kl1/K '
0.0 = Temp*Sdotk?2 + muk2*xik2
xik2 = k2*nBr*nBr/V
end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChR1lk3

cut cheml ( muk3/-xik3 ), thermk3( Temp/-Sdotk3 )
main cut C[cheml]

terminal nH2, nBr, V

parameter R=8.314

local k3

( 10**11.43 ) *exp( -82400/( R*Temp ) )
Temp*Sdotk3 + muk3*xik3
k3*nH2*nBr/Vv

k3
0.0
xik3

end
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{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChR1lk4

cut cheml ( muk4/-xik4 ), thermk4 ( Temp/-Sdotk4 )
main cut C[cheml]

terminal nHBr, nH, V

parameter R=8.,314, m=10.0

local k4, k5

k5 = 10.0**11,97*exp( -149800.0/( R*Temp ) )
k4 = k5/m
0.0 = Temp*Sdotkd4 + muk4*xik4
xik4 = k4*nHBr*nH/V
end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChR1kS

cut cheml( mukS/-xik5 ), thermk5( Temp/-Sdotk5 )
main cut Clcheml]

terminal nBr2, nH, V

parameter R=8.314

local k5

k5 10.0**11.97*exp( -149800.0/( R*Temp ) )

0.0 = Temp*Sdotk5 + muk5*xik5
xik5 = k5*nBr2*nH/V
end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChR2B2

cut chem2 ( mudotBr2/-nBr2 ), pneul( pdotBr2/V )
main cut C[ chem2 ]

terminal xiBr2

parameter dirty = 1.0

pdotBr2*V = mudotBr2*nBr2
dirty*der (nBr2) = xiBr2

end
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{ H2 - Br2 Reaction, isochoric and isothermic }
model type ChR2Br

cut chem2( mudotBr/-nBr ), pneu2( pdotBr/vV )
main cut C[ chem2 ]

terminal xiBr

parameter dirty = 1.0

pdotBr*V = mudotBr*nBr
dirty*der (nBr) = xiBr

end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChR2H2Z

cut chem2 ( mudotH2/-nH2 ), pneul3( pdotH2/V )
main cut C[ chem2 ]

terminal xiH2

parameter dirty = 1.0

pdotH2*V = mudotH2*nH2
dirty*der (nH2) = xiH2

end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChRZH

cut chem2( mudotH/-nH ), pneud( pdotH/V )
main cut C[ chem2 ]

terminal xiH

parameter dirty = 1.0

pdotH*V = mudotH*nH
dirty*der (nH) = xiH

end

{ H2 - Br2 Reaction, isochoric and isothermic }

model type ChRZ2HB

cut chem2( mudotHBr/-nHBr ), pneu5( pdotHBr/vV )
main cut C{ chem2?2 ]

terminal xiHBr

parameter dirty = 1.0

pdotHBr*V = mudotHBr*nHBr

dirty*der (nHBr) = xiHBr

end
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T . D W L R TR TER W YR MR WO YD WS CHR TEP WY S WS N UER P YR W N WS R GER T MR S W NS R R MW AN M N S G W M A S R M M A W WE IO Al AT SR el W e W Al A O AP

model reactionl

{ **%%x* Calling the Submodels **x*¥* }

submodel ChR1kl

submodel ChR1lk2

submodel ChR1lk3

submodel ChR1lk4

submodel ChR1k5

submodel ChR2B2 (ic nBr2 = (0.5E-7)
submodel ChR2Br (ic¢c nBr = 0.0)
submodel ChR2H2 (ic nH2 = 0.8E-7)
submodel ChRZ2H (ic nH = 0.0)
submodel ChRZHB (ic nHBr = 0.0)

submodel (CS) CSBr2 (sc = 0.5) (ic mul = 204493.0) ->
CSBr (sc = 0.5) (ic mul = 53772.8) ->
CSH2 (sc = 0.5) (ic mul = 129023.0) =->
CSH (sc = 1.5) (ic mul = 106772.0) =~>
CSHBr (sc = 0.5) (ic mul = 226828.0)

submodel Pneumatic (ic p = 1.0E+5)

submodel Thermic {ic & = 441.51)

submodel Chpower (ic G = 0.0)

submodel Chemical

submodel (TF) TF1(k = 0.5), TF2(k = 2.0)

submodel (bond) B11l, B1Br2, B1Br, B2l, B2BrZ2, B2Br, B31

submodel (bond) B3H2, B3H, B3HBr, B3Br, B41, B4H, B4HBr

submodel (bond) B4Br, B4H2, BS1l, BS5Br, B5Br2, BS5H, BS5HBr

{ ***xxxx T/0 Declaration **x*xx }
input Temp0, VO
output yl, y2, y3, v4, y5
{ ****%x Declaration of the Variable Type ****xxx |}
parameter dirty = 1.0
local K900
{ ***%x*x* Declaration of the nodes ***xx*x* |

node nll, n2l1, n31, n4l1, n51, nlBr, n2Br, nBr2, nBr, =->
nH2, nH, nHBr, nl, n2, n3, n4, ns
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{

{ ****xx*x Connections of the ChRl-elements and of the bonds }
{ attached to either the 0-junctions or the l-junctions **#*xxx% |

connect

connect

connect

connect

connect

{ * ok ok kokk

connect
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ChR1lk1l:cheml at
Bl1l from nll
B1Br2 from nBr2
B1Br from nl
TF1 from nlBr

ChRlk2:cheml at
B21 from n2l
B2Br from n2Br
B2Br2 from n2
TF2 from nBr

ChRlk3:cheml at
B31 from n31l
B3HBr from n3
B3H from n3
B3H2 from nH2
B3Br from nBr

ChRlk4:cheml at
B41 from n41l
B4H from nH
B4HBr from nHBr
B4Br from n4
B4H2 from n4

ChR1k5:cheml at
B51 from n51
BS5Br from n5
BSBr2 from nBr2
B5H from nH
B5SHBr from n5

Connection of the ChR2-elements to the CS-elementsg ****xxx }

ChR2B2:chem2 at
ChR2Br:chem2 at
ChR2H2 :chem2 at
ChR2H:chem2 at
ChRZHB:chem2 at

nll, ->
to nl, ->
to ni, ->
to nlBr, ->
to nBr

n21, ->
to n2, ->
to n2, -2
to nBr2, ->
to n2Br

n3l, ->
to n3, ->

to nHBr, ->
to nH, ->

to n3, ->
to n3

n41l, ->
to n4, ->
to n4, ->
to n4, -2
to nBr, ->
to nH2

nS51, ->
to n5, ->
toe nBr, -~->
to n5, ->
to nb, ->
to nHBr

CSBr2:chem2,
CSBr:chem2,
CSH2 :chem2,
CSH:chem2,

CSHBr:chem2

->
->
->
->

179

}
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[ *xxx%* Connection of the CS-elements to the 0-junctions ***xxx }

connect CSBr2:cheml at nBr2, ->
CS8Br:cheml at nBr, ->
CSH2:cheml at nHZ2, =>
CS8H:cheml at nH, ->
CSHBr:cheml at nHBr

{ ***xxxx Connection of the ChR2-elements to the Pneumatic-element ****x* }

connect ChR2BZ2:pneul at Pneumatic:pneul, ->
ChR2Br:pneu?2 at Pneumatic:pneu2, ->
ChR2H2:pneu3 at Pneumatic:pneu3, =->
ChR2H:pneu4 at Pneumatic:pneu4, ->
ChR2HB:pneu5 at Pneumatic:pneud

{ ****** Connection of the ChRl-elements to the Thermic-element ****** }

connect ChR1lkl:thermkl at Thermic:thermkl, ->
ChR1k2:thermk2 at Thermic:thermk2, ->
ChR1lk3:thermk3 at Thermic:thermk3, ->
ChRlk4:thermk4 at Thermic:thermk4, ->
ChR1lk5:thermk5 at Thermic:thermk5

R O O o L e st SO S L
Computation of the Free Energy of Formation and

Reading out the equilibrium constant K
R R b o i o b ot o b S S o R o S B o S S

o, gty gy o

func K900 = KBr2Bt (Temp0)

R B I R

Setting the Modulating Signals
B a ab o b o b b b ot sk ok o ks o 2200 0 S B SRR A A S S

{ *xkkkx Y Terminal of the ChRl-elements and the V - input ***#*x }

ChR1lk1l.V = V0
ChR1k2.V = VO
ChR1k3.V = VO
ChR1lk4.V = VO
ChR1k5.V = VO

(S N '}
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kkkkk*x ni - Terminal of the ChRl-elements and the ChRZ-elements *#*Xx%*x* }

ChR2BZ2 .nBr2

ChRlk1l.nBr2

ChR1lk2.nBr = ChR2Br.nBr
ChR1lk2.K = K900
ChR1k3.nH2 = ChR2H2.nH2
ChR1k3.nBr = ChR2Br.nBr

ChR2HB .nHBr
ChR2H.nH

ChR1k4.nHBr
ChR1k4.nH

ChR2B2 .nBr2
ChR2H.nH

ChR1kS5.nBr2
ChR1k5.nH

**kxkx*x wi-Terminal of the ChRZ2-elements and the CS-elements **x*x** }

ChR2B2.xiBr2 = CSBr2.xi
ChR2Br.xiBr = CSBr.xi
ChR2H2 ,xiH2 = CSH2.xi
ChR2H.xiH = CSH.=xi
ChR2HB.xiHBr = CSHBr.xi

**%xkx*x T - Terminal of the ChR2-elements and the T - input ****xx }

CSBr2.Temp = Temp0
CSBr.Temp = Templ
CSH2.Temp = Temp0
CSH.Temp = Temp0
CSHBr .Temp = TempO

**kxx*x mudoti - Terminal of the Chpower-element}
{ and the CS-elements ****xx |}

Chpower .mudBr2 CSBr2.mudot

Chpower.mudBr = CSBr.mudot
Chpower.mudH2 = CSH2.mudot
Chpower .mudH = CSH.mudot

Chpower .mudHBr CSHBr .mudot

kxx*xx* mui - Terminal of the Chpower-element)
{ and the CS-elements *xk*xxx*x }

Chpower .muBr2 = CSBr2.mu
Chpower.muBr = CSBr.mu
Chpower .muH2 = CSH2.mu
Chpower .muH = CSH.mu
Chpower . .muHBr = CSHBr.mu
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{ **%%*x*k xjj -~ Terminal of the Chpower-element}
{ and the CS-elements ***x*x*xx%x |}

Chpower.xiBr2 = CSBr2.xi
Chpower .xiBr = CSBr.xi
Chpower.xiH2 = CSH2.xi
Chpower .xiH = CSH.xi
Chpower.xiHBr = CSHBr.xi

{ ***%x**x nj - Terminal of the Chpower-element}
{ and the ChR2-elements ***x*x*xx |}

Chpower.nBr2 ChR2B2 .nBr2

Chpower.nBr = ChR2Br.nBr
Chpower.nH2 = ChR2H2.nH2
Chpower .nH = ChR2Z2H.nH

Chpower .nHBr ChR2HB.nHEr

{ ***x*%x nj - Terminal of the Chemical-element}
{ and the ChR2-elements ****xx }

Chemical .nBr2 ChR2B2.nBr?2

Chemical.nBr = ChR2Br.nBr
Chemical.nH2 = ChR2HZ2.nH2
Chemical.nH = ChRZ2H.nH

Chemical .nHBr ChR2HB .nHBr

{ **x*xx%xx TV -Terminal of the Thermic-, }
{ Pneumatic-element and the T, V -inputs *****xx }

Thermic.Temp = TempO
Pneumatic.V =

o i B o S o o oD o o T S S a |

Connection of the ni - state variables with the outputs }
R L e e AR e o

oy ey ey

dirty*yl = ChR2B2.nBr2/Chemical.ntot
dirty*y2 = ChR2Br.nBr/Chemical.ntot
dirty*y3 = ChR2H2.nH2/Chemical.ntot
dirty*y4 = ChR2H.nH/Chemical.ntot
dirty*y5 = ChR2HB.nHBr/Chemical.ntot

end
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B.1.2 Simulation Control Program “CT.ctl”

{ H2 - Br2 reaction isobaric and isothermic }

ERad D L D il B o b o 0 N R S B S A A SO S WSS
Control Block specifying the Parameters of the Simulation

}
}
( coded in the DYMOLA - Terminology ) }
R R e S L o e R R e g L L

cmodel
simutime 3.3
step 1.0E-16

commupoints 2001

{ ***xx*xx gpecifying of the Simulation Inputs **x**xx }

input 2, TempO (depend, 800.0), ->
V0 (depend, 1.0E-3)

R e 2 S B I R L A (T A TS S S SR AU UF ORI

Control - Block coded in the DESIRE - language }
R D ik X R R B o = o S O R P UV UN VI I |

ctblock

{ ****** Specifying the Integration Algorithm, largest }
{ Time Step, and largest absolute Error ****xx }

{ Gear-Algorithm }
irule 15

DTMAX=0,009
ERMAX=1.0E-6

{ *#***x** Table of the Data to compute the free energy of formation ****xx |

dimension KBr2Bt[38]

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0
data 2000.0 _

data 3.1623E-29, 7.7446E-29, 1.9543E-20, 2.21B2E-15
data 5.2844E-12, 1.3867E-9, 9.0782E-8, 2.3768E-6
data 3.2509E-5, 2.7861E-4, 1.6788E-3, 7.6913E-3
data 2.8510E-2, B8.8716E-2, 2.4044E-1, 5.8344E-1
data 1.7947 , 2.6061 , 4,9431

read KBr2Bt
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{ ***x%x Routine to restart the simulation by doubling the scale factor }
{ after its stop due to the bounds exceeded ***xxx }

scale = 1.0E-7
XCCC =1
label TRY
drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale | go to TRY
else proceed
ctend

R R AR e S e e D S D o R R kB 2 B S S S A A SRR A TR
The Output Block }
R I R R X R R AR d A S R R T T T T S R R S S oy

outblock
OUT -
dispt yl, y2, y3, y4, ¥5
outend

end

B.1.3 Generated DESIRE-Program “CT.des”

S S R D N S SN D S A R e W e e e e o T

—— ke AN G A WO S e W R R M YR e g e G e S

-- STATE S G p CSr2$mul Ch2$nBr2 ChBr$nBr ChH2$nH2 ChR2HS$nH
-- DER dS dG dp dCSr$mul dCh2nBr2 dChB$nBr dChH$nH2 dChRH$nH
-- STATE ChBS$nHBr Cr$CBull CSH2S$mul CSHS$Smul Cr$CBul2

-- DER dChBnHBr dCr$Bull dCSHS$Smul dCSHS$mul dCr$Bul2
-- QUTPUT yl y2 y3 y4 y5 '
-- INPUT TempO VO

-- PARAMETERS and CONSTANTS:

TcSdirty=1.0

Cr$cstyl=1.0

Pc$dirty=1.0

TF1$k=0.5

CSBr2SR=8.314

CSr2$%eps=1.0E-15

C2$CS$tyl=1.0

CSBr2$sc=0.5

ChR1lk1l$R=8.314

ChR1k23R=8.314

ChR1k3$R=8.314

ChR1k4$R=8.314

m=10.0

ChR1k5S5R=8.314

C2$CS$ty2=1.0

Cr$Csty2=1.0

C25CSty3=1.0

CH$CStyl=1.0

CB$dirty=1.0

CSBr$R=8.314
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Cr$CBpsl=1,0E-15
Cr$Csty3=1.0
CSBr$se=0.5
CSH2$R=8.314
CSH2Seps=1.0E~-15
C25CSty4d=1.0
CSH2%sc=0.5
CSHSR=8.314
CSHSeps=1.0E-15
CHS$CSty2=1.0
CSHS$sc=1.5
CSHBr$R=8.314
Cr$CBps2=1.0E-15
Cr$Cs$ty4=1.0
CSHBr$sc=0.5
TF25k=2.0
rlsdirty=1.0

-~ INITIAL VALUES OF STATES:
$=441.51

G=0.0

p=1.0E+5
CSr2$mul=204493.0
Ch2$nBr2=0.5E-"7
ChBr$nBr=0.0
ChH2$nH2=0.5E~"7
ChR2HSnH=0.0
ChB$nHBr=0.0
Cr$CBull=53772.8
CSH25mul=129023.0
CSHS$mul=106772.0
Cr$CBulz2=226828.0

[ ———— R e et

TMAX=3.3 | DT=1.0E-16 | NN=2001
irule 15 :
DTMAX=0.009
ERMAX=1,0E~6
dimension KBr2Bt[38]

