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Foreword

It is a great pleasure for me to introduce this book which has the main
ambition to make thermodynamics more directly accessible to engineers
and physicists by stressing the analogies with the other physical domains;
this science has discouraged more than a few students.

The book comes from the meeting of two persons:

1. Jean Thoma, inventor of hydrostatic machines and transmissions, pro-
fessor at the University of Waterloo (Canada), expert in simulation and
pilgrim for the promotion of bond graphs around the world.

2. Belkacem Ould Bouamama, associated professor at the University of
Science and Technology in Lille, France, specialist in industrial control and
seduced by the richness and structure of the bond graph method.

Thermodynamics is a difficult subject; its concepts like entropy, enthalpy,
etc. are not intuitive and often very abstract. For this reason, it is current
practice to neglect the thermal aspects, although they are necessarily there
in all physical phenomena, and to use isothermal models. This is equivalent
to think that the system is immersed in an infinite temperature reservoir
and maintains its temperature constant even if it receives or dissipates
electric and other type of energy.

For heat transfer and variable temperature, if it should be included, the
classical approach is to study the changes between equilibrium states, and
not the process itself, which is more a thermostatic than a thermodynamic
approach. This is justified when only the constraints of equilibrium state
must be satisfied.

On the other hand, if one needs to know the time behaviour of state
variables, one must include the dynamics of the process. Main applications
are thermal processes, thermofluids and processes with phase change.

The bond graph language is very suitable for such phenomena because
of the following characteristics:

e an energetic viewpoint which gives a structure to the modelling pro-
cedure and allows the splitting of the system into sub-systems,

e an unified terminology in all physical domains, based on using the
analogy of physical effects,

e a graphical representation to visualize the power transfer, but also to
fix the relations between cause and effect,

o an inherent flexibility for completing a model by adding effects that
have been before neglected,
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e a systematic way of writing the mathematical equations from the
bond graph model in the form of differential equations,

e a support for the model structural properties analysis.

The authors have made a remarkable pedagogical effort by siting the
principal effects studied in parallel with the electric analogy. Furthermore,
they have woven in many personal remarks ( the one I prefer is the ”strip-
tease of entropy”). There are many examples, partly from industrial prac-
tice, in detail, sometimes with simulation included.

This book will in the first place for all beginners in thermal and ther-
modynamic engineering, where it is an excellent starting point for a sweet
introduction. This is especially so if the reader is already acquainted with
the bond graph methodology. The book is also a good tool for learning
bond graph modelling for the thermal and thermodynamics specialist.

October, 1999
Genevieéve DAUPHIN - TANGUY
Professor, Ecole Centrale de Lille, France.




Authors’ Preface

The systems in thermal and chemical engineering are governed by many
effects of different engineering disciplines and various technological compo-
nents. Therefore for modelling and simulation of such systems we need an
unified approach, using the same signs or language for the entire system.
The bond graph method with its interdisciplinary outlook seems best suited
to such systems. It allows by its graphical nature to show the exchanges of
power in the system, including effects of storage and dissipation of energy.

The principal purpose of this book is to model and simulate energy pro-
cesses by the bond graph method. We have elaborated the matter in a way
that also the reader non familiar with the bond graph can use the method
of simulation to a certain extend. In the text, there are many examples,
both of simple pedagogical cases as of real and complex systems taken from
the industrial experience of the authors.

The work is for students of engineering which would like to know more
about modelling energy processes. The specialist of chemical engineering
will also find the book interesting with its graphical representation of chem-
ical reactions and of osmosis, which is an enigma, but important in many
industrial processes.

The book is also for the teachers and researchers of modelling that de-
sire to introduce new concepts in their teaching. It offers a new approach
for explaining more simply the thermodynamics, a discipline which is in-
teresting but poorly understood. Further, even bond graphs as modelling
tool needs to be more researched. Therefore, the book is also proposed to
post-graduate students.