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0
data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1800.0
data 2000.0
data 3.1623E-29, 7.7446E-29, 1.9543E-20, 2.2182E-15
data 5.2844E-12, 1.3867E~-9, 9.0782E-8, 2.3768E-6
data 3.2509E~5, 2.786lE-4, 1.6788E-3, 7.6913E-3
data 2.8510E-2, B8.8716E-2, 2.4044E-1, 5.8344E-1
data 1.7947 , 2.6061 , 4.9431
read KBr2Bt

scale = 1,.0E-7

Xcee =1

label TRY

drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale |

else proceed

- o T - - T Yo Sy GEP U S W m— —— . W M W - ——— - —

Temp0 = 800.0
v0o = 1.0E-3

185

go to TRY
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~= Submodel: CSBr

CSBrSmu = sgn(CSBr$sc - 1) *CrS$CBull

-- Submodel: TF1

TF15mul = CSBrSmu/TF1l$k

~= Submodel: CSBr2

CSBr2%mu = sgn(CSBr2$sc - 1)*CSr25mul

-=- Submodel: reactionl

BllSx = TF1Smul - CSBr2$mu

~-- Submodel: ChR1kl '

Chkl$akl = 1.39E+8*Temp(0~0.5%(189243/ (ChR1k1lS$R*Temp0))~1.97
ChRk1$kl = ChklS$akl*exp(-189243/ (ChR1k1$R*Temp0))
B1Br$x = ChRk1l$k1*Ch2$nBr2

Cl$Sdokl = B11$§x*BlBr$x/ (-Temp0)

~~ Submodel: TF2

TF28mu2 = TF2S$k*CSBrSmu

-- Submodel: reactionl

B21$x = CSBr2Smu - TF2%mu2

~- Submodel: ChR1lk2

Chk2$%akl = 1,39E+8*Temp0~0.5*(189243/ (ChR1k2$R*Temp0))~1.97
ChRk2$kl = Chk2$akl*exp(~189243/(ChR1k2$R*TempQ))

~- Submodel: reactionl

func K900 = KBr2Bt, TempO

~- Submodel: ChR1lk2

k2 = ChRk258k1/K%00

TF2$xi2 = k2*ChBr$nBr*ChBr$nBr/V0

C2$Sdok2 = B21$x*TF2$xi2/ (-Templ)

-- Submodel: CSH

CSHSmu = sgn(CSHS$sc - 1)*CSHSmul

-- Submodel: CSHBr

CSHBrS$mu = sgn (CSHBr$sc - 1) *Cr$CBul2

-- Submodel: CSHZ2

CSH2Smu = sgn(CSH2$sc - 1)*CSHZ2S5mul

-=- Submodel: reactionl

B31$x = CSHS$mu + CSHBr$mu - (CSBr$mu + CSH2Smu)

--~ Submodel: ChR1lk3

k3 = 10711.43*%exp(-82400/ (ChR1k3SR*Temp0))

B3Br$y = k3*ChH25nH2*ChBr$nBr/v0

C3$Sdok3 = B31$x*B3Br$y/ (-Temp0)

-=- Submodel: reactionl

B41%x = CSH2Smu + CSBr$mu - (CSHBrSmu + CSHSmu)

-- Submodel: ChR1lk4

ChRk4$k5 = 10.0711.97*exp(-149800.0/ (ChR1k4S$R*Temp0) )
k4 = ChRk4$k5/m

B4H2%$x = k4*ChB$nHBr*ChR2HSnH/V0

C45Sdokd = B41$x*B4H2$x/ (-TempO)

-- Submodel: reactionl

B51%x = CSHBr$mu + CSBrSmu - (CSHSmu + CSBr2$mu)

-~ Submodel: ChR1lk5

ChRk5S8k5 = 10.0711.97*%exp(~149800.0/ (ChR1k5SR*Temp0))
B5HBr$x = ChRk5$k5*Ch2$nBr2*ChR2H$nH/V0

C5$5dok5 = B51$x*BSHBr$x/ (-Temp0)

~- Submodel:; Thermic

Ssdot = C15S8dokl + C2$%5dok2 + C3$3dok3 + C45$5dok4d + C5$5dok5
d/dt S = Sdot/Tc$dirty

-~ Submodel: Chemical

ntot = Ch2$nBr2 + ChBr$nBr + ChR2HS$nH + ChH2S$nHZ + ChBS$nHBr
-- Submodel: reactionl

CSBr2$xi = TF2%$xi2 - (B5HBr$x + B1BrS$x)

-- Submodel: CSBr2

mudotBr2 = CSBr2$xi*CSBr2$R*Temp0/ (Ch25nBr2 + CSr2$eps)
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-- Submodel: TF2

TF2$xil = TF2$k*TF2%xi2

-- Submodel: TF1l

TF1$xi2 = B1lBr$x/TF1$k

-- Submodel: reactionl

CSBr$xi = BS5HBr$x + B4H2$x + TF1$xi2 - (B3BrS$y + TF25xil)

-=- Submodel: CSBr

mudotBr = CSBr$xi*CSBr$R*TempO/ (ChBr$nBr + Cr$CBpsl)

-- Submodel: reactionl

CSH2$xi = B4H2$x - B3Brsy

-=- Submodel: CSH2

mudotH2 = CSH2$x1i*CSH2$R*Temp0/ (ChH25nH2 + CSH2$eps)

-- Submodel: reactionl

CSH$xi = B3Br$y -~ (BSHBr$x + B4H25x)

-- Submodel: CSH

mudotH = CSHS$xi*CSHSR*TempO/ (ChR2HSnH + CSHSeps)

-- Submodel: reactionl

CSHBr$xi = BSHBr$x + B3Br$y - B4H2S$x

-- Submodel: CSHBr

mudotHBr = CSHBr$xi*CSHBrS$R*Temp(/ (ChB$nHBr + Cr$CBps2)

-- Submodel: Chpower

Gdot = nmudotBr2*Ch2$nBr2 + mudotBr*ChBr$nBr + mudotH2*ChH2$nH2 + mudotH*
ChR2HS$nH + mudotHBr*ChBSnHBr + CSBr2$mu*CSBr2$xi + CSBrSmu*CSBréxi +
CSH2Smu*CSH2Sx%xi + CSHSmu*CSHS$xi + CSHBrS$mu*CSHBrS$xi

d/dt G = Gdot/Cr$Cstyl

-~ Submodel: ChR2B2

C2Spdor2 = mudotBr2*Ch2$nBr2/Vv0

-= Submodel: ChRZBr

Cr$pdoBr = mudotBr*ChBr$nBr/V0

-- Submodel: ChR2H2

C2$pdoH2 = mudotH2*ChH2$nH2/V0

-- Submodel: ChRZ2H

CHSpdotH = mudotH*ChR2HS$nH/V0

-- Submodel: ChRZHB

CBSpdoBr = mudotHBr*ChBS$SnHBr/vo0

-— Submodel: Pneumatic

pdot = C2$pdor2 + Cr$pdoBr + C2$pdoH2 + CHS$pdotH + CBSpdoBr

d/dt p = pdot/Pc$dirty

-- Submodel: CSBr2

d/dt CSr2Smul = sgn(CSBr2$sc - 1) *mudotBr2/C2$CStyl

-=- Submodel: ChR2B2

d/dt Ch2$nBr2 = CSBr2$xi/C2$Csty2

-- Submodel: ChRZ2Br

d/dt ChBr$nBr = CSBr$xi/Cr$Csty2

==~ Submodel: ChR2H2

d/dt ChH2$nH2 = CSH2$xi/C238Csty3

~-~ Submodel: ChRZH

d/dt ChR2HSnH = CSH$x1/CHSCStyl

-= Submodel: ChR2HB

d/dt ChBS$nHBr = CSHBr$xi/CBSdirtv

-« Submodel: CSBr

d/dt Cr$CBull = sgn(CSBr$sc - 1) *mudotBr/Cr$Csty3

-~ Submodel: CSH2

d/dt CSH2%$mul = sgn(CSH2$sc - 1) *mudotH2/C2$CSty4

-- Submodel: CSH

d/dt CSH$mul = sgn (CSH$sc - 1) *mudotH/CHSCSty2

-- Submodel: CSHBr
d/dt Cr$CBul2 = sgn(CSHBr$sc - 1) *mudotHBr/Cr$Csty4
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-- Submodel: reactionl

yl = Ch2$nBr2/ntot/rlédirty
y2 = ChBr$nBr/ntot/rlSdirty
y3 = ChH2$nH2/ntot/rlédirty
y4 = ChR2H$nH/ntot/rlédirty
y5 = ChBS$nHBr/ntot/rlédirty
ouT
dispt y1l, v2, ¥3, y4, ¥5
/..._
/PIC 'h9 ctlas.PRC ’
/_..

B.1.4 Desirable DYMOLA Main Program

{ H2 -Br2 reaction isochoric¢ and isothermic }

s o B I L O o o T B o o

{
{ Loading the Model - Type Programs }
R e R b i R e 0 o S o SR A A R R R

@bond.lib
BTF.1lib
@Thermic.ct
@Pneumati.ct
@Chemical.ct
@Chpower.ct
RCS.ct
@ChRlkl.ct
@ChR1k2.ct
@ChR1lk3.ct
@ChRl1lk4.ct
@ChR1lk5.ct
@ChR2Br2.ct
@ChR2Br.ct
@ChR2H2.ct
@ChR2H.ct
@ChR2HBr.ct

- ———— ke s — — i — —— o — o — e il il o o s ks — —— i T —— — " — o — ——— ] S —— i — e i Ml s s e — 0 D A ot AT am

model reactionl

{ ***%%% (Calling the Submodels | ***%k% }

submodel ChR1lkl

submodel ChR1k2

submodel ChR1k3

submodel ChR1lk4

submodel ChR1k5

submodel ChR2B2 (ic nBr2 = 0.5E-7)
submodel ChR2Br (ic nBr 0.0)
submodel ChR2HZ2 (ic nH2 0.5E-7)
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submodel ChRZH (ic nH = 0.0)
submodel ChR2HB (ic nHBr = 0.0)
submodel (CS) CSBr2 (ic mul = muBr2) ->
CSBr (ic mul = muBr) =->
C8H2 (ic mul = muH2) =->
CSH {ic mul = muH) =->
CSHBr (ic mul = muHBr)
submodel Pneumatic (ic p = 1.0E+5)
submodel Thermic (ic § = S0)
submodel Chpower (ic G = 0.0)
submodel Chemical
submodel (TF) TFl(k = 0.5), TF2(k = 2.0)
submodel (bond) Bl1l, B1Br2, B1Br, B21, B2Br2, B2Br, B3l
submodel (bond) B3H2, B3H, B3HBr, B3Br, B41l, B4H, B4HBr
submodel (bond) B4Br, B4H2, BS51, B5Br, B5Br2, BSH, B5SHBr

*¥xxx%x* T/0 Declaration ****xx |}

input Temp0, VO
output yl, y2, y3, y4, y5
¥xx*x** Declaration of the Variable Type ***x*x*x }

local K900, HiBr2, HiBr, HiH2, HiH, HiHBr
local SiBr2, SiBr, SiH2, SiH, SiHBr
local muBr2, muBr, muH2, muH, muHBr

xkxxxx* Declaration of the nodes ****x*x*x |}

nb1,
n2, n3,

nlBr, nBr2, nBr, ->

n4,

n2Br,
ns

n4l,
nl,

nll,
nH2,

n2l, n31,
nH, nHBr,

node

R T o e T S E T I I o S A b s

CONNECTIONS OF THE BOND GRAPH ELEMENTS
i s s Bt 2 T T A R e S S R e

*xxxx* Connections of the ChRl-elements and of the bonds }
{ attached to either the 0-junctions or the l-junctions ***xxx |

connect ChR1lkl:cheml at nlil, ->
Bl1l from nll to nl, ->
BlBr2 from nBr2 to nl, ->
BlBr from nl to nlBr, ->
TF1 from nlBr to nBr

connect ChRlkZ:cheml at n2l, ->
B21 from n21 to n2, ->
B2Br from n2Br to n2, ->
B2Br2 from n2 to nBrz, ->
TF2 from nBr to n2Z2Br

connect ChR1lk3:cheml at n31, ->
B31 from n31 to n3, ->
B3HBr from n3 to nHBr, ->
B3H from n3 to nH, ->
B3H2 from nH2 to n3, ->
B3Br from nBr to n3
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connect ChRlk4:cheml at n4l, ->
B41 from n4l to n4, ->
B4H from nH to n4, ->
B4HBr from nHBr to n4, ->

B4Br from n4 to nBr, ->
B4HZ2 from n4 to nH2

connect ChRlkS5:cheml at n51, ->
BS51 from n51 to n5, ->
BS5Br from nb5 to nBr, ->
B3Br2 from nBr2 to nS5, -
B5H from nH to nS5, ->

B5HBr from n5 to nHBr

{ ****xx*x Connection of the ChRZ2-elements to the CS-elements **x*x*x*xx }

connect ChR2BZ2:chem2 at CSBr2:chem2, ->
ChR2Br:chem2 at CSBr:chem2, ->
ChR2H2:chem2 at CSH2:chem2, ->
ChR2H:chem2 at CSH:chem2, ->
ChR2HB:chem2 at CSHBr:chem2

{ **xx*%*x Connection of the CS-elements to the 0-junctions **x*xxxx* }

connect CSBr2:cheml at nBr2, ->

CSBr:cheml at nBr, ->
CSH2:cheml at nH2, ->
CSH:cheml at nH, ->

CSHBr:cheml at nHBr

{ ****** Connection of the ChR2-elements to the Pneumatic-element ***x*xx*x }

connect ChR2B2:pneul at Pneumatic:pneul, ->
ChR2Br:pneu2 at Pneumatic:pneu2, ->
ChR2HZ :pneu3 at Pneumatic:pneu3, ->
ChR2H:pneud4 at Pneumatic:pneu4, ->
ChR2HB:pneuS at Pneumatic:pneub

{ ****x%* Connection of the ChRl-elements to the Thermic-element **x*x**x |}

connect ChRlkl:thermkl at Thermic¢:thermkl, ->
ChR1lk2:thermk2 at Thermic:thermk2, ->
ChR1lk3:thermk3 at Thermic:thermk3, ->
ChRlk4:thermk4 at Thermic:thermk4, ->
ChRlk5:thermk5 at Thermic:thermk5



{
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o I 2 b I B e R O a0
Computation of the Free Energy of Formation

Reading out the equilibrium constant K
b T R b o 1 o o s i =

func K900
func HiBr2
func HiBr
func HiH2
func HiH
func HiHBr
func SiBr2
func SiBr
func SiHZ2
func SiH
func SiHBr

muBr2
muBr
muH2
muH
muHBr

nwnnuniu

B0 &g nnu

HiBr2
HiBr
HiH2
HiH
HiHBr

KBr2Bt (Temp0)
HiBr2t (Temp0)
HiBrt (Temp0)
HiH2t (TempO0)
HiHt (Temp0)
HiHBrt (TempO0)
SiBr2t (TempO)
SiBrt (Temp0)
SiH2t (Temp0)
SiHt (Temp0)
SiHBrt (TempQ)

i

Temp0*SiBr2
Temp0*SiBr
Temp0*SiH2
Temp(*SiH
Temp0*SiHBr

S0 = SiBr2 + SiH2

I o o o s e R

Setting the Modulating Signals
e B o o R S B S B O e N L

ko kk ok k

ChR1kl.
ChR1lk2.
ChR1k3.
ChR1k4.
ChR1k5.

<<<<g <«

%k ok ok kk ni -

ChR1lkl.nBr2

ChR1k2.nBr
ChR1k2.K

ChR1k3.nH2
ChR1k3.nBr

ChR1lk4.nHBr
ChR1lk4.nH

ChR1k5.nBr2
ChR1k5.nH

and

191

Terminal of the ChRl-elements and the V - input ***xx*x |}

vo
Vo
Vo
vo
vo

Terminal of the ChRl-elements and the ChR2-elements ***xxx }

o
o i

nn

ChR2B2 .nBr?2

ChR2Br .nBr
K900

ChR2HZ2 .nH2
ChRZBr .nBr

ChR2HB.nHBr
ChR2H.nH

ChR2B2 .nBr2
ChRZ2H.nH

}
}
}
}

}
}
}
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*xxkx*x xj-Terminal of the ChR2-elements and the CS-elements ***xxx |}

ChR2B2.xiBr2 = CSBr2.xi
ChRZ2Br.xiBr = CSBr.xi
ChR2H2.xiH2 = CSH2Z.xi
ChR2H.xiH = CSH.xi
ChRZ2HB.xiHBr = CSHBr.xi

*kkxxx*x T - Terminal of the ChRZ-elements and the T =~ input **xxx*xx }

CSBrZ2.Temp = Temp0
CSBr.Temp = Temp0
CSHZ.Temp = Temp0
CSH. Temp = Temp0
CSHBr.Temp = TempO

x*xx*x*x mudoti - Terminal of the Chpower-element}
{ and the CS-elements ***xxxx }

Chpower .mudBr2 CSBr2.mudot

Chpower .mudBr = CSBr.mudot
Chpower .mudH2 = CSH2.mudot
Chpower .mudH = CSH.mudot

Chpower .mudHBr CSHBr .mudot

*kxxx*x mui - Terminal of the Chpower-element}
{ and the CS-elements ****x*xx |}

Chpower.muBr2 = CSBr2.mu
Chpower.muBr = CSBr.mu
Chpower.muH2 = CSHZ2.mu
Chpower .muH = CSH.mu

Chpower .muHBr = CSHBr.mu

*xkxk* xji - Terminal of the Chpower-element}
{ and the CS-elements **x%xxx }

Chpower .xiBr2 = CSBr2.xi
Chpower.xiBr = CSBr.xi
Chpower.xiH2 = CSH2.xi
Chpower.xiH = CSH.xi

Chpower .xiHBr = CSHBr.xi

**xxk*x*x nj - Terminal of the Chpower-element}
{ and the ChR2-elements ***xxxx |}
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Chpower .nBr2 ChR2BZ2.nBr2

Chpower.nBr = ChR2Br.nBr
Chpower.nH2 = ChRZ2H2.nH2
Chpower.nH = ChRZ2H.nH

Chpower.nHBr ChRZHB.nHBr

{ **xx*x* nj - Terminal of the Chemical-element}
{ and tlhe ChR2~elements ***x*x*xx }

Chemical.nBr2 = ChR2B2.nBr2
Chemical.nBr = ChR2Br.nBr

Chemical.nH2 = ChR2H2.nHZ2

Chemical.nH = ChR2H.nH

Chemical .nHBr ChR2HB.nHBr

{ ***x**x% T VYV -Terminal of the Thermic-, }
{ Pneumatic-element and the T, V -inputs ***xx*x }

Thermic.Temp = Temp(
Pneumatic.V =

T S e B S e A e L e R R B o S X

{ Connection of the ni - state variables with the outputs }
[ +++++++++++++++++++++++++++++tr++++tt bbbttt bbb+ )

yl = ChR2B2.nBr2/Chemical.ntot
y2 = ChR2Br.nBr/Chemical.ntot

y3 = ChRZ2H2.nH2/Chemical.ntot

y4 = ChR2H.nH/Chemical.ntot

y5 = ChR2HB.nHBr/Chemical.ntot
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B.1.5 Desirable Simulation Control Program

{ H2 - Br2 reaction isobaric and isothermic }

{ +++++++++++++++++++r++ bbb bbb bbb bbb bR bR b )
Control Block specifying the Parameters of the Simulation

{ }
{ ( coded in the DYMOLA - Terminology ) }
{ ++++++++++++t+r+ -+ttt + bbb bbb bbb bbb bbb bbb bbb bbb bbb+ )

cmodel
simutime 5000.0
step 1.0E-5

commupoints 10001

{ ***%*x* Specifying the Inputs of the Simulation ***xxx |

input 2, TempO (depend, 800.0), ->
V0 (depend, 1.0E-3)

{ ++++++++++++ttt+trtttibrtd bbbttt bttt bbbttt bttt bbbt bbbt )

{ Control - Block coded in the DESIRE - language }
R R s L N S

ctblock

{ **xx** Specifying the Integration Algorithm, largest }
{ Time Step, and largest absolute Error **xx*x }

{ Runge-Kutta (4/2) }
irule 4

DTMAX=0.1
ERMAX=1.0E-4

{ *****% Table of the Data to compute the free energy of formation **#**xxx }

dimension KBr2Bt[38], SiBr2t[38], HiBr2t([38]
dimension SiBrt([38], HiBrt[38], SiH2t[38], HiH2t[38]
dimension SiHt[38], HiHt[38], SiHBrt([30], HiHBrt([30]

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0
data 2000.0

data 3.1623E-29, 7.7446E-29, 1.9543E-20, 2.2182E-15
data 5.2844E-12, 1.3867E-9, 9.0782E-8, 2.3768E-6
data 3.2509E~-5, 2.7861E~4, 1.6788E-3, 7.6913E-3
data 2.8510E-2, 8.8716E-2, 2.4044E-1, ©5.8344E-1
data 1.7947 , 2.6061 , 4.9431
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data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0 TR

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0

data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0

data 2000.0

data 245.510, 245.731, 256.220, 264.463, 271.246, 277.007

data 282.014, 286.444, 290.413, 294.014, 297.300, 300.336

data 303.145, 305.766, 308.224, 310.535, 312.716, 314.780

data 316.744

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0 vz

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0

data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0

data 2000.0

data 30927.892, 30994.880, 34641.583, 38334.341, 42056.406

data 45795.218, 49546.591, 53306.338, 57074.458, 60846.764

data 64631.632, 68420.686, 72213.926, 76011.354, 79817.155

data 83627.143, 87441.318, 91263.866, 95090.602

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0 E’ﬁ

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0

data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0

data 2000.0

data 175.017, 175.146, 181.117, 185.752, 189.553, 192.785

data 195.599, 198.098, 200.347, 202.394, 204.278, 206.020

data 207.644, 209.168, 210.600, 211.957, 213.242, 214.469

data 215.637 -
‘} &

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0 o

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0

data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0

data 2000.0

data 111913.164, 111950.845, 114027.498, 116104.151

data 118189.177, 120286.764, 122392.724, 124515.432

data 126650.700, 128798.528, 130963.104, 133140.240

data 135334.123, 137540.567, 139759.571, 141995.322

data 144247.820, 146512.879, 148794.685

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0 e

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0

data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0

data 2000.0

data 130.670, 130.850, 139.148, 145.625, 150.959, 155.510

data 159.496, 163.046, 166.254, 169.189, 171.893, 174.405

data 17¢.758, 178.969, 181.058, 183.030, 184.5831, 186.731

data 188.460
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{ *x**** Routine to restart the simulation by doubling the scale factor }
{ after its stop due to the bounds exceeded ****xx |}

scale = 1.0E-7
XCcc =1
label TRY
drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale | go to TRY
else proceed
ctend

I e R s o o e

}
{ The Output Block }
R B I o e o o S o T e e D

outblock

ouT

dispt v1, y2, y3, v4, y5
outend

end



data
data
data
data
data
data
data
data

data
data
data
data
data
data
data
data

data
data
data
data
data
data
data
data
data

data
data
data
data
data
data

data
data
data
data
data
data
data

read
read
read
read
read
read
read
read
read
read
read
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500.0,
1100.0,
1700.0,

400.0,
1000.0,
1600.0,

2939.134,

17718.538,
33264.126,
49617.767,

298.15,
800.0,
1400.0,
2000.0
0.0,

300.0,
800.0,
1500.0,

54.428,

11723.04, 14704.052,
26950.432, 30094.718,
42981.689, 46285.074,

1200.0,

196

700.0
1300.0
1900.0

600.0,
1800.0,

5840.586,
20766.528,
36471.215,
52988.141

8767.159
23843.826
39711.798

298.15,
800.0,
1400.0,
2000.0
114.681,
135.2085,
146.852,
154.271

298.15,
800.0,

1400.0,
2000.0

218149.027,
224429.227,
232748.399,
241067.570,
249386.742,

298.15,
800.0,
1400.0,

300.0,
900.0,
1500.0,

114,810,
137.662,
148.284,

300.0,
900.0,
1500.0,

300.0,
900.0,
1500.0,

400.0,
1000.0,

400.0,
1000.0,

218186.208,
226505.880,
234829.238,
243148.410,
251467.582,

400.0,
1000.0,

1600.0,

120.793,
139.852,
149.628,

1600.0,

1600.0

500.0,
1100.0,
1700.0,

150.888,

500.0,
1100.0,
1700.0,

220267.548,
228586.720,
236905.891,
245229.250,
253548.421

500.0,
1100.0,

600.0,
1200.0,
1800.0,

125.4365,
141.836,

600.0,
1200.0,
1800.0,

600.0,
1200.0,

700.0
1300.0
1500.0

132.433
145,307
153.203

129.226,
143.645,
152,077,

700.0
1300.0
1900.0

222348,388
230667.559
238986.731
247305.902

700.0
1300.0

198.718,
228.013,

246.234,

298.15,
800.0,
1400.0,

-36404.226,
-27528.210,
-15110.161,
-1800.324,

KBr2Bt
SiBr2t
HiBr2t
SiBrt
HiBrt
SiH2t
HiH2t
SiHt
HiHt
SiHBrt
HiHBrt

198.898, 207.276, 213.824, 219.250, 223.910
231.702, 235.055, 238.145, 241.017, 243.701

248.629, 250.9065

300.0, 500.0,
800.0, 1000.0, 1100.0,
1500.0, 1600.0

-36349.798, -33435.785,
-24505.340, -21428.042,
-11869.578, -8570.380,
1670.533, 5200.006

700.0
1300.0

600.0,
1200.0,

-30500.838
-18296.316
~5212.566

400.0,
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B.2 Hydrogen-Bromine Reaction: Isentropic-

i1sobaric Case

Following, the DYMOLA main program “PS.dym” including all the model types,
the simulation control program “PS.ctl”, and its generated DESIRE-program

“PS.des” of the hydrogen-bromine reaction under isentropic-isobaric conditions

are listed.

B.2.1 DYMOLA Main Program “PS.dym” Including All
the Model Types

{ Bond Graph bond 1}
model type bond

cut A (x / y) B (y / =-X)
main cut C [A B]
main path P <A - B>

end

{ H2 - Br2 reaction isobaric and isentropic }

model type TF

cut A( mul/xil ), B{( mu2/-xi2 )
main cut C [A B]

main path P < A-B >

parameter k = 1.0

k*xi2 = xil
k*mul = mu2

end

{ H2 - Br2 Reaction isobaric and isentropic }
model type Thermic

cut thermtot ( Tdot/-S )

cut therml ( TdotBr2/S ), therm2( TdotBr/S )
cut therm3( TdotH2/S ), therm4( TdotH/S )
cut therm5( TdotHBr/S )

terminal Temp

parameter dirty = 1.0

Tdot = TdotBr2 + TdotBr + TdotH2 + TdotH + TdotHBr
dirty*der (Temp) = Tdot

end
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{ H2 - Br2 Reaction isobaric and isentropic }
model type Pneumatic

cut pneutot ( p/Phi )

cut pneul ( p/-Phikl ), pneu2( p/-Phik2 )
cut pneu3( p/-Phik3 ), pneud4( p/-Phik4d )
cut pneu5( p/-Phik5 )

terminal V

parameter dirty = 1.0

Phi
dirty*der (V)

o

Phi

end

{ H2 - Br2 Reaction isobaric¢ and isentropic }

model type Chemical
terminal xiBr2, xiBr, =iH2, xiH, xiHBr
terminal nBr2, nBr, nH2, nH, nHBr
terminal ntot, xitot

XiBr2 + xiBr + xiH2 + xiHZ2 + xiHBr
nBr2 + nBr + nH2 + nHZ2 + nHBr

xitot
ntot

end

{ H2 -~ Br2 Reaction, isobaric and isentropic }
model type CS

cut cheml (mu/xi), chem2 (mudot/n)

main cut Cl[cheml]

local Temp, mul

terminal Ttot, S, ntot, xitot

parameter R = 8.314, eps = 1.0E-15, sc = 1.5

Temp = Ttot*n/ntot

mudot* (n + eps) *ntot*R = xitot*R*Temp*S - mu*xi*$S

sgn( sc - 1.0 )*der(mul) = mudot
mul*sgn( sc -1.0 ) = mu

end

{ H2 - Br2 Reaction, isobaric and isentropic }
model type ChR1kl

cut cheml( mukl/-xikl ), pneul( p/Phikl )
main cut C[ cheml ]

terminal nBr2, Temp

parameter R=8.314

local k1, akl

Phikl + Phik2 + Phik3 + Phik4 + Phik5

199
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akl 1.39E+8*Temp**0.5*( 189243/ ( R*Temp ) )**1.97
kl akl*exp( -189243/( R*Temp ) )

p*Phikl = mukl*xikl

xikl = kl*nBr2

o

end

{ H2 - Br2 Reaction, isobaric and isentropic }

model type ChR1k2

cut cheml( muk2/-xik2 ), pneu2(p/Phik2)
main cut C{ cheml ]

terminal nBr, K, V, Temp

parameter R=8.314

local k1, akl, k2

akl = 1.39E+8*Temp**0.5*%( 189243/ ( R*Temp ) )**1.97
k1l = akl*exp( -189243/( R*Temp ) )
k2 = k1/K
p*Phik2 = muk2*xik2
xik?2 = k2*nBr*nBr/V
end

{ B2 - Br2 Reaction, isobaric and isentropic }

model type ChR1k3

cut cheml ( muk3/-xik3 ), pneu3(p/Phik3)
main cut C[cheml]

terminal nH2, nBr, V, Temp

parameter R=8.314

local k3

k3 = ( 10%*11.43 )*exp( -82400/( R*Temp ) )
p*Phik3 = muk3*xik3
xik3 = k3*nH2*nBr/V

end

{ H2 - Br2 Reaction, isobaric and isentropic }

model type ChR1k4

cut cheml ( muk4/-xik4 ), pneud (p/Phik4)
main cut C[cheml]

terminal nHBr, nH, V, Temp

parameter R=8.314, m=10.0

local k4, k5

k5 = 10.0*%*11.97*exp( =-149800.0/( R*Temp ) )

k4 = k5/m
p*Phik4 = muk4*xik4
xik4 = k4*nHBr*nH/vV

am s
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{ H2 - Br2 Reaction, isobaric and isentropic }
model type ChR1k5

cut cheml ( muk5/-xik5 ), pneu5(p/Phik5)
main cut C[cheml]

terminal nBr2, nH, V, Temp

parameter R=8.314

local k5

k5 = 10.0**11.97*%exp( -149800.0/( R*Temp ) )
p*Phik5 = muk5*xik$5
xik5 = k5*nBr2*nH/V

end

{ H2 - Br2 Reaction, isobaric and isentropic }
model type ChRZB2
cut chemZ ( mudotBr2/-nBr2 ), therml( TdotBr2/-S)
main cut C[ chem2 ]
terminal xiBr2
parameter dirty = 1.0, eps = 1.0E~15

0.0 = TdotBr2* (S + eps) + mudotBr2#*nBr2
dirty*der (nBr2) = xiBr2

end

{ H2 - Br2 Reaction, isobaric and isentropic }
model type ChRZBr

cut chem2 ( mudotBr/-nBr ), therm2 (TdotBr/-S)
main cut C[ chem2 ]

terminal xiBr

parameter dirty = 1.0, eps = 1.0E-15

0.0 = TdotBr*(S + eps) + mudotBr*nBr
dirty*der (nBr) = xiBr

end

{ H2 - BrZ Reaction, isobaric and isentropic }
model type ChRZ2HZ

cut chem2( mudotH2/-nH2 ), therm3(TdotH2/-5)
main cut C[ chemZ ]

terminal xiH2

parameter dirty = 1.0, eps = 1.0E-15



APPENDIX B. PROGRAMS FOR CHAPTER 4 202

0.0 = TdotH2* (S + eps) + mudotH2*nH2
dirty*der (nH2) = xiH2

end

{ H2 - Br2 Reaction, isobaric and isentropic }
model type ChRZH

cut chem2( mudotH/-nH ), therm4 (TdotH/-S)
main cut C[ chem2 ]

terminal xiH

parameter dirty = 1.0, eps = 1.0E~15

0.0 = TdotH*(S + eps) + mudotH*nH
dirty*der (nH) = xiH

end

{ H2 - Br2 Reaction, isobaric and isentropic }
model type ChRZHB

cut chem2( mudotHBr/-nHBr ), therm5 (TdotHBr/-5)
main cut C[ chem2 ]

terminal xiHBr

parameter dirty = 1.0, eps = 1.0E-15

0.0 = TdotHBr*(S + eps) + mudotHBr*nHBr
dirty*der (nHBr) = =xiHBr

end

model reactionl

submodel ChR1lkl

submodel ChR1lk2

submodel ChR1k3

submodel ChR1lk4

submodel ChR1k5

submodel ChR2B2 (ic nBr2 = 0.5E~-7)
submodel ChR2Br (ic nBr = 0.0)
submodel ChR2H2 (ic nHZ2 = 0.5E-7)
submodel ChRZH (ic nH = 0.0)
submodel ChR2HB (ic nHBr = 0.0)

submodel (CS3) CSBr2 (sc = 0.5) (ic mul = 204493.0) ->
CSBr (sc = 0.5) (ic mul = 53772.8) ->
CSH2 (sc = 0.5) (i¢c mul = 129023.0) ->
CSH (sc = 1.5) (ic mul = 106772.0) ->
CSHBr (sc = 0.5) (ic mul = 226828.0)
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submodel Pneumatic (ic V = 1,0E-3)

submodel Thermic (ic Temp = 800.0)

submodel Chemical

submodel (TF) TFl(k = 0.5), TF2(k = 2.0)

submodel (bond) B11l, Bl1Br2, BlBr, B21l, B2Br2, B2Br, B3l

submodel (bond) B3H2, B3H, B3HBr, B3Br, B41l, B4H, B4HBr

submodel (bond) B4Br, B4H2, B51, B5Br, B5Br2, B5H, BSHBr

input p0, SO

output yl, vy2, y3, vy4, y5

local K900, TempO

parameter dirty = 1.0

node nll, n2l, n31, nd4l, n51, nlBr, n2Br, nBr2, nBr, =->

nH2, nH, nHBr, nl, n2, n3, n4, nb5

connect ChR1lkl:cheml at nll, ->
Bll from nll to nl, ->
B1Br2 from nBr2 to nl, ->