The book is based on the pedagogical and industrial experience of the
authors in France ( Several Universities in Lille, France) and in other coun-
tries (MIT, Boston, MA, USA, University of Waterloo, (Ontario, Canada),
Academy of oil And Gas, Moscow, Russia). The many examples result
from the problems encountered by the authors, particularly in thermal en-
gineering and hydrostatic machines. In this sense the contacts with EDF
(Electricity of France), Imagine Company and companies like Galdabini,
Gallarate, Italy, ITASA (International Institute of Applied Systems Analy-
sis, Vienna, Austria) have given substance to this development.

The researches have executed in the LAIL, laboratory of Automatic Con-
trol and Industrial computer, based on a very fruitful cooperation with Jean
Thoma.

Energetic.problems,are based;mostly on thermodynamics. We have devel-
oped the Bond graph modelling with the three notions: Entropy, Enthalpy
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and Power, which could also be the title of the book. From the notion
of entropy, which not abstract but really very simple, we develop ther-
modynamics in the first chapter, carefully distinguishing system with and
without mass flow. So entropy is in the book not something very abstract,
but quite simply a thermal charge, a concept finding its origins with Sadi
Carnot in 1824. The motivation to use bond graphs in chemical engineering
is also presented.

The second part of the book is devoted to the modelling of thermofluids,
with emphasis on the enthalpy as power variable. Practical applications
follow of some components like heat exchanger and turbines.

The third chapter concerns the bond graph modelling of chemical sys-
tems and phase change of water and other chemical substances. The no-
tions of chemical resistance, capacitance and chemical tension (potential)
are introduced, mainly to model chemical reactions. This allows to model
condensation of steam or vaporisation and even osmosis.

The fourth chapter gives a pedagogical view of modelling by bond graphs
in process engineering, underlining the selection of liaison variables in func-
tion of type of modelled process.

The fifth chapter deals with modelling and simulation of real industrial
systems like ventilation of buildings, hydropneumatic accumulator, steam
boiler, etc.

The base of bond graph methodology and the listings of several simula-
tions, added with a reflection on the value of power, solar energy and the
glasshouse effect are given in the appendix. The question of thermal inertia
and inverse analogy is also given in the first appendix.

In spite the care in preparing. the manuscript, the authors know the
imperfections can remain. Therefore they will be happy to receive pertinent
observations from the readers.

Jean THOMA Belkacem OULD BOUAMAMA
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Abstract

The systems in thermal and chemical engineering are governed by many
effects of different engineering disciplines and various technological com-
ponents. Therefore, for modelling and simulation of such systems we need
an unified approach, using the same signs or language for the entire sys-
tem. The bond graph method with its interdisciplinary outlook seems best
suited to such systems. The bond graph approach provides a rigorous and
systematic methodology for modelling the multi-energy domain embracing
in industrial process engineering the mechanical, electrical, thermal and
chemical energies. As opposed to classical modelling methods, bond graph
methodology helps to understand the basic physical principles and repre-
sent them in a graphical way. Furthermore, the bond graph shows up clearly
energy storage and dissipation effects and has the advantage of an efficient
transition to the computer by causality assignment and power direction.

The principal objective of this book is to model and simulate energy
processes by the bond graph method. We have elaborated the matter in
a way that also the reader non familiar with the bond graph can use the
method of simulation to a certain extend. In the text, there are many
examples, both of simple pedagogic cases as of real and complex systems
taken from the industrial experience of the authors.

The developed topics include:

e Principles of Modelling of Thermodynamic Systems

e Bond Graph Modelling and Simulation of Thermofluids

e Bond Graph Modelling of Chemical Reactions and Phase Change
e Bond Graph Methodology in Process Engineering

e Industrial Application of Bond Graphs Modelling and Simulation of
different types of Processes

e Elements of Bond graph Approach

e Listings of several simulations, added with a reflection on the usual
values of the power, solar energy and the glasshouse effect.