B1Br from nl to nlBr, ->
TF1 from nlBr to nBr

connect ChR1lk2:cheml at n2l, ->
B21 from n21 to n2, ->
B2Br from n2Br to n2, ->

B2Br2 from n2 toe nBr2, ->
TF2 from nBr to nZBr

connect ChR1lk3:cheml at n3l, ->
B31 from n31 to n3, ->
B3HBr from n3 to nHBr, ->
B3H from n3 to nH, ->
B3H2 from nHZ to n3, ->
B3Br from nBr to n3

connect ChRlk4:cheml at n4l, ->
B41 from nd4dl to n4, ->
B4H from nH to n4, ->
B4HBr from nHBr to nd4, ->

B4Br from n4 to nBr, =>
B4H2 from n4 to nH2

connect ChR1lk5:cheml at n51, ->
B51 from n51 to n§5, ->
B5Br from nb to nBr, ->
B5Br2 from nBr2 to nj5, ->
B5H from nH to n5, ->

B5HBr from nb5 t0 nHBr

*kkxk%x% Connection of the ChRZ-elements to the CS-element ***x**xx |

connect ChR2B2:chem2 at CSBr2:chem2, ->
ChR2Br:chem2 at CSBr:chem2, ->
ChR2H2:chem2 at CSH2:chem2, ->
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ChR2H:chem?2 at CSH:chem2, ->
ChRZHB:chemZ2 at CSHBr:chem2

**x*x*x* Connection of the CS-elements to the 0O-junctions *#***x*xx%x |}

connect CSBr2:cheml at nBr2, ->

CSBr:cheml at nBr, ->
CSH2:cheml at nH2, ->
CSH:cheml at nH, ->

CSHBr:cheml at nHBr

*kkkk*x Connection of the ChRZ2-elements to the Pneumatic-element ****x*%* }

connect ChRlkl:pneul at Pneumatic:pneul, ->
ChR1k2:pneu?2 at Pneumatic:pneuz, ->
ChR1lk3:pneu3 at Pneumatic:pneu3, ->
ChRlk4:pneud4 at Pneumatic:pneu4d, ->
ChR1k5:pneub5 at Pneumatic:pneub

**kx*x%x*x Connection of the ChRl-elements to the Thermic-element ***x*xx |}

connect ChR2BZ2:therml at Thermic:therml, ->
ChR2Br:therm2 at Thermic:therm2, ->
ChR2H2:therm3 at Thermic:therm3, ->
ChR2H:therm4 at Thermic:therm4, ->
ChR2HB:therm5 at Thermic:thermb

func K900 = KBr2Bt (Temp0)

Temp0 = Thermic.Temp

ChR1k2.V = Pneumatic.V
ChR1k3.V = Pneumatic.V
ChR1lk4.V = Pneumatic.V
ChR1lk5.V = Pneumatic.V

ChR2B2 .nBr2

!

ChR1k1l.nBr2

ChR1k2.nBr = ChRZBr.nBr
ChR1lk2.K = K900
ChR1k3.nH2 = ChR2HZ.nH?2
ChR1k3.nBr = ChRZBr.nBr

ChRZHB.nHBr
ChRZH.nH

ChR1lk4.nHBr
ChR1lk4.nH

on

ChR2B2 .nBr2
ChR2H.nH

ChR1k5.nBr2
ChR1k5.nH

Thermic.Temp
Thermic.Temp
Thermic.Temp
Thermic.Temp
Thermic.Temp

ChR1lkl.Temp
ChR1lkZ2.Temp
ChR1k3.Temp
ChR1lk4.Temp
ChR1k5.Temp

LU I
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ChR2B2.xiBr2 = CSBr2.xi
ChRZBr.xiBr = CSBr.xi
ChR2H2 .xiH2 = CSH2.xi
ChR2H.xiH = CSH.xi

ChR2HB.xiHBr = CSHBr.xi

CSBr2.Ttot = Thermic.Temp
CSBr.Ttot = Thermic.Temp
CSH2.Ttot = Thermic.Temp
CSH.Ttot = Thermic.Temp
CSHBr.Ttot = Thermic.Temp
CSBr2.S8 = S0
CsBr.S = S0
CSH2.5 = S0
CSH.S = 50
CSHBr.s = S0

CSBr2.xitot Chemical.xitot

CSBr.xitot = Chemical.xitot
CSH2.xitot = Chemical.xitot
CSH.xitot = Chemical.xitot

CSHBr .xitot Chemical.xitot
Chemical.ntot
Chemical.ntot
Chemical.ntot
Chemical.ntot
Chemical.ntot

CSBr2.ntot
CSBr.ntot
CSHZ2 .ntot
CSH.ntot

CSHBr.ntot

I O

CSBr2.xi
CSBr.xi
CSH2.x1i
CSH.xi
CSHBr.xi

Chemical.xiBr2
. Chemical.xiBr
Chemical.xiH2
Chemical.xiH
Chemical .xiHBr

Chemical.nBr2 ChR2B2.nBr2

Chemical.nBr = ChR2Br.nBr
Chemical.nHZ = ChR2HZ2.nH2
Chemical.nH = ChR2H.nH

Chemical.nHBr ChR2HB.nHBr

Thermic.S = S0
Pneumatic.p = p0

dirty*yl = CSBr2.n
dirty*y2 = CSBr.n
dirty*y3 = CSHZ2.n
dirty*yd4d = CSH.n

dirty*y5 = CSHBr.n

end
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B.2.2 Simulation Control Program “PS.ct!”

{ H2 - Br2 reaction isobaric and isentropic }

B o o B b ok o b T o o o

{
{ Control Block specifying the Parameters of the Simulation }
{ ( coded in the DYMOLA - Terminology ) }
R R R S S R e R S T R A
cmodel

simutime 5000.0

step 1.0E-12

commupoints 2001

{ **x**x*x gpecifying the Inputs of the Simulation ****x*xx }

input 2, p0(depend, 1.013E+5), ->
S0 (depend, 0.0)

o B e o o o = S RNIE AT RTIN

Control -~ Block coded in the DESIRE - language }
R R Rk D R SRR T D,

—— e ey

ctblock

{ ****x** Specifying the Integration Algorithm, largest }
{ Time Step, and largest absolute Error ***xx*xx |}

{ Runge-kutta (4/2) }
irule 4

DTMAX=0.1
ERMAX=1.0E-6

{ **x*x* Table of the Data to compute the free energy of formation ***x*xx )

dimension KBr2Bt([38]

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0
data 2000.0

data 3.1623E-29, 7.7446E-29, 1.9543E-20, 2.2182E-15
data 5.2844E-12, 1.3867E-9, 9.0782E-8, 2.3768E-6
data 3.2509E-5, 2.7861E-4, 1.6788E-3, 7,6913E~3
data 2.8510E-2, 8.8716E-2, 2.4044E-1, ©5.8344E-1
data 1.7947 , 2.6061 , 4.9431

read KBr2Bt
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{ ***%x*x*x Routine to restart the simulation by doubling the scale factor }
{ after its stop due to the bounds exceeded ***xxx |}

scale = 1.0E-7
XCee =1
label TRY
drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale | go to TRY
else proceed
ctend
{ ++++++++++++++++++++++++++ttd bttt bttt b F bbb bbb bbb bbb+ )
{ The Output Block }
{ ++++++++++++++++ 4+t bttt Frr bbb bbb bbb bbb bbb bR
cutblock
ourT
dispt yl, y2, y3, v4, y¥5
outend
end

B.2.3 Generated DESIRE-Program “PS.des”

e e e e - 0 - — -t

-~ STATE ThcSTemp Pnetic$V CSr2Smul Ch2$nBr2 ChBr$nBr ChH2S$nH2 ChR2HSnH ChBSnHB:

- DER dThcTemp dPneic$V dCSr$mul dCh2nBr2 dChBS$nBr dChHSnH2 dChRHSnH dCl
nHBr

~ STATE Cr$CBull CSH2Smul CSHSmul CrS$CBul2
- DER dCr$Bull dCSHSmul dCSHSmul dCr$Bul2
- QUTPUT vyl yv2 y3 v4 y5

- INPUT p0 SO

- PARAMETERS and CONSTANTS:

F1$k=0.5

c$dirty=1.0

c$dirty=1.0

SBr2SR=8.314

Sr28eps=1.0E-15

SBr28sc=0.5

hR1k1$R=8.314

hR1k2$R=8.314

hR1k3SR=8.314

hR1k4$R=8.,314

=10.0

1R1k55R=8.314

25CStyl=1.0

1B2Seps=1.0E-15

rédirty=1.0

1BrSeps=1.0E-15

25C8ty2=1.0

1H2Seps=1.0E~-15

i8dirty=1.0

12HSeps=1.0E-15

3$dirty=1.0

1HBSeps=1.0E-15

5BrSR=8.314
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Cr$CBpsl=1.0E~15
CSBrS$sc=0.5
CSH2$R=8.314
CSH2S$eps=1.0E-15
CSH2$sc=0.5
CSHSR=8,314
CSHSeps=1.0E~15
CSHS$sc=1.5
CSHBr$R=8.314
Cr$CBps2=1.0E-15
CSHBrS$sc=0.5
TF28k=2.0
rl8dirty=1.0

-- INITIAL VALUES QF STATES:
Thc$Temp=800.0
Pnetic$v=1.0E-3
CSr25mul=204493.0
Ch2$nBr2=0.5E~7
ChBr$nBr=0.0
ChHZ25nH2=0.,5E~7
ChRZHSnH=0.0
ChBS$nHBr=0.0
CrSCBull=53772.8
CSH2S$mul=129023.0
CSHSmul=106772.0
Cr$CBul2=226828.0

—— — - — e A S Y S MR v

TMAX=5000.0 | DT=1.0E-12 | NN=2001
irule 4
DTMAX=0.1
ERMAX=1.0E-6
dimension KBr2Bt[38]

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0
data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0
data 2000.0
data 3.1623E~-29, 7.7446E-29, 1.9543E-20, 2.2182E-15
data 5.2844E-12, 1.3867E~9, 9.0782E-8, 2.3768E-6
data 3.2509E~5, 2.786lE-4, 1.6788E-3, 7.6913E-3
data 2.8510E-2, 8.871¢6E-2, 2.4044E-1, 5.8344E-1
data 1.7947 , 2.6061 , 4.9431
read KBr2Bt

scale = 1.0E-7

Xcee =1

label TRY

drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale |

else proceed

DYNAMIC
p0 = 1.013E+5
S0 = 0.0

-- Submodel: CSBr

CSBr$mu = Cr$CBull*sgn(CSBrS$sc - 1)
-- Submodel: TF1

TF1$mul = CSBr$mu/TF1l$k

-=- Submodel: CSBr2

CSBr2Smu = CSr28mul*sgn(CSBr2$sc =~ 1)

208

go to TRY
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~=- Submodel: reactionl

B1l1lSx = TF1Smul - CSBr2s$mu

-- Submodel: ChRlkl

Chkls$akl = 1.39E+8*ThC$Temp“0.5*(189243/(Cthkl$R*Thc$Temp))“1.97

ChRk18k1l = Chkl$akl*exp(-189243/ (ChR1k1$R*ThcS$Temp) )

BlBr$x = ChRk1l$k1*Ch2S%nBr2

~- Submodel: TF1

TF1$xi2 = B1Br$x/TF1Sk

-=- Submodel: Chemical

Chl$ntot = Ch2%nBr2 + ChBr$nBr + ChH2S$nH2 + ChH2$nH2 + ChBSnHBr

-- Submodel: ChR1lk5

ChRk58k5 = 10.0711.97*exp(-149800.0/ (ChR1k5$R*ThcSTemp) )

BS5HBr$x = ChRk5$k5*Ch2$nBr2*ChR2HSnH/Pnetics$Vv

-- Submodel: ChR1lk2

Chk2$akl = 1.39E+8*ThcS$Temp”~0.5*(189243/ (ChR1k2$R*ThcS$Temp) ) ~1.97

ChRk25kl = Chk2$ak1*exp(-189243/(CthkZSR*Thc$Temp))

-~- Submodel: reactionl

func K900 = KBr2Bt, ThcSTemp

-— Submodel: ChR1lk2

k2 = ChRk2$k1/K900

TF2$xi2 = k2*ChBr$nBr*ChBr$nBr/Pneticsv

~-- Submodel: reactionl

CSBr2$xi = TF2$xi2 - (BSHBrS$x + B1lBrsx)

-- Submodel: ChR1k3

k3 = 10711,43*exp(-82400/ (ChR1k3SR*Thc$Temp))

B3BrSy = k3*ChH2$nH2*ChBr$nBr/PneticsV

-- Submodel: TF2

TF2$xil = TF2$k*TF2$xi2

-- Submodel: ChR1lk4 ‘

ChRk4$k5 = 10.0"711.97*exp(-149800.0/ (ChR1k4SR*ThcSTemp) )

k4 = ChRk4$k5/m

B4H2%x = k4*ChBSnHBr*ChRZ2HSnH/Pnetics$v

-- Submodel: reactionl

CSBr$xi = BS5HBrS$x + B4H2S$x + TF1l$xi2 - (B3BrSy + TF2%xil)

CSH2$x1i = B4H2$x - .B3BrSy

CSHBr$xi = B5HBr$x + B3BrSy - B4H2S$x

-- Submodel: Chemical

Cléxitot = CSBr2S$xi + CSBré$xi + CSH2S$xi + CSH2S$xi + CSHBréxi

-~ Submodel: CSBr2

C28C2mpl = Thc$Temp*Ch2$nBr2/Chl$ntot

mudotBr2 = (Cl$xitot*CSBr2$R*C25C2mpl*S0 - CSBr2$mu*CSBr2$xi*S0)/ ((Ch2%nBr2
CSr2$eps) *Chl$ntot *CSBr2SR)

-=- Submodel: ChR2B2

C25Tdor2 = mudotBr2*Ch2%nBr2/(-(S0 + ChB2Seps))

-- Submodel: CSBr

Cr$Crmpl = Thc$Temp*ChBr$nBr/Chléntot

mudotBr = (Cl$xitot*CSBrS$R*Cr$Crmpl*S0 - CSBr$mu*CSBr$xi*S0)/ ((ChBr$nBr +
Cr3CBpsl) *Chl$ntot *CSBrSR)

-=- Submodel: ChRZ2Br

CrS$TdoBr = mudotBr*ChBr$nBr/ (- (S0 + ChBrSeps))

-= Submodel: CSH2

C25C2mp2 = Thc$Temp*ChH25nH2/Chl$ntot

CSH2Smu = CSH2S8mul*sgn (CSH2S$sc - 1)

mudotH2 = (ClS8$xitot*CSH2$R*C28C2mp2*S0 - CSH2Smu*CSH2$xi*S0)/ ((ChH2SnH2 +
CSH2Seps) *Chl$ntot *CSH2$R)

~— Submodel: ChR2HZ2

C2$TdoH2 = mudotH2*ChH2$nH2/ (- (S0 + ChH2S$eps))

~-- Submodel: CSH

CSHS$Temp = TheSTemp*ChR2HSnH/ChlS$ntot

CSHSmu = CSHSmul*sgn(CSHS$sc - 1)
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-~ Submodel: reactionl

CSHS$xi = B3Br$y - (BSHBr$x + B4H2$x)

-- Submodel: CSH

mudotH = (ClS$xitot*CSHSR*CSH$Temp*S0 - CSH$mu*CSH$xi*S0)/ ((ChR2HSnH +
CSH$eps) *ChlSntot *CSHSR)

-— Submodel: ChRZ2H

CH$TdotH = mudotH*ChR2HSnH/ (- (S0 + Ch2HS$eps))

-- Submodel: CSHBr

CrSCrmp2 ThcéTemp*ChBSnHBr/Chléntot

CSHBrSmu Cr$CBul2*sgn(CSHBRr$sc - 1)

mudotHBr = (ClS$xitot*CSHBr$R*Cr$Crmp2*S0 - CSHBrS$mu*CSHBr$xi*S0)/ ((ChBSnHBr +
Cr$CBps2) *Chl$ntot *CSHBr$R)

-- Submodel: ChR2ZHB _

CBS$STdoBr = mudotHBr*ChB$nHBr/ (- (S0 + ChHBSeps))

-=- Submodel: Thermic

Tdot = C28Tdor2 + Cr$TdoBr + C2$TdoHZ2 + CHSTdotH + CB$TdoBr

d/dt Thc$Temp = Tdot/Tc$dirty

-- Submodel: ChR1lkl

Pc$Phikl = B11$x*BlBr$x/p0

-- Submodel: TF2

TF2%mu2 = TF2$k*CSBrSmu

-=- Submodel: reactionl

B218x = CSBr2Smu - TF2Smu2

-- Submodel: ChR1k2

PcSPhik2 = B215$x*TF2$xi2/p0

~= Submodel: reactionl

B31$x = CSHSmu + CSHBr$mu - (CSBr$mu + CSH2Smu)

-=- Submodel: ChR1k3

Pc$Phik3 = B31$x*B3BrSy/p0

-- Submodel: reactionl

B41Sx = CSH2$mu + CSBré$mu - (CSHBrS$mu + CSHSmu)

-- Submodel: ChRlk4

Pc$Phik4 = B41$x*B4H2S$x/p0

-- Submodel: reactionl _

B51%x = CSHBrSmu + CSBré$mu - (CSHSmu + CSBr2S%mu)

-=- Submodel: ChR1lk5

PcSPhik5 = BS51$x*BSHBr$x/pl

-- Submodel: Pneumatic

Phi = PcSPhikl + Pc$Phik2 + Pc$Phik3 + PcS$Phik4 + Pc$Phik5

d/dt Pnetic$V = Phi/Pc$dirty

-~ Submodel: CSBr2

d/dt CSr2$mul = mudotBr2/sgn(CSBr2$sc - 1)

-- Submodel: ChR2BZ

d/dt Ch2$nBr2 = CSBr2Sxi/C2$Cstyl

-- Submodel: ChRZBr

d/dt ChBr$nBr = CSBr$xi/Cr$dirty

-- Submodel: ChRZ2HZ2

d/dt ChH2$nH2 = CSH2$xi/C2$CS$ty2

-~ Submodel: ChR2H

d/dt ChRZ2HSnH = CSH$xi/CHSdirty

-~ Submodel: ChRZHB

d/dt ChBSnHBr = CSHBr$xi/CBS$dirty

-~ Submodel: CSBr

d/dt Cr$CBull = mudotBr/sgn(CSBr$sc - 1)

-- Submodel: CSH2

d/dt CSH2Smul = mudotH2/sgn (CSH2$sc ~ 1)

-- Submodel: CSH

d/dt CSHSmul = mudotH/sgn (CSH$sc - 1)

-- Submodel: CSHBr

d/dt Cr$CBul2 = mudotHBr/sgn (CSHBr$sc - 1)
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~= Submodel: reactionl

yl = Ch2$nBr2/rl$dirty
y2 = ChBr$nBr/rlsdirty
y3 = ChH2$nH2/rlsdirty
y4 = ChR2HS$nH/rl18dirty
y5 = ChBS$nHBr/rl$dirty
ouT
dispt yl, y2, y3, y4, y5
/-_
/PIC 'h9_ps.PRC '

B.3 Hydrogen—Bromine Reaction: Isobaric-
isothermic Case

Following, the DYMOLA main program “PT.dym” including all the model types,
the simulation control program “PT.ct!”, and its generated DESIRE-program
“PT.des” of the hydrogen-bromine reaction under isobaric-isothermic conditions

are listed.

B.3.1 DYMOLA Main Program “PT.dym” Including All
the Model Types

{ H2 -Br2 reaction isobaric and isothermic }
{ Bond Graph bond }
model type bond

cut A (x / y) B (y / -x%)

main cut C [A B]

main path P <A - B>

end
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{ H2 - Br2 Reaction iscobaric and isothermic }
model type Thermic

main cut thermtot( Temp/-Sdot )

cut thermkl( Temp/Sdotkl ), thermk2( Temp/Sdotk2 )
cut thermk3( Temp/Sdotk3 )}, thermkd4( Temp/Sdotk4d )
cut thermk5( Temp/Sdotk5 )

parameter dirty=1.0

terminal S

Sdot = Sdotkl + SdotkZ2 + Sdotk3 + Sdotk4 + Sdotk5
dirty*der(S) = Sdot
end

{ H2 - Br2 Reaction isobaric and isothermic }
model type Pneumatic
main cut pneutot( p/phi )
cut pneukl( p/-phikl ), pneuk2( p/-phik2 )
cut pneuk3( p/-phik3 ), pneuk4( p/-phik4 )
cut pneuk5( p/-phik5 )

parameter dirty = 1.0
terminal V

phi = phikl + phik2 + phik3 + phik4 + phik5
dirty*der (V) = phi

end

{ H2 - Br2 Reaction isobaric and isothermic }

model type Chpower

cut cheml (muBr2/xiBr2), chem2 (muBr/xiBr), chem3 (muH2/xiH2)
cut chemd (muH/xiH), chem5 (muHBr/xiHBr)

terminal Gdot, G

parameter dirty = 1.0

Gdot = muBr2*xiBr2 + muBr*xiBr + muH2*xiH2 + muH*xiH + muHBr*xiHBr
dirty*der (G) = Gdot

end

{ H2 - Br2 reaction isobaric and isothermic }
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model type TF

cut A( mul/xil ), B( mu2/-xi2 )
main cut C [A B]

main path P < A-B >

parameter k = 1.0

k*xi2 = xil
k*mul = mu2
end

{ H2 - Br2 Reaction iscbaric and isothermic }

model type CS

cut chem({ mu/xi ), cheml (mu/xi)
parameter dirty=1.0
terminal n, mul

mu = mu0
dirty*der(n) = xi

end

{ H2 - Br2 Reacticen, isobaric and isothermic }

medel type ChRkl

cut chem( mukl/-xikl ), thermkl( Temp/~Sdotkl ), pneukl( p/phikl )
main cut C[ chem ]

terminal nBr2, V

parameter R=8.314

local k1, xiekl, akl

= 1.39E+8*Temp**0.5*%( 189243/( R*Temp ) )**1.97
k1l = akl*exp( =-189243/( R*Temp ) )

xiekl = xikl

p*phikl = Temp*Sdotkl + mukl*phikl

p*phikl = xiekl*R*Temp

xikl = kl*nBr?2

end
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{ H2 - Br2 Reaction, isobaric¢ and isothermic }

model type ChRk2

cut chem( muk2/-xik2 ), thermk2( Temp/-Sdotk2 ), pneuk2( p/phik2 )

main cut C[ chem ]
terminal nBr, V, K
parameter R=8.314

local k1, akl, k2, xiek2

1.39E+8*Temp**0.5%( 189243/ ( R*Temp ) )**1.97

akl =

k1l = akl*exp( -189243/( R*Temp ) )
k2 = k1/K

xiek2 = -xik2

p*phik2 = Temp*Sdotk2 + muk2*xik2

p*phik2 = xiekZ2*R*Temp
xik2 k2*nBr*nBr/V

[

end

{ H2 - Br2 Reaction, isobaric and isothermic }

model type ChRk3

cut chem( muk3/-xik3 ), thermk3( Temp/~-Sdotk3 ), pneuk3( p/phik3 )

main cut Clchem]
terminal nHZ, nBr, V
parameter R=8.314
local k3, =xiek3

10**11.43 ) *exp( -82400/( R*Temp ) )

k3 =

xiek3 = 0.0

p*phik3 = Temp*Sdotk3 + muk3*xik3
p*phik3 = xiek3*R*Temp

xik3 = k3*nH2*nBr/V
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{ H2 - Br2 Reaction, isobaric and isothermic }

model type ChRk4

cut chem( muk4/-xik4 ), thermkd( Temp/-Sdotk4 ), pneukd( p/phik4d )

main cut Cl[chem]

terminal nHBr, nH, V
parameter R=8.314, m=10.0
local k4, k5, xiek4

10.0**11.97*exp( -149800.0/( R*Temp ) )

k5 =
k4 = k5/m
xiek4 = 0.0
p*phik4d = Temp*Sdotk4d + mukd*xik4
p*phik4 = xiek4*R*Temp
xik4 = k4*nHBr*nH/V
end

{ H2 - Br2 Reaction, iscobaric and isothermic }

model type ChRkS

cut chem( muk5/-xik5 ), thermk5( Temp/-Sdotk5 ), pneuk5( p/phik5 )

main cut C[chem]
terminal nBr2, nH, V
parameter R=8.314
local k5, xiek5

k5 10.0**11,.97*exp( ~149800.0/( R*Temp ) )
xiek5 0.0

p*phik5 = Temp*Sdotk5 + mukS5*xik5

p*phik5 = xiek5*R*Temp

xik5 = k5*nBr2*nH/V

end
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model reactionl

submodel ChRkl
submodel ChRkZ2
submodel ChRk3
submodel ChRk4
submodel ChRk5

submodel (CS) CSBr2 (ic n = 0.5E~7), =>
CSBr (ic n = 0.0), ->
CSH2 (ic n = 0.5E-7), ->
CSH (icn=20.0), ° =->
CSHBr (ic n = 0.0)
submodel Pneumatic (ic Vv = 1.0E-3)
submodel Thermic (ic S = 0.0)
submodel Chpower (ic G = 0.0)
submodel (TF) TF1(k = 0.5), TF2(k = 2.0)
submodel (bond) B11l, B1Br2, B1lBr, B21l, B2Br2, B2Br,

B3H2, B3H, B3HBr, B3Br, B41l, B4H, B4HBr

submodel (bond)
B4Br, B4H2, B51, B5Br, B5BRr2, BSH, BSHBr

submodel (bond)

input Temp0, p0

output vyl, y2, y3, y4, y5

parameter dirty = 1.0

local K900

node nll, n21, n31, n4l, n51, nlBr, n2Br, nBr2, nBr, ->
nH2, nH, nHBr, nl, n2, n3, n4, nb5

connect ChRkl:chem at nll, ->
Bl1 from nll to nl, ->
B1Br2 from nBr2 to nl, ->

BlBr from nl to nlBr, ->
TF1 from nlBr to nBr

connect ChRk2:chem at nz2l, ->
B21 from n21 to n2, ->
B2Br from n2Br to n2, ->
B2Br2 from n2 to nBr2, ->
TF2 from nBr to nZBr



connect

connect

connect

connect

connect

connect
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ChRk3
B31
B3HBr
B3H
B3H2
B3Br

ChRk 4
B41
B4H
B4HBr
B4Br
B4H2

ChRk5
B51
B5Br
B5Br2
BS5H
BS5HBr

CSBr2
CSBr
CSHZ2
CSH
CSHBr

ChRk1
ChRk2
ChRk3
ChRk4
ChRk5

ChRk1l
ChRk2
'ChRk3
ChRk4
ChRk5

:chem at n3l1,
from n31 to n3,
from n3 to nHBr,
from n3 to nH,
from nH2 to n3,
from nBr to n3
:chem at n4l,
from n4l to n4,
from nH to n4,
from nHBr to n4,
from n4 to nBr,
from n4 to nH2
:chem at ns1,
from n51 to n5,
from nb5 to nBr,
from nBr2 to n5,
from nH to n5,
from nb to nHBr
at nBrz, ->

at nBr, ->

at nHz2, ->

at nH, ->

at nHBr

:pneukl

:pneuk?
:pneuk3
:pneuk4
:pneuk5

:thermkl
:thermk?2
sthermk3
:thermk4
:thermk5

->
->
-2
->
->

->
-2
->
-2
->

->
->
->
->
-2

at Pneumatic:pneukl, ->
at Pneumatic:pneuk2, ->
at Pneumatic:pneuk3, ->
at Pneumatic:pneuk4, ->
at Pneumatic:pneuk$S

at
at
at
at
at

Thermic:
Thermic:
Thermic:
Thermic:
Thermic:

thermkl, =~>
thermk2, ->
thermk3, ->
thermk4, ->
thermk5
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connect

func K90

ChRkl.nB
ChRk1l.V

ChRkZ2 .nB
ChRk2.V
ChRk2.K

ChRk3.nH
ChRk3.nB
ChRk3.V

ChRk4.nH
ChRk4.nH
ChRk4.V

ChRk5.nB
ChRkS.nH
ChRk5.V

CSBrZ2.mu
CSBr.mul
CSHZ .mul
CSH.mul

CSHBr.mu

Thermic.
Pneumati

dirty*vl
dirty*y2
dirty*y3
dirty*v4
dirty*y5

end

Chpower:cheml at CSBr2:cheml, =->
Chpower:chem?2 at CSBr:cheml, ->
Chpower:chem3 at CSHZ2:cheml, ->
Chpower :chem4 at CSH:cheml, ->
Chpower:chem5 at CSHBr:cheml

0 KBr2Bt (Temp0)

CSBr2.n
Prneumatic.V

r2

i

CSBr.n
Pneumatic.V
K200

r

[ A |

CSHZ.n
CSBr.n
Pneumatic.V

2
r

tn K

CSHBr.n
CSH.n
Pneumatic.V

Br

nun

CSBr2.n
CSH.n
Pneumatic.V

r2

L

-204493.0
-53772.8
-129023.0
106772.0
-226828.0

0

Bonon e

0

Temp = Temp0
c.p = po0

CSBr2.n
CSBr.n
CSHZ .n
CSH.n

CSHBr.n

wnwnu
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B.3.2 Simulation Control Program “PT.ct!”

{ H2 - Br2 reaction isobaric and isothermic }

cmodel
simutime 5000.0
step 1.0E-5

commupoints 5001

input 2,

ctblock

{ Runge-Kutta (4/2)
irule 4

DTMAX=(0.1
ERMAX=1.0E-10

disconnect 1 | connect ’'h9ptgd.gr’

Temp0 (depend,

dimension KBr2Bt[38]

800.0),
p0 (depend, 1.0E+5)

->

as output 1

data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0

data 800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0
data 2000.0

data 3.1623E-29, 7.7446E-29, 1.9543E-20, 2.2182E-15
data 5.2844E-12, 1.3867E-9, 9.0782E-8, 2.3768E-6
data 3.2509E-5, 2.7861E-4, 1.6788E-3, 7.6913E-3
data 2.8510E-2, 8.8716E-2, 2.4044E-1, 5.8344E-1
data 1.7947 , 2.6061 , 4.9431

read KBr2Bt

scale = 1.0E-7

XCCcCc =1

label TRY

drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale

else proceed
"user’

disconnect 1 | connect

ctend

outblock

“dispt yl, y2, y3, y4, y5

OoUT

cutend

end

as output 1

219

ge to TRY
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B.3.3 Generated DESIRE—-Program “PT.des”

- ————————————————— ———— ————————— sl il bl s el s

-- STATE S Pnetic$V G CSBr2$n CSBrs$n CSH2$n CSH$n CSHBrS$n
-- DER dS dPneic$V dG dCSBr2$n dCSBr$n dCSH2Sn dCSHSn dCSHBr$n
-= QUTPUT yl y2 yv3 y4 y5

-- INPUT Temp( p0

-- PARAMETERS and CONSTANTS:
Tc$d1rty 1.0

PcSdirty=1.0

Cr$cstyl=1.0

TF1$k=0.5

C28CStyl=1.0

ChRk1$R=8.314

ChRk2$R=8.314

ChRk3$R=8.314

ChRk45R=8.314

m=10.0

ChRk58R=8.314

Cr$Csty2=1.0

C25CSty2=1.0

CHSdirty=1.0

Cr$Csty3=1.0

TF25k=2.0

r1$dirty=1.0

-- INITIAL VALUES QOF STATES:
$=0.0

Pnetic$V=1.0E-3

G=0.0

CSBr25n=0.5E-7

CSBr$n=0.0

CSH2S8n=0.5E-7

CSH$n=0.0

CSHBr$n=0.0
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TMAX=5000.0 | DT=1.0E-5 NN=5001
irule 4
DTMAX=(0.1
ERMAX=1,0E~10
disconnect 1 | connect "h9ptgd.gr’ as output 1
dimension KBr2Bt[38]
data 298.15, 300.0, 400.0, 500.0, 600.0, 700.0
data g00.0, 900.0, -1000.0, 1100.0, 1200.0, 1300.0
data 1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0
data 2000.0
data 3.1623E-29, 7.7446E-29, 1.9543E-20, 2.2182E-15
data 5.2844E-12, 1.3867E-9, 9.0782E-8, 2.3768E-6
data 3.2509E-5, 2.7861FE-4, 1.6788E-3, 7.6913E-3
data 2.8510E-2, B8.8716E-2, 2.4044E-1, 5.8344E-1
data 1.7947 , 2.6061 , 4,9431
read KBrZBt
scale = 1.0E-7
Xcce =1
label TRY
drunr | if XCCC < 0 then XCCC = -XCCC | scale = 2*scale

disconnect 1 | connect

—— - ————— ———————— - —— —————— 0" ——————— = ————

else proceed
fuser’

as output 1

- T . R W W M e e R SUR M S e e = W e e e e e e e ———

Temp0 = 800.0
p0 = 1.0E+5
~- Submodel:
muBr = -53772
-- Submodel:

reactionl
.8
TF1

221

go to TRY
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TF1$mul = muBr/TF1$k