This publication will be of interest to students of engineering, which
would like to know more about modelling energy processes. The specialist



xiv Abstract

of chemical engineering will also find the book interesting with its graphical
representation of chemical reactions and of osmosis, which is an enigma,
but important in many industrial processes. The book is also for the teach-
ers and researchers of modelling that desire to introduce new concepts in
their teaching. It offers a new approach for explaining more simply the
thermodynamics, a discipline that is interesting but poorly understood.
Further, even bond graphs as modelling tool needs to be more researched.
Therefore, the book is also proposed to post-graduate students.
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1

Introduction to
Thermodynamic Systems
Modelling

1.1 Importance of Modelling

1.1.1 Definition

The first problem for a control or systems engineer in front of a process
to control is to obtain a precise and easily manipulated model with pre-
dictions corresponding to the real observation. The different mathematical
equations describing a system and to predict its behaviour is called a math-
ematical model. The mathematical model can also be defined as an operator
giving the relation between input and output signals. It is important to note
that input and output variables refer to the model and not to the physical
system: for instance the steam flow out of a boiler can well represent the
input of a model.

1.1.2 Importance

It is not necessary to insist on the importance of model building as far
as in science one has always looked for a suitable model. Indeed, in order
to control or simulate any process, we must first describe the phenomena
(chemical, physical or others) by such a model. That means that we should
find some equations, algebraic or differential, which give results as near as
possible to the real system. The same is true for economical systems, for
which simulation with or without bond graphs is sometimes used.

It is interesting to note that in automation projects, the modelling re-
quires between 50% and 80% of the total time. Even more, if the classical
design tools of control engineering are still much used in industry, it is
because the control engineer is incapable to produce the precise models
required for modern theories.

Recently, modelling has become more prominent due to the complexity
of modern industrial processes: The quest for optimal solutions, helped by
powerful computers needs a mathematical model for all types of simulation.
This is the reason for the importance of modelling. From simple control of
ovens until artificial satellites, all ambitious enterprises need simulation one
wayrorstherothersIndependentiservice enterprises for modelling exist today
within the framework of research and development.
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1.1.8  Levels of Modelling

Nevertheless, its level of language can classify each modelling method. Let
us examine the different levels using as example a fluid heating system with
a heat exchanger (Fig 1.1). Here, h, P,T, H and Q denote respectively
mass flow, pressure, temperature, enthalpy flow and heat flow. The indexes
a, s, c,m, ex and e give respectively feeding, output, boiler, metal of boiler,

exterior and entry of hot fluid to the heat exchanger.

To differentiate the different powers, we denote in future the enthalpy
flow by convection in (J/s) by H, the thermal flow transported by con-
duction @ and by E all other forms of power (electric, mechanical...). All
symbols of the used variables and their units are given at the end of the

book.

FIGURE 1.1. Heating of fluid, technological level of modelling

According [Lorenz, 1996] we can distinguish four levels of modelling:

1. The technological level. This level constructs the architecture of the

system by assembly of different sub-systems, which are the simple
components (heat exchanger, boiler, pipe...). Our figure 1.1 is such
an example. On this level, the modelling languages give a normalized
description in the form of technological schema. It is easy to carry
out but indicates only how the schema is made. In this level of mod-
elling, the adequation of the model is not verified and the physical
phenomena are not considered. Consequently, it is a “ black box”
model.

. The physical level. On this level, the modelling uses an energy de-
scription of the physical phenomena. One uses the basic concepts of
physics such as dissipation of energy, transformation, accumulation,
sourcesrand soron: The variables have physical meaning: like energy,
power, effort and flow, and so on. In our example, the boiler receives
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a heat flow, given by the heat exchanger and by the feeding water.
We have an accumulation of hydraulic and thermal energy in the
boiler. There is a dissipation of heat energy in the direction of the
metal, which accumulates a part of this thermal energy. One can also
suppose that there is dissipation towards a source of external tem-
perature or the environment. The manipulated variables are pressure,
temperature, thermal and hydraulic flow.

3. Mathematical level. The basic elements are here the mathematical
operators such as integrators derivators and algebraic functions. The
best-known example is the block diagram of control engineering. The
mathematical model is represented by the mathematical equations
(algebraic, differential and algebro-differential) which should describe
as faithfully as possible the system. Unfortunately, one cannot always
be sure of the correspondence of the model with physical reality. The
main advantage is that the language used, mathematics is universal
and applied to all physical domains. In our example, we must trans-
late the dissipation of energy by the law of linear heat conduction
(law of Fourier) and the accumulation of energy in the boiler and the
metal by integration of the inflowing powers, and so on.

4. Algorithmic level. The algorithmic level is connected directly with
information processing and the manipulated concepts are from in-
formatics. So this level indicates how the models are calculated. We
consider that this level is almost the same as the mathematical level.
The notion of causality or relation between cause and effect has been
used first in bond graphs, but is important also in general in computer
science. In particular it allows a more robust simulation by using as
far as possible integration and not derivations. All researchers know
that integration is simpler than derivation. Indeed it is simpler to de-
termine the temperature from the thermal flow by integration than
the thermal flow by deriving the temperature.

Our models show the algorithms in the model and the manner how cal-
culation should proceed.

1.1.4 Interest of Bond Graph in Process Engineering
Definition of the Bond Graph Method

The Bond graph tool was first developed since 1961 at MIT, Boston, USA
by Paynter [Paynter, 1961}, Karnopp and Rosenberg. Jean Thoma uses it
since 1966. More recent references are [Karnopp et al., 1975, 1990] and
[Thoma, 1975], [Thoma, 1991].

Bond graph modelling is'basedonithe exchange of power in a system,
which is normally the product of an effort variable and a flow variable. This
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exchange takes places in bonds, represented by a simple line, but carrying
two kinds of additional information, namely power direction and causality.
It is then based furthermore on the dissipated and stored quantities, con-
nected by the different junctions. As such, the bond graph allows to write
directly the system equations and to discover numerical problems before
going near to the computer.

A detailed presentation of the Bond graph method is contained in ap-
pendix A. Further information is contained in [Borne et al., 1992], [Thoma,
1975), [Thoma, 1991].

Why use Bond Graph in Process Engineering?

Modelling systems with rigid structure has seen much progress, but thermal
and thermodynamic systems, and generally process engineering is still to be
done because the phenomena are so complex. Nevertheless, these processes
are present in industry with risk such as nuclear and require consequently
a precise models.

Industrial processes are very non-linear, principally due to the interac-
tion of different phenomena (mechanical, thermodynamic, chemical...). The
behaviour of this kind of system is normally described by non-linear differ-
ential equations. Writing equations by classical methods, especially state
equations, is therefore complex. Modelling could do with a unified approach
that can show the physical nature and the localization of state variables.
Bond graphs are such an approach, but here the state variables are associ-
ated with a storage of energy, in particular the displacement of C-elements
and the moment of I-elements.

The bond graph allows precisely by its graphical nature to display the
exchange of power in a system, including storage and transformation. Fur-
thermore, the bond graph model is subject to evolution, meaning the model
can be refined by adding more elements like thermal losses or inertia effects,
without having to start all over again. The bond graph method is suitable
to obtain integrated models of all the physical domains.

The bond graph allows to represent the four levels of modelling. Let us
examine our example.

The technological level can be represented by the word bond graph (Fig
1.2). This means that the system is represented as several subsystems. The
interconnection is realized by the pair effort and flow. Normally, one calls
this pair, effort times flow, a power variable [Karnopp et al., 1990, Borne
et al., 1992]. Here the authors prefer the term liaison variable, especially
in word bond graphs, because in many cases, the pair effort flow has not
the physical dimension of a power. For such, it is accepted in practice to
call them pseudo bond graphs. In thermal engineering, it goes back to
[Karnopp, 1979], although the term was probably known and used before.
The other case;whereeffort times flow is a power, are just called true bond
graphs.
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FIGURE 1.2. Technological level by a word bond graph

The liaison variables couple the different subsystems and in particular,
the parts of a word bond graph. The choice of the liaison variables is dis-
cussed in section 4.3.

The technological representation is already more physical with a word-
bond graph, because at the input and output of each component we show
the liaison variables with power direction. In bloc diagrams, on the other
hand, one uses information variables. In bond graphs, if several powers are
coupled in one bond, it will carry a small ring around it.

The physical level implies to consider the phenomena’s of physics, which
enter the model (inertia, friction, and compressibility...), and to introduce
the system graphically. Here, we use a universal language for all domains of
physics, the bond graphs, and we see the power exchanges clearly displayed
(Fig 1.3).