-- Submodel: reactionl
muBr2 = -2044963.0

BllSx = TF1$mul - muBr2

-- Submodel: ChRkl
Chkl$akl = 1.39E+8*Temp0"0.5*(189243/ (ChRk1$R*Temp0))*1.97

ChRk1Skl = Chkl$akl*exp(-189243/ (ChRk1S$R*Temp0))
B1Br$x = ChRk1$k1*CSBr2%n

PcSphikl = B1Br$x*ChRk1$R*TempO/p0

C1$Sdekl = (p0*Pc$phikl - B1l1lS$x*PcSphikl) /Temp0
-« Submodel: ChRkZ2

Chk2$akl = 1.39E+8*Temp0~0.5%*(189243/ (ChRk2$R*Temp0))~1.97
ChRk2%kl = Chk2$akl*exp(-189243/ (ChRk2$R*Temp0))
-~ Submodel: reactionl

func K900 = KBr2Bt, Temp0

-- Submodel: ChRk2

k2 = ChRk2S3k1/K900

TF2%x1i2 = k2*CSBrS$n*CSBré$n/Pnetics$v

xiek2 = ~TF28xi2

PcSphik2 = xiek2*ChRk2$SR*Temp0/p0

-- Submodel: TFZ2

TF2S8mu2 = TF23k*muBr

~- Submodel: reactionl

B218x = muBr2 - TF2$mu?2

-- Submodel: ChRk2

C2$Sdok2 = (p0*Pc$phik2 - B21$x*TF25xi2) /Temp0
-- Submodel: ChRk3

xiek3 = 0

Pc$phik3 = xiek3*ChRk3$R*Templ/p0

-- Submodel: reactionl

muH = 106772.0

muHBr = ~226828.0

muHZ = -129023.0

B31$x = muH + muHBr - (muBr + muH2)
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-~ Submodel: ChRk3

k3 = 10711.43*%exp (-82400/ (ChRk3$R*Temp0) )
B3Br$y = k3*CSH2$n*CSBr$n/Pnetic$Vv

C38Sdok3 = (p0*Pc$phik3 - B31$x*B3BRrSy)/Templ.
-~ Submodel: ChRk4

xiekd = 0

PcSphik4 = xiek4*ChRk4$R*Temp(/p0Q

-- Submodel: reactionl

B41%x = muHZ2 + muBr - (muHBr + muH)

-~ Submecdel: ChRk4

ChRk4$k5 = 10.0711.97*exp(-149800.0/ (ChRk4$R*Temp0) )
k4 = ChRk45k5/m

B4H2$x = k4*CSHBrS$n*CSHSn/Pnetic$V

C455dok4 = (p0*PcS$phik4 - B41$x*B4H25x)/Templ
-- Submodel: ChRkS5

xiek5 = 0

PcSphik5 = xiek5*ChRk5$R*Temp0/p0

~-~ Submodel: reactionl

B51$x = muHBr + muBr - (muH + muBr2)

~—- Submodel: ChRkb5

ChRk58k5 = 10.0711.97*exp(-149800.0/ (ChRk5$R*Temp0) )
B5HBrS$x = ChRkS5$k5*CSBr2$n*C3HSn/Pneticsv
C5$Sdok5 = (pO0*Pc$phik5 - B51$x*B5SHBrs$x)/Temp0
-- Submodel: Thermic

Sdot = Cl$Sdokl + C28Sdok2 + C3$Sdok3 + C45Sdok4 + C5$S8dok5

d/dt S = Sdot/TcSdirty
-~ Submodel: Pneumatic

phi = PcSphikl + PcS$phik2 + Pc$phik3 + Pc$phik4 + Pc$phik5b

d/dt Pnetic$V = phi/PcSdirty

~-- Submodel: reactionl

CSBr2$xi = TF2$xi2 - (B5HBrS$x + B1Br$x)
xiBr2 = -CSBr2$xi

223
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-~ Submodel: TF2
TF25xil1 = TF2Sk*TF2$xi2
~—~ Submodel: TF1
TF15xi2 = BlBr$x/TF1lS$k
-~ Submodel: reactionl

CSBrSxi = BSHBrSx + B4H2S8x + TF1$xi2 -

¥xiBr = =CSBr$xi
CSH2Sx1i = B4H2$x - B3Brdy
X1H2 = ~CSH2Sx1i

CSHS$xi = B3BrSy - (BSHBr$x + B4H2$x)

xiH = -CSHS$xi

CSHBr$xi = BSHBr$x + B3BrSy - B4H2S$x

X1HBr = -CSHBrS$xi
-- Submodel: Chpower

(B3Br$y + TF2S$xil)

224

Gdot = muBr2*xiBr2 + muBr*xiBr + muH2*xiH2.+ muH*xiH + muHBr*xiHBr

d/dt G = Gdot/Crs$Cstyl

-=- Submodel: CSBr2

d/dt CSBr2$%n = CSBr2$xi/C23%Cstyl
-=- Submodel: CSBr

d/dt CSBré$n = CSBr$xi/Crs$cCsty2
-- Submodel: CSH2

d/dt CSH2Sn = CSH2$xi/C28Cs$ty2
-=- Submodel: CSH

d/dt CSHS$n = CSH$xi/CHS$dirty

~- Submodel: CSHBr

d/dt CSHBr$n = CSHBrS$xi/Cr$CsSty3
~~ Submodel: reactionl

yl = CSBr2$n/rlsdirty
y2 = CSBr$n/rlédirty
y3 = CSH2$n/rl$dirty
y4 = CSHS$n/rlsdirty
y5 = CSHBr$n/rlédirty
OUT
dispt yl, y2, y3, y4, y5
/__
/PIC ’'h9 pt.PRC ’

/__



Appendix C

Programs for the Model
Validation

This appendix contains useful tables of the “Computer Program for Calculation of
Complex Chemical Equilibrium Compositions, Rocket Performance, Incident and
Reflected Shocks, and Chapman-Jouget Detonations”, the input data programs

and the output files of the three cases.
C.1 Tables of the “Combustion Program”
This section includes the tables to which Chapter refers.

C.1.1 Table 1: Order and Format of the Input Data Cards,

Reactants Cards

Table 1 includes two tables.
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C.1.1.1 Table 1la: Order and Format of the Input Data Cards

Card Contents Format Card
ordev column
1 THERMO 3A4 106
2 Temiperature ranges for 2 sets of coefficients: 3F10.3 1to 30
lowest T, common T, and highest T
3 Species name 3A4 11012
Date 2A3 | 18 to 24
Atomic svymbols and formula 4(A2.F3.0) | 25 to 44
Phase of species (5. L. or G for solid. liquid. Al 45 -
or gas, respectively)
Temperature range 2F10.3 | 46 to 65
Integer 1 s 80
4 Coeflicients ai(i =1 to 5) in equations (90) to (92) 5(E15.8) 11075
(for upper temperature interval)
Integer 2 I5 80
5 Coefficients in equations (90) to {92) (aﬁ, a, for 5(E15.8) 1to 75
upper temperature interval, and al’ 32, and 33
for lower)
Integer 3 IS 80
6 Coefficients in equations (90} to (92) (a4, az, ag, 4(E15.8) 1 to 60
a, for lower temperature interval)
Integer 4 120 80
(a) Repeat cards numbered 1 to 4 in ¢cc 80 for each
species
(Final | END (Indicates end of thermodynamic data) 3A4 1to3
card)

AGaseous species and condensed species with only one condensed phase can be in

any order. However. the sets for two or more condensed phases of the same

species must be adjacent.

If there are more than two condensed phases of a

species, their sets must be either in increasing or decreasing order according
to their temperature intervals.
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C.1.1.2 Table 1b: Reactants Cards

Order Contents Format Card columns

First | REACTANTS JA4 lto 9

Any | One card for each reactant species
{maximum 15). Each card contains:

(1) Atomic syvmbols and formula num- | 5(A2, F7.5) 1to 45
bers (maximum 5 sets)?

(2) Relative weightb or number of F7.5 46 to 52
moles

(3) Blank if (2) is relative weight or Al 53
M if (2} is number of moles

{4) Enthalpy or internal energya, Fg8.5 54 to 62
cal mole

(5) State: S, L, or G for solid, Al 63
liquid or gas, respectively

{6) Temperature associated with F7.0 64 to 70
enthalpy in (4)

(6a) J 1if (4) is in units of kJ/kg-mole Al 71
and blank if (4} is in units of
cal/g-mole

(7) F if fuel or O if oxidant Al T2

(B) Density in g/cm® (optional) F8.5| 173 to 80

Last | Blank

aPx-cugra\m will calculate the enthalpy or internal energy (4) for species in
the THERMO data at the temperature (6) if zeros are punched in card
columns 37 and 38. (See section Reactant enthalpy for additional in-
formation.)

bl’lelzttive weight of fuel in total fuels or oxidant in total oxidants. All
reactants must be given either all in relative weights or all in number
of moles.
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C.1.2 Table 2: Program Input

THERMO
data on
tape 4

Yarwwemran
THERMO
l code card
or
THERMO
data cards
REACTANTS
code card
REACTANTS
cards
OMIT onal
card(s) {optional)

INSERT
_J (optional)

card(s)

NAMELISTS
code card

$INPT2

Optional variables:
KASE
MIX (1 to 15)
OF, FPCT. FA, or ERATIO
IONS
IDEBUG
TRACE
(additional namelist input is
given in tabie on the right)

228

Problem Namelist Variables -’
Required Optional
Assigned temperature and INPT2 TP = . TRUE. NSQM, PS1A, or
pressure (TP) T(1 to 26) MMHG
P(1 to 26)
Assigned enthalpy and INPT2 HP = TRUE. NSQM, PSIA, or
pressure (HP) P(1 to 26; MMHG
Assigned entropy and INPT2 SP = . TRUE. NSQM, PSIA. or
pressure (SP) s0(1) MMHG
P(1 to 26)
Assigned temperature and INPT2 [TV = .TRUE.
volume or density (TV) T(1 to 26)
V(i to 26) or
RHO(1 to 26)
Assigned internal energy INPT2 UV = .TRUE.
and volume or density (UV) V(] to 26)or
RHO(1 to 26)
Assigned entropy and volume | INPT2 SV = TRUE.
or density (SV) V(1 to 26) or
RHO(1 to 26)
50(1)
Detornation (DETN) INPT2 (DETN = .TRUE. NSQM, PSIA, or
P(1 to 26} [imitial MMHG
gas T(1 to 26):nitial gag)
Shock (SHOCK) INPT2 |[SHOCK = ,TRUE. | NSQM, PSIA, or
P(1to13) [initial MMHG
T(1to13)| pas
SHXINP | UI(1 to 13) or INCDEQ = .FALSE.
MACHI (1 to 13)] or
INCDFZ = .FALSE.
Rocket (RKT) INPT2 RKT = .TRUE. T(1 to 26}{cham-
P(1 to 26)}(cham - ber) NSQM, PSIA,
ber pressures) or MMFMG
RKTINP EQL = .FALSE. or
FROZ = . FALSE.
PCP(1 to 22)
SUPAR(1 to 13}
SUBAR(} to 1)
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C.1.3 Table 3: Variables in Inpt2 Namelist

Variable | Dimen- | Type | Common labe! Value Definition and comments
sion before
read

KASE 1 1 INDX 0 Optional assigned number associated with case

P 26 R POINTS 0 Assigned pressures; chamber pressures for
rocket problems; values in atm unless
PSIA, NSQM or MMHG = T (see below)

NSQM 1 L | eoceca. False 3values in P array are in N ‘m2

PSIA 1 L | wsecae- False dyvalues in P array are in psia units

MMHG 1 L | ~«cce-s False ivalues in P array are in mm Hg units

v 26 R | POINTS 0 Volume., em®.g

RHO 26 R | PoINTS®(P) 0 Density, g /cm>

T 26 R POINTS 0 Assigned temperature, K

MIX 15 R MISCb(OXF) 0 Values of equivalence ratios if ERATIO = T
oxidant to fuel weight ratio if OF = T, per-
cent fuel by weight il FPCT = T; and fuel to
ajr weight ratio if FA =T

ERATIO 1 L MISC False Equivalence ratios are given in mrx?

OF i L MISC False Oxidant to fuel weight ratios are given in mix?

FPCT 1 L MISC False Percent fuel by weight are given in mx?

FA 1 L crann False Fuel to air weight ratios are given in M2

TRACE 1 R MISC 0 Option to print mole fractions = TRACE in

(5.E-9 for | special E-format
SHOCK
problem)

IONS 1 L INDX False Consider ioni¢ speciesEl

IDEBUG 1 I INDX 0 Print intermediate output for all points in-
dexed = integer value

TP 1 L INDX False Assigned temperature and pressure problema

HP 1 L INDX False Assigned enthalpy and pressure problem?

5P 1 L INDX False | Assigned entropy {S0) and pressure problem®

S50 i R MISC 0 Assigned entropy, cal/(g)(K)

TV 1 L INDX False Assigned temperature and volume (or density)
proble‘ml

uv 1 L INDX False Assigned internal energy and volume (or den-
sity) problema

sv 1 L INDX Faise Assigned entropy (S0) and volume (or density)
problema

RKT 1 L | eecemcena- False Rocket problem®

DETN 1 L | —-cemmme - False Detonation px"ol::lema

SHOCK 1 L | INDX False | Shock problem®

SIUNTT 1 | PR [ — False If true, the output tables will be in SI units

211 variable is set to be true.
quuivzlenced to variable given in parentheses.
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C.2 Input Data Programs, Output files

230

This section contains the input data programs and the output files obtained by

the “combustion program” for the three cases.

C.2.1 Isochoric—-Isothermic Case

The isochoric-isothermic case is shown.

C.2.1.1 Input Data Program

thermo
reactants

h 2. 100.
100.

br 2.

omit br2(l)
namelists

3512.0
11834.

&inpt2 tv t nsqm t v 1.0E-3 of t mix 79.904 trace 1.0E-12

temper 800 kase 50 eta 1.0

&end
stopf$

C.2.1.2 Output File

THERMOCHEM INPUTS:

The Date is 05/10/1990
The Time is 14:15:02

thermo
reactants
h 2.00 .00 .00 .00
100.000 3512.00 g 800.00 f
br 2.00 .00 .00 .00
100.000 11834.00 g 800.00 o}
omit br2(l)
namelists
$INPT2
kase = 50
idebug = 0
ifuel = 3

$END

.0000
.0000

00

g800.0
g800.0

% % 0O Hhy % %
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This version was created on Aug 10 1984
Modified for use on IBM / MSDOS PC Oct, 1988

Species being considered in this system:
j 6/74 br jl12/61 br2 3 3/77 h
3 9/65 hbr j 3/77 h2

Oxy to Fuel Ratio = 79.904000

Effective Fuel Effective Oxidant Mixture
Internal Energy Hpp (2) Hpp (1) Hsub0
(kg-mol) (deg K)/kg .8767E+03 .3726E+02 .4764E+02
kg-atoms/kg bOp (i, 2) bOp (i, 1) b0 (1)
h .9921E+00 .0000E+00 .1226E-01
br .0000E+00 .1251E-01 .1236E-01
Point h br itn t
1 -6.795 -8.147 13.000 800.000

Thermodynamic Equilibrium Properties
at assigned Temperature and Volume

Case No. 50
Reactant Properties
Chemical Formula (See Note)
Wt Fraction Energy State Temp Density
cal/mol deg k g/cc

fuel h  2.000

1.000 3512.000 g 800.00 .000
oxidant br 2.000

1.000 11834.000 g 800.00 .000

O/F =79.904 Percent Fuel = 1.236 Equivalence Ratio = .992

.000

Phi = .992 Reactant Density
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Thermodynamic Properties:

P, atm * Kk k kok Kok ok k
T, deg K 800.0
rho, g/cc 8.1228 3
h, cal/g -62.4
s, cal/(g) (k) .2877
M, mol wt 81.228
(d1Vv/d1P) T -1.00000
(d1v/d1T)P 1.0000
cp, cal/(qg) (k) .0915
Gamma (s) 1.3651
Son Vel,m/sec 334.3

Mole Fractions

br 7.3788-9
br2 3.9424-3
hbr 9.9605-1
h2 4.4517-6

Additional products which were considered

but whose mole fractions were less than
for all assigned conditions:

h

1,00000E-12

Note: Weight fraction of fuel in total fuel

and of oxidant in total oxidants.

stop

Thermochem Outputs Complete.

232
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C.2.2 Isobaric-Isothermic Case

The 1sobaric~isothermic case is shown.

C.2.2.1 Input Data Program

* % X O Hy % #

thermo
reactants ,
h 2. 100. 3512.0 g800.0
br 2. 100. 11834. g800.0
omit br2 (1)
namelists
&inpt2 tp t nsgm t pres 1.0E+5 of t mix 79.904 trace 1.0E-12
temper 800 kase 50 eta 1.0
&end
stop
C.2.2.2 Output File
THERMOCHEM INPUTS:
The Date is 05/10/1990
The Time is 14:08:03
thermo
reactants
h 2.00 .00 .00 .00 .00
100.000 3512.00 g 800.00 bl .0000
br 2.00 .00 .00 .00 .00
100.000 11834.00 g 800.00 o] .0000
omit br2 (1)
namelists
SINPT2
kase = 50
idebug = 0
ifuel = 3
SEND
This version was created on Aug 10 1984
Modified for use on IBM / MSDOS PC Oct, 1988
Species beihg considered in this system:
J 6/74 br j12/61 br2 3 3/77 h
j 9/65 hbr j 3/77 h2
Oxy to Fuel Ratio = 79.904000
Effective Fuel Effective Oxidant Mixture
Enthalpy Hpp (2) Hpp (1) Hsub0
(kg-mol) (deg K)/kg .8767E+03 .3726E+02 .4764E+02
kg-atoms/kg bOp(i, 2) blOp(i, 1) b0 (1)
h .9921E+00 .0000E+00 .1226E-01
br .0000E+00 .1251E-01 .1236E-01
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Point h br itn t

1 -14.649 -16.003 14.000 800.000

Thermodynamic Equilibrium Properties
at assigned Temperature and Pressure

Case No. 50
Reactant Properties
Chemical Formula (See Note)
Wt Fraction Energy State Temp Density
cal/mol deg k g/cc
fuel h 2.000
1.000 3512.000 g 800.00 .000
oxidant br 2,000
1.000 11834.000 g 800.00 .000
O/F =79.904 Percent Fuel = 1.236 Equivalence Ratio
Phi = .992 Reactant Density = .000
Thermodynamic Properties:
p, atm .9869
T, deg K 800.0
rho, g/cc 1.2212-3
h, cal/g -62.4
" s, cal/(g) (k) .6720
M, mol wt 81.227
(d1v/dlP) T -1.00000
(dlv/dlT)P 1.0001
cp, cal/(g) (k) .0916
Gamma (s) 1.3647
Son Vel,m/sec 334.3

Mole Fractions

br 1.9007-5
br2 3.9328-3
hbr 9.9604-1
h2 4.4624-6

Additional products which were considered
but whose mole fractions were less than 1.00000E-12
for all assigned conditions:

h

Note: Weight fraction of fuel in total fuel
and of oxidant in total oxidants.

stop

Thermochem Outputs Complete.

234
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C.2.3 Isentropic—-Isobaric Case
The isentropic-isobaric case is shown.
C. - -
thermo 2.3.1 Input Data Program
reactants
h 2. 100.  3512.0 g800.0
br 2. 100,  11834. g800.0
omit br2 (1)
namelists
&inpt2 sp t nsgm t pres 1.0E5 of t mix 79.904 trace 1.0E-12
kase 50 eta 1.0
&end
stop
C.2.3.2 OQOutput File
THERMOCHEM INPUTS:
The Date is 06/05/1990
The Time is 18:22:48
thermo
reactants
h 2.00 .00 .00 .00 .00
100.000 3512.00 g 800.00 f .0000
br 2.00 .00 .00 .00 .00
100.000 11834.00 g 800.00 0 .0000
omit br2 (1)
namelists
$INPT2
kase = 50
idebug = 0
ifuel = 3
SEND
This version was created on Aug 10 1984
Modified for use on IBM / MSDOS PC Oct, 1988
Species being considered in this system:
j 6/74 br, j12/61 br2 j 3/77 h
jJ 9/65 hbr 3 3/77 h2
Oxy to Fuel Ratio = 79.904000
Effective Fuel Effective Oxidant Mixture
Enthalpy Hpp (2) Hpp (1) Hsub0
(kg-mol) (deg K)/kg .8767E+03 .3726E+402 .4764E+02
kg-atoms/kg bOp (i, 2) bOp (i, 1) b0 (i)
h .9921E+00 .0000E+00 .1226E-01
. nonNnr+NN .1251E-01 .1236E-01

* % F O Hh ¥
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Point h br itn t
1  *x**xxkxkxx 3308,743 13.000 .375
Othe temperature= .3752E+00 is out of range for point 1

Thermodynamic Equilibrium Properties
at assigned Entropy and Pressure

Case No. 50
Reactant Properties
Chemical Formula {See Note)
Wt Fraction Energy State
cal/mol
fuel h 2.000
1.000 3512.000 g
oxidant br 2.000
1.000 11834.000 g
O/F =79.904 Percent Fuel = 1
Phi = .992 Reactant Density =

Thermodynamic Properties:

P, a

tm

T, deg K

rho,
h, ¢
s, €

g/cc
al/g
al/ (g) (k)

M, mol wt
{(d1v/d1p) T
(d1v/d1T)P

cp,

cal/ (g) (k)

Gamma (8)

Son

Mole

br2
hbr

br

Vel,m/sec

Fractions

.9869

.4
2.6039 0
-132.3
.0000

81.228
-1.00000
1.0000
.0882
1.3837
7.3

3.9379-3
9.9606-1

Temp Density
deg k g/cc

800.00 .000
800.00 .000

.236 Equivalence Ratio =
.000

Additional products which were considered
but whose mole fractions were less than 1.00000E-12
for all assigned conditions:

h

h2

Note: Weight fraction of fuel in total fuel
and of oxidant in total oxidants.

stop

.992
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The Graphs of the Three Cases

This appendix contains the graphs of the isochoric~isothermic, isobaric-isothermic,
and isentropic—isobaric cases of the hydrogen—bromine reaction. The graphs show
the change over time of the number of moles, the Gibbs’ free energy, the reaction
enthalpy, and the mole fractions. Also the graphs of total pressure, volume, and
temperature are demonstrated if their values change over time. For the isochoric-

isothermic case, the graphs are given for a simulation time both of 3.3sec. and of

5000.0sec..

D.1_ Isochoric—-Isothermic Case

The graphs of isochoric-isothermic case are shown for both tmz = 3.3sec and

tmz = 5000.0sec.
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D.1.1 Results for a Simulation Time of 3.3sec.

x10-8 Number of Moles n_i, V=const., T=800K, tmx=3.3s
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,,,,

n_i [mole)
W
T
i

Time t [sec.]
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x10-3 Gibbs* Free Enthalpy G, V=const., T=800K, tmx=3.3s
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D.1.2 Results for a Simulation Time of 5000.0sec.
x107 Number of Moles n_i, V=const., T=800K, tmx=5000.0s
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x_i [mole_i/mole_tot}

W {J]
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x10-7

THE GRAPHS OF THE THREE CASES
Mole Fraction x_i, V=const., T=800K, tmx=5000.s
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G[J]

deltaG [J]

x10-3 Gibbs* Free Enthalpy G, V=const., T=800K, tmx=5000.0s
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D.2 Isobaric-Isothermic Case

The graphs of isobaric-isothermic case are shown for tmz = 5000.0sec.

D.2.1 Results for 5 Simulation Time of 5000.0sec.
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Total Volume V, p=const., T=800K, tmx=5000.0s
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x1073 Reaction Enthalpy deltaG, p=const., T=800K, tmx=5000.0s
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n_i {mole]
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D.3 Isentropic-Isobaric Case

The graphs of isentropic-isobaric case are shown for tmz = 5000.0sec.

D.3.1 Results for a Simulation Time of 5000.0sec.
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Total Temperature T, S=const., p=const., tmx=5000.0s
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Gibbs* Free Enthalpy G, S=const., p=const., trnx=5000.0s
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Appendix E

The ACSL Programs of the Three

Cases

This appendix contains the ACSL programs of the isochoric-isothermic, isobaric-
isothermic, and isentropic-isobaric cases of the hydrogen-bromine reaction which

were needed to obtain the graphs shown in Appendix E.

E.1 Isochoric-Isothermic Case

PROGRAM H2-Br2 Reaction [H9.1]
"Isochoric--isothermic"

INITIAL

CONSTANT Templ = 800, V=1,0E-3

CONSTANT Br20 = 0.5E-7, H20 = 0.5E-7
CONSTANT R = 8.314, m = 10.0, S0 = 441.51
CONSTANT tmx = 5000.0, eps = 1.0E-15

-

CONSTANT p0O = 1.0E5, WO = 0.0

ERRTAG mich

CINTERVAL cint = 1.0
MINTERVAL mint = 1.0E-14
ALGORITHM ialg = 2

NSTEPS nstp 2001

XERROR nBr2 = 1.0E-14, nBr = 1.0E-13, nH2 = 1.0E-15
XERROR nHBr = 1.0E-11, nH = 1.0E-13

XERROR mueBr2 = 1.0E4, mueBr = 1.0E4, mueH2 = 1.0E4
XERROR mueH = 1.0E4, mueHBr = 1.0E4

XERROR S = 1.0E-14, p = 1.0E2

249
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TABLE KBr2Br,1,19

250

0,
0,
0,

700.0,
1300.0,
1500.0,

.2182E~15,
.3768E-6,
.6913E-3,
.8344E-1,

)

Xxiek5s
xiek5

‘xiek5
xiek5

/298.15, 300.0, 400.0, 500.0, 600.
800.0, 900.0, 1000.0, 1100.0, 1200.
1400.0, 1500.0, 1600.0, 1700.0, 1800.
2000.0,
3.1623E-29, 7.7446E-29, 1.9543E-20, 2
5.2844E-12, 1.3867E-9, 9.0782E-8, 2
3.2509E~5, 2.7861E-4, 1.6788E-3, 7
2.8510E-2, 8.8716E-2, 2.4044E-1, 5
1.7947 , 2.6061 , 4.9431 /
akl = 1.39E8 * Templ**_ 5 * (189243/(R*Templ))**1.97
k1l = akl * EXP( -189243/ (R*Templ) )
k2 = k1/KBr2Br({ Templ )
k3 = 10**11.43 * EXP( - 82400/ (R*Templ) )
k5 = k3/( 10**(-0.54) * EXP{ 67400/ (R*Templ) )
kd = k5 / m
muelB2 = -204493.0
mue0QH2 = -53772.8
muel0HB = -129023.0
muelBr = 106772.0
mueQH = 226828.0
GO0 = mueOBZ2*Br20 + mueQHZ2*HZ20
END $ "of INITIAL"“
DYNAMIC
DERIVATIVE
xiekl = kl*nBr2
xiek2 = k2*nBr*nBr/V
xiek3 = k3*nH2*nBr/vV
xiekd4 = k4*nHBr*nH/V
xiek5 = k5*nH*nBr2/v
xieBr2 = -xiekl + xiek?2 -
xieBr = 2*xiekl - 2*xiek2 - xiek3 + xiekd +
xieH2 = - xiek3 + xiek4
xieH = xiek3 - xiekd -
xieHBr = xiek3 -~ xiek4d +
nBr2 = INTEG( xieBr2, Br20 )
nBr = INTEG( xieBr , 0.0 )
nH2 = INTEG( xieH2 , H20 )
nHBr = INTEG( xieHBr, 0.0 )
nH = INTEG( xieH , 0.0 )
Sdotkl = - muekl*xiekl/Templ
Sdotk2 = - muek2*xiek2/Templ
Sdotk3 = - muek3*xiek3/Templ
Sdotk4 = - muek4*xiek4/Templ
Sdotk5 = - muek5*xiek5/Templ
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mudBr2 = xieBr2*R*Templ/( nBr2 + eps )
mudBr = xieBr*R*Templ/( nBr + eps )
mudH2 = xieH2*R*Templ/( nH2 + eps )
mudH = xieH*R*Templ/( nH + eps )
mudHBr = xieHBr*R*Templ/( nHBr + eps )
mueBr2 = INTEG( mudBr2, muelB2 )
mueBr = INTEG( mudBr, mueOBr )
mueH2 = INTEG( mudH2, mueOH2 )
mueH = INTEG( mudH, mueOH )
mueHBr = INTEG( mudHBr, mue(QHB )
muekl = -mueBr2 + 2*mueBr
muekZ = mueBr2 - Z2*mueBr
muek3 = -mueH2 + mueHBr + mueH - mueBr
muek4 = -mueH - mueHBr + mueBr + mueH2
muek5 = mueBr + mueHBr - mueBr2 - mueH
pdoBr2 = mudBr2*nBr2/vV
pdoBr = mudBr*nBr/V
pdoH2 = mudH2*nH2/V
pdoH = mudH*nH/V
pdoHBr = mudHBr*nHBr/v
Sdot = Sdotkl + Sdotk2 + Sdotk3 + Sdotk4 + Sdotk5h
pdot = pdoBr2 + pdoBr + pdoH2 + pdoH + pdoHBr
S = INTEG( Sdot, 50 )
p = INTEG( pdot, p0 )
W = INTEG( pdot*V, W0)
END § "of DERIVATIVE"

aBr = 2*nBr2 + nBr + nHBr

aH = 2*nH2 + nH + nHBr

ntot = nBr2 + nBr + nH2 + nH + nHBr

xBr2 = nBr2/ntot

xBr = nBr/ntot

XxH2 = nH2/ntot

xH = nH/ntot

XHBr = nHBr/ntot
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G = mueBr2*nBr2 + mueBr*nBr + mueH2*nH2 + mueH*nH ...
+ mueHBr*nHBr

U = Templ*S - p*V + G

deltaG = G - G0

GmW = G - W

GpW = G + W

Err = p*V - ntot*R*Templ

TERMT( t.GE.tmx )
END § "of DYNAMIC"

END § "of PROGRAM"



APPENDIX E. THE ACSL PROGRAMS OF THE THREE CASES

E.2

Isobaric—-Isothermic Case

PROGRAM H2-Br2 Reaction [H9.1]
"Isobaric--isothermic"

INITIAL

CONSTANT Templ = 800, p=1E5

CONSTANT Br20 = 0.5E-7, H20 = 0.5E-7 _

CONSTANT R =28.,314, m = 10.0, SO = 441.57

CONSTANT tmx = 5000.0

CONSTANT Phik3 = 0.0, Phik4 = 0.0, Phik$5 .0

CONSTANT V0 = 1.0E-3

ERRTAG mich el

CINTERVAL cint = 1.0 ERE e

MINTERVAL mint = 1,0E-9

ALGORITHM ialg = 2

NSTEPS nstp = 2001

XERROR nBr2 = 1.0E-14, nBr = 1.0E-13, nH2 = 1.0E-15

XERROR nHBr = 1,0E-11, nH = 1.0E-13

XERROR V = 1.0E-15, S = 1.0E-15

TABLE KBr2Br,1,19 ‘o
/298.15, 300.0, 400.0, 500.0, 600.0, 700.0,
800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0,
1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0,
2000.0,
3.1623E-29, 7.7446E-29, 1.9543E-20, 2.2182E-15,
5.2844E-12, 1.3867E-9, 9.0782E-8, 2.3768E-6,
3.2509E-5, 2.786l1E-4, 1.6788E-3, 7.6913E-3,
2.8510E-2, 8.8716E-2, 2.4044E-1, 5.8344E-1,
1.7947 , 2.6061 , 4.9431 /

akl = 1.39E8 * Templ** 5 * (189243/(R*Templ))**1.97

k1l = akl * EXP( -189243/ (R*Templ) )

k2 = k1/KBr2Br{( Templ )

k3 = 10**11.43 * EXP( - 82400/ (R*Templ) )

k5 = k3/( 10**(~0.54) * EXP( 67400/ (R*Templ)) )
k4 = k5 / m

muelOB2 = -204493.0

mueOH2 = -53772.8

mueOHB = -129023.0

mue0Br = 106772.0

muelH

-226828.0
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muekl = -muelB2 + 2*muelBr

muek2 = muelOB2 - 2*muelOBr

muek3 = -muelH2 + mueOHBR + muel(H -~ muelBr

muek4 = -muelH - mue0OHB + mue(OBr + mue(H2

muek5 = mueOBr + mue(OHB - mue0B2 - mue(H

G0 = mue0B2*Br20 + mueOH2*H20

END $§ "of INITIAL"
DYNAMIC

DERIVATIVE
xiekl = kl*nBr2
xiek2 = k2*nBr*nBr/V
xiek3 = k3*nH2*nBr/v
Xxiekd4 = k4*nHBr*nH/V
xiek5 = k5*nH*nBr2/v
xieBr2 = -xiekl + xiek2 - xiekb
xjeBr = 2*xiekl - 2*xiek2 - xiek3 + xiekd4 + xiek5
2ieH2 = - xiek3 + xiek4
xieH = xiek3 - xiekd ~ xiek5
XxieHBr = xiek3 - xiekd4 + xiekb
nBr2 = INTEG( xieBr2, Br20 )
nBr = INTEG( xieBr , 0.0 )
nH2 = INTEG( xieH2 , H20 )
nHBr = INTEG( xieHBr, 0.0 )
nH = INTEG( xieH , 0.0 )
Phikl = xiekl*R*Templ/p
Phik2 = -xiek2*R*Templ/p
Sdotkl = ( p*Phikl - muekl*xiekl )/Templ
Sdotk2 = ( p*Phik2 - muek2*xiek2 ) /Templ
Sdotk3 = ( p*Phik3 - muek3*xiek3 )/Templ
Sdotk4d = ( p*Phik4 - muekd4*xiekd )/Templ
Sdotk5 = ( p*Phik5 - muek5*xiek5 )/Templ
Phi = Phikl + Phik2 + Phik3 + Phik4 + Phik5b
Sdot = Sdotkl + SdotkZ2 + Sdotk3 + Sdotkd4d + Sdotk5
V = INTEG( Phi, V0 )
S = INTEG( Sdot, S0 )

END 5

"of DERIVATIVE"
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aBr = 2*nBr2 + nBr + nHEBr

aH = 2*nH2Z2 + nH + nHBr

ntot = nBr2 + nBr + nHZ2 + nH + nHBr

XBr2 = nBr2/ntot

xBr = nBr/ntot

xH2 = nH2/ntot

xH = nH/ntot

xHBr = nHBr/ntot

G = mue(0B2*nBr2 + mue(Br*nBr + mue(H2*nHZ + mueOH*nH
+ mue(QHB*nHBr

U = Templ*s - p*V + G

deltaG = G -~ GO

Err = p*V - ntot*R*Templ
TERMT( t.GE.tmx )
END § "“of DYNAMIC"

END $ "of PROGRAM"
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E.3 Isentropic—Isobaric Case

PROGRAM H2-Br2 Reaction [HS.1)
"Isentropic--isobaric"

INITIAL
CONSTANT Temp0 = 298.15, p = 1.0E5, 5=0.0
CONSTANT Br20 = 0.5E-7, H20 = 0.5E-7
CONSTANT R =8.314, m = 10.0
CONSTANT tmx = 3.3, eps = 1.0E-15

CONSTANT VO0=1.0E-3, Templ = 800, WO0= 0.0

ERRTAG mich
CINTERVAL cint = 0.005
MINTERVAL mint = 1,0E-14
ALGORITHM ialg = 2
NSTEPS nstp = 2001

XERROR nBr2 = 1.0E-14, nBr = 1.0E-13, nH2 = 1.0E-15
XERROR nHBr = 1.0E-11, nH = 1.0E-13

XERROR mueBr2 = 1.0E4, mueBr = 1.0E4, mueH2 = 1.0E4
XERROR mueH = 1.0E4, mueHBr = 1.0E4

XERROR Temp = 1.0E-1, V = 1.0E-5

XERROR W = 1.0E2

TABLE SiBr2t,1,19 .
/298.15, 300.0, 400.0, 500.0, 600.0, 700.
800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.
1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.