All phenomena of storing energy and dissipation of power are shown. In
particular, the storage of thermal and hydraulic energy is represented by
the C-element with two ports called a multiport C. The storage of thermal
energy on the other hand is a simple C-element. The dissipation of power
is shown by the R-elements. The parameter values K,,, and K., represent
respectively the heat transfer coefficient between boiler to the metal and
towards the environment. The external temperature is considered constant
and given by the effort source Se.

The different junctions, parallel junctions (0-junctions) and series junc-
tions (1-junctions) give connection between the components. The parallel
junction connects elements under the same effort, here pressure and tem-
perature, and the series junction the elements subject to the same flow,
here mass flow and enthalpy flow.

The mathematical level from a bond graph is obtained by writing the
constitutive equations of the components or phenomena, taking into ac-
count the causalities: The obtained models can be linear or non-linear and
the non-linearity can come from the components or the structure, a fact
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FIGURE 1.3. Bond graph model as example of physical level

allowing introducing a partial linearization. As a difference from classical
behavioural modelling, the state equations are determined directly by read-
ing the bond graph. The number of state variables is equal to the number of
C- and I—elements in integral causality. In our example (Fig 1.3), we have
three state variables, the thermal energy @, (image of temperature) stored
by the body of the boiler, the enthalpy H. and the mass m. accumulated
by the boiler.

T = [ Qm HS mg ]T (1.1)

The systematic method developed in the appendix allows deriving the
non-linear state equations in the form:

&= f(z,u) (1.2)

A detailed and pedagogical example is given in chapter 4 and various
other examples in chapter 5.

The algorithmic problem is solved in the bond graph method by system-
atic assignment of causalities, as shown by the perpendicular line on the
bond. Analysis of the graphical structure gives knowledge a priory if the
problem is solvable mathematically or not.

Concluding, the advantages of bond graph modelling for thermal and
other systems are:

e an unique language for all physical domains,

e showing clearly the relations cause and effect in the model,
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o possible further development of the bond graph.

e as tool of analysis, one can also have information about the structural
properties of the system, such as controllability, observability, [Sueur
and Dauphin 1991, Tagina, 1994].

1.2 Thermal and Thermodynamics

1.2.1 Degrees of Freedom and Liaison Variables in
Thermofluids

The analysis of physical process in process engineering concerns mainly the
modelling of systems with circulation of fluid and its thermal and thermo-
dynamics ramifications. We take a term used by bond graphers and say
that we want a reticulation of the system. Reticulation means representa-
tion by a network of elements in interaction, either by an equivalent circuit
or by a bond graph. We desire thus a reticulation of machines, or, in other
words, we want a model that gives the principal physical phenomena, but
not the details like the stream lines around turbine blades.

One point to note is that we make no difference between thermal and
thermodynamics. We use the concepts of thermodynamics as necessary for
the reticulation of thermal machines and especially the notion of entropy.
The relation of thermal energy and entropy is discussed in section 1.3.

Let us take as example a gas turbine according to the schema or equiv-
alent circuit on figure 1.4. At left there is a compressor, on top a heat
exchanger, which augments the temperature (heater), at right a turbine
and below another heat exchanger which reduces the temperature again
(cooler). This is the Joule cycle, called Brayton cycle in the USA.

The fluid circulating in the system is characterized by several variables,
such as: the efforts (pressure P and temperature T'), the volume flow v,
the entropy flow S, the power variables such us internal energy flow U or
enthalpy flow H, and other variables like quality of steam X.

Evidently there are more variables then degrees of liberty (DOF) of the
fluid. The DOF is the number of variables necessary to describe the process.

In mechanical and electrical systems, the number of liaison variables is
equal to the number of DOF. In a thermodynamic system like a flowing
fluid, the system is characterized by a number of variables, that is by pres-
sure P and temperature T for the efforts, and volume flow V or mass flow
m (for compressible fluid) for the flows. Further variables can be added
such us the quality of steam, internal energy flow etc.. One sees imme-
diately that the number of variables is higher then the number of DOF.
Consequently, the selection of liaison variables is not trivial and depends
on the type of the modelled process.