2000.0,

245,510, 245.731, 256.220, 264.463, 271.246, 277.007,
282.014, 286.444, 290.413, 294.014, 297.300, 300.336,
303.145, 305.766, 308.224, 310.535, 312.716, 314.780,

316.744 /

OO0
-

TABLE HiBr2t,1,19 .o
/298.15, 300.0, 400.0, 500.0, 600.0, 700.0,
800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0,
1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0,

2000.0,

30927.892, 30994.880, 34641.583, 38334.341, 42056.406,
45795.218, 49546.591, 53306.338, 57074.458, 60846.764,
64631.632, 68420.686, 72213.926, 76011.354, 79817.155,
83627.143, 87441.318, 91263.866, 95080.602 /

TABLE SiBrt,1,19 .
/298.15, 300.0, 400.0, 500.0, 600.0, 700.0,

800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0,
1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1900.0,
2000.0,
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175.017, 175.
195.599, 198,
207.644, 209.
215.637 /
TABLE HiBrt,1,19 .
/298.15, 300.
800.0, 900.
1400.0, 1500.
2000.0,

111913.164,
118189.177,
126650.700,
135334.123,
144247.820,

TABLE KBr2Br,1,19

181.11
200.34
210.60

146,
098,
168,

0,
0,
0,

400.0,
1000.0,
1600.0,

111950.845,
120286.764,
128798.528,

137540.567,
146512.879,

/298.15, 300.0, 400.0,
800.0, 900.0, 1000.0,
1400.0, 1500.0, 1600.0,
2000.0,
3.1623E-23, 7.7446E-29, 1
5.2844E-12, 1.3867E-9, 9
3.2509E-5, 2.7861E-4, 1
2.8510E-2, 8.8716E-2, 2
1.7947 , 2.6061 , 4
TABLE SiH2t,1,19 .«
/298.15, 300.0, 400.0,
800.0, 900.0, 1000.0,
1400.0, 1500.0, 1600.0,
2000.0,
130.670, 130.850, 139.148
159.496, 163.046, 166.254
176.758, 178.969, 181.058
188.460 /
TABLE HiH2t,1,19 .o
/298.15, 300.0, 400.0,
800.0, 900.0, 1000.0,
1400.0, 1500.0, 1600.0,
2000.0,
0.0, 54.428, 293
11723.04, 14704.052, 177
26950.432, 30094.718, 332
42981.689, 46285.074, 496
TABLE SiHt,1,19 ..
/298.15, 300.0, 400.0,
800.0, 900.0, 1000.0,
1400.0, 1500.0, 1600.0,

2000.0,

7, 185.752,
7, 202.394,
0, 211.957,

600
1200
1800

500.0,
1100.0,
1700.0,

114027.498,
122382.724,
130963.104,

139759.571,
148794.685 /

500.0,
1100.0,
1700.0,

.9543E-20,
.0782E-8,
.678BE-3,
.4044E-1,
.9431 /

[E ISR SN )

600
1200
1800

500.0,
1100.0,
1700.0,

145.625,
169.189,
183.030,

r

1
1

14
’

600
1200
1800

500.0,
1100.0,
1700.0,

584
2076
3647

9.134,

18.538,
64.126,
17.767,

600
1200
1800

500.0,
1700.0,

204.278,
213.242,

600.
1200.
1800.

150.959,

257
189.553, 192.785,
206.020,
214.469,

700.0,
1300.0,
1900.0,

.0,
.0,
.0,

116104.151,
124515.432,
133140.240,

141995.322,

0,
0,
0,

700.0,
1300.0,
1900.0,

.2182E-15,
.3768E-6,
.6913E-3,
.8344E-1,

700.0,
1300.0,
1900.0,

0,
0,
0,

155.510,
174.405,
186.731,

71.893,
84.931,

700.0,
1300.0,
1%00.0,

.0,
.0,
.0,

8767.159,
23843.826,
39711.798,

0.586,
6.528,
1.215,

52988.141 /

.0,
.0,
.0,

700.0,
1300.0,
1900.0, -
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114.681, 114.810, 120.793, 125.4365, 129.226, 132.433,
135.2085, 137.662, 139.852, 141.836, 143.645, 145.307,
146.852, 148.284, 149.628, 150.888, 152.077, 153.203,
154.271 /

TABLE HiHt, 1,19 ‘o

/298.15, 300.0, 400.0, 500.0, 600.0, 700.0,
800.0, 900.0, 1000.0, 1100.0, 1200.0, 1300.0,
1400.0, 1500.0, 1600.0, 1700.0, 1800.0, 1800.0,

2000.0,

218149.027,
224429.227,
232748,399,
241067.570,
249386.742,

TABLE SiHBrt, 1,15

218186.208,
226505.880,
234829.238,
243148.410,
251467.582,

220267.548,
228586.720,
236905.891,
245229.250,

253548.421 /

222348.388,
230667.559,
238986.731,
247305.902,

/298.15, 300.0, 400.0, 500.0, 600.0, 700.0,
800.0,  900.0, 1000.0, 1100.0, 1200.0, 1300.0,

1400.0, 1500.0, 1600.0,

198,718, 198.898, 207.276, 213.824, 219.250, 223.910,
228.013, 231.702, 235.055, 238.145, 241.017, 243.701,
246.234, 248.629, 250.9065 /

TABLE HiHBrt, 1,15 e

/298.15, 300.0, 400.0, 500.0, 600.0, 700.0,
800.0,  900.0, 1000.0, 1100.0, 1200.0, 1300.0,
1400.0, 1500.0, 1600.0,

-36404.226, -36349.798, -33435.785, -30500.838,
-27528.210, -24505.340, -21428.042, -18296.316,
-15110.161, -11869.578, -8570.380, -5212.566,
-1800.324, 1670.533, 5200.006 /

HiBrZ2 =

RSW( (Templ.GT.2000.0.0R.Templ.LT.298.15),HiBr2t (298.15)

+ 37.3839*%( Templ - Temp0 ) + 0.2324E-3*( Templ*Templ - TempO*

Temp0 ) + 1.2937E5*( 1/Templ - 1/Temp0 )
RSW((Templ.GT.2000.0.0R.Templ.LT.298.15),HiH2t (298.15)

HiHZ =

, HiBr2t( Templ ) )

+ 27.2979*%( Templ - TempO ) + 1.63285E-3*( Templ*Templ - TempO*

Temp0 )
HiHBr =

+ 26.1675*( Templ - Temp0 )
- 1.0886E5*( 1/Templ - 1/Temp0 )
RSW( (Templ.GT.2000.0.0R.Templ.LT.298.15),HiBrt (298.15)

Temp0 )
HiBr =

- 0.5024E5*( 1/Templ - 1/Temp0 )
RSW( (Templ.GT.1600.0.0R.Templ.LT.298.15),HiHBrt (298.15)
+ 2.9208E-3*( Templ*Templ - Temp0¥*
, HiHBrt( Templ ) )

, HiH2t ( Templ ) )

+ 19.8873*( Templ - TempO ) + 0.74525E-3*( Templ*Templ - TempQ*

Temp( )
HiH =
+ 20.8000*( Templ =~

- 0.4229E5*( 1/Templ - 1/Temp0 )
RSW((Templ.GT.2000.0.0R.Templ.LT.298.15),HiHt (298.15)
, HiHt ( Templ )

TempQ)

, HiBrt( Templ ) )
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SiBr2 = RSW((Templ.GT.2000.0R.Templ.LT.298.15),SiBr2t (298.15)

+ 3.383%9*ALOG( Templ/Temp0 ) + 2*0.2324E-3*( Templ - TempQ)

+ 1.2937E5/2*( 1/Templ**2 - 1/TempQ**2 ) , SiBr2t( Templ ) )
SiH2 = RSW((Templ.GT.2000.0R.Templ.LT.298.15),SiH2t (298.15) oo

+ 27.2979*%*ALOG( Templ/Temp0 ) + 2*1,63285E~-3*( Templ - TempO0)

- 0.5024E5/2*( 1/Templ**2 ~ 1/Temp0**2 ) , SiH2t( Templ ) )
SiHBr = RSW((Templ.GT.1600.0R.Templ.LT.298.15),SiHBrt (298.15)

+ 26.1675*ALOG( Templ/Temp0 ) + 2*2.92085E-3*( Templ - TempO0)

- 1,0886E5/2*( 1/Templ**2 - 1/Temp0**2 ) , SiHBrt( Templ ) )
SiBr = RSW((Templ.GT.2000.0R.Templ.LT.298.15),SiBrt(298.15) .
19.8873*ALOG( Templ/Temp0 ) + 2*0.74525E-3*( Templ - TempQ)
0.4229E5/2*( 1/Templ**2 - 1/Temp0**2 ) , SiBrt( Templ ) )
RSW( (Templ.GT.2000.0R.Templ ,LT.298.15),SiHt (298.15) ..

SiH
20.8000*ALOG( Templ/TempO ) , SiHt( Templ ) )

+ 1+

mue(B2 = HiBr2 - Templ*SiBr2
mue0H2 = HiH2 - Templ*SiH2
mue0OHB = HiHBr - Templ*SiHBr
mue0Br = HiBr - Templ*SiBr
muelOH = HiH - Templ*SiH
GO0 = mueOB2*Br20 + mueOH2*H20
END $§ "of INITIAL"
DYNAMIC

DERIVATIVE
akl = 1.39E8 * Temp**.5 * (189243/ (R*Temp))**1.97

k1l = akl * EXP( -189243/ (R*Temp) )
k2 = k1/KBr2Br( Temp )
k3 = 10**11,43 * EXP( - 82400/ {(R*Temp) )
k5 = k3/( 10**(-0.54) * EXP( 67400/ (R*Temp)) )
k4 = k5 / m
xiekl = kl*nBr2
xiek2 = k2*nBr*nBr/vV
xiek3 = k3*nH2*nBr/V
xiekd = k4*nHBr*nH/V
xiek5 = k5*nH*nBr2/v
XieBr2 = -xiekl + =xiek?2 - xiek5
xieBr = 2*xiekl - 2*xiek2 - xiek3 + xiek4d + xiek5
xieH2 = - xiek3 + xiek4
xieH = xXxiek3 - xiek4 -~ xiek5
XieHBr = xiek3 - xiekd4 + xiek5
nBr2 = INTEG( xieBr2, Br20 )
nBr = INTEG( xieBr , 0.0 )
nH2 = INTEG( xieH2 , H20 )
nHBr = INTEG( xieHBr, 0.0 )
= )

nH INTEG( xieH , 0.0
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ntot = nBr2 + nBr + nHZ + nH + nHBr

Xitot = xieBr2 + xieBr + xieH2 + xieH + xieHBr
Phikl = muekl*xiekl/p
Phik2 = muek2*xiek2/p
Phik3 = muek3*xiek3/p
Phik4 = muekd4*xiek4/p
Phik5 = muek5*xiek5/p
TBr2 = Temp*nBr2/ntot
TBr = Temp*nBr/ntot
TH2 = Temp*nH2/ntot
TH = Temp*nH/ntot
THBr = Temp*nHBr/ntot

mudBr2 = (xitot*R*TBr2*S - mueBr2*xieBr2*S)/
(( nBr2 + eps ) *R*ntot)

mudBr = (xitot*R*TBr*S - mueBr*xieBr*S)/
(( nBr + eps ) *R*ntot)
mudH2 = (xitot*R*TH2*S - mueH2*xieH2*S)/
{(( nH2 + eps ) *R*ntot)
mudH = (xitot*R*TH*S ~ mueH*xieH*S)/...
(( nH + eps ) *R*ntot)
mudHBr = (xitot*R*THBr*S$S - mueHBr*xieHBr*Ss)/...

({ nHBr + eps ) *R*ntot)

mueBr2 = INTEG( mudBr2, muel0BZ2 )

mueBr = INTEG( mudBr, mue(Br )

mueH2 = INTEG( mudH2, muelH2 )

mueH = INTEG( mudH, muelOH )

mueHBr = INTEG( mudHBr, mueOHB )

muekl = -mueBrZ + 2*mueBr

muekZ = mueBr2 - 2*mueBr

muek3 = -mueHZ + mueHBr + mueH ~ mueBr
muekd4 = -mueH - mueHBr + mueBr + mueH2
muek5 = mueBr + mueHBr -~ mueBrZ =- mueH
TdoBr2 = -mudBr2*nBr2/(S + eps)

TdoBr = -mudBr*nBr/ (S + eps)

TdoH2 = ~-mudH2*nH2/(S + eps)

TdoH = -mudH*nH/ (S + eps)

TdoHBr = ~-mudHBr*nHBr/ (S + eps)

Phikl + Phik2 + Phik3 + Phik4 + Phik5

Phi
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Tdot = TdoBr2 + TdoBr + TdoH2 + TdoH + TdoHBr
v = INTEG( Phi, VO )

Temp = INTEG( Tdot, Templ )

W = INTEG( Phi*p, WO0)

END $§ "of DERIVATIVE"

aBr = 2*nBr2 + nBr + nHBr

~aH 2*nH2 + nH + nHBr
XBr2 = nBr2/ntot

xBr = nBr/ntot

xH2 = nH2/ntot

xH = nH/ntot

xHBr = nHBr/ntot

G = mueBr2*nBr2 + mueBr*nBr + mueH2*nH2 + mueH*nH + mueHBr*nHBr
U = Temp*S - p*V + G
deltaG = G - GO
Err = p*V - ntot*R*Temp
TERMT( t.GE.tmx )
END $ “of DYNAMIC™

END $ "of PROGRAM"



Appendix F

The Graphs from Different

Simulation Runs

This appendix contains the graphs of the isochoric-isothermic and isobaric-
isothermic cases of the hydrogen-bromine reaction. The graphs show the change
over time of the number of moles, the Gibbs’ free energy, the reaction enthalpy,
and the mole fractions. Also the graphs of total pressure and volume are demon-

strated if their values change over time. For both cases, the graphs are given for

a simulation time of 0.5sec..
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x_i [mole_i/mole_tot]

APPENDIX F. THE GRAPHS FROM DIFFERENT SIMULATION RUNS 263

F.1 Isochoric-Isothermic Case

The constant value of the total volume V is given by the equation of state
Viot = (Ntor - R+ T)/p. The numerical value turns out to Vi, = (1.0E ~ 7-8.314 -
800)/1.0E5 = 6.6512F — 9m3.

Mole Fraction x_i, V=const., T=800K, tmx=0.5s
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G ]

x103

Total Pressure p, V=const., T=800K, tmx=0.5s

THE GRAPHS FROM DIFFERENT SIMULATION RUNS 264
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Reaction Enthalpy G, V=const., T=800K, tmx=0.5s
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F.2 Isobaric-Isothermic Case

This time, the total volume V varies. The initial condition of ¥V has the same value
as above (Vi = 6.6512F — 9m?).

Mole Fraction x_i, p=const., T=800K, tmx=0.5s
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x109 Total Volume V, p=const., T=800K, tmx=0.5s
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x10-4 Reaction Enthalpy G, p=const., T=800K, tmx=0.5s
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