For thermofluids, one uses occasionally the pair enthalpy flow-specific
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FIGURE 1.4. Principle of gaz turbine

enthalpy instead the natural choice temperature and flow enthalpy (see sec-
tion 4.3). This choice allows to determine the mixture fraction or quality of
steam of two-phase mixture and to use the thermodynamic functions, espe-
cially for steam turbines. In the case of matter at rest, one can use the pair
temperature, entropy flow for a true bond graph or the pair temperature-
heat flow for a pseudo bond graph.

Lagrangian and Eulerian Reference Frame

It is important to well distinguish a model with mass at rest, the Lagrangian
Reference Frame, and a model with mass in movement, the Eulerian Frame.
This difference is shown on figure 1.5. We have the thermodynamics with
matter at rest and with matter in movement, or flow of matter. The matter
at rest is subject of classical thermodynamics in the form 7'/ S (tempera-
ture and entropy flow) and in the form T'/ Q (temperature and heat flow),
resulting in true and pseudo bond graphs.

In the Lagrangian frame, the observer travels with the fluid, and one can
formulate, as said, in true and pseudo bond graphs. Both forms have their
advantages, as we shall see. In the Eulerian point of view, used much in
fluid mechanics, the matter flow is described from the point of view of an
immobile observer. Thus, we are in the presence of matter in movement or
flow of matter. One case is a tube of hot gas, a compressible fluid. Here
is necessary to use the coupling capacitors modelled by a multiport C as
we shall see in 1.4. In this case, we have conservation of mass flow, and
not of volume flow. The liaison variables are (P,r) for hydraulic power
and (T, H) for thermal power, sometimes also (h, H) for thermal power.
For incompressible fluid, as in the case in automobile radiators, there is
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FIGURE 1.5. Eulerian and Lagrangian frames of reference in thermodynamics

conservation of both volume and mass flow, and one can take either one
as hydraulic flow variable. For the thermal side one uses almost always the
enthalpy flow driven by the circulating fluid.

1.3 Heat Flow and Entropy Flow

1.8.1 Carnot’s Equation

We treat in this section the matter at rest with its thermal properties.
In analogy with electric and electronic, the heat flow (quantity of heat
transmitted per unit of time), is a power resulting from the product of a
tension T and of a current S

Q=TS (1.3)

The thermal flow is expressed like any other power in Joules per seconds
or Watt, the temperature T has its own unit, called Kelvin (X) and the
entropy flow S in J/(K.s). This equation is called often the equation of
Carnot! and represent the foundation of all thermodynamics. It is known
since a long time [Calendar 1911) [Thoma, 1971, [Falk 1976] and [Fuchs
1996]. The last two authors establish the entire thermodynamics on this

I The equation of Carnot was published in his work ”the motive power of fire” (Carnot
1824]. In this work entropy is called caloric and power is called heat. The equation of
Carnot defines the entropy, preciscly the entropy flow and heat flow. In our conception
the entropy must be considered as an accumulation of entropy flow (integral with respect
to time), in the same sense as an clectric charge has to be considered as an accumulation
of current. As clectric charge, the thermal charge or entropy is not visible, but its repre-
seutation becowmes very vivid as one studies its properties: the entropy flow accompanies
inevitably the transport of heat. This is in the same sense as clectric current is always
associated with the transport of power.
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method. Let us note that the equation is only valid when the matter is at
rest or immobile.

The equation of Carnot is analogue to the equation of the electric power:
P = u.i. As electric current ¢ is the flow of an electric charge, the thermal
current is the flow of entropy, and the heat is the flow of power.

All our development of thermal and thermodynamics is based on the
equation of Carnot. For matter at rest it is always true, whether for re-
versible or irreversible process; these notions are defined in paragraph 1.6.
For the matter in movement, the equation of Carnot remains approximately
true, as we shall see in section 1.8.

Our definition of entropy according Carnot is a little different from the
usual definition of Clausius: their relation is given in section 1.4. For matter
in movement, as we have said, the definition remains approximately true.
In practice it is always to work both formulations, that is /S and T/Q.

Figure 1.6 represents an ideal gas in a cylinder and subject to variations
of temperature as supplied by a thermal source, which can be regulated.

(g

Ny
X $

T (a) T
Se ——{C Se ——{C
S Q

(b)

FIGURE 1.6. Thermal Condenser. a. Schema, b. model with true Bond graph,
c. model with pseudo bond graph

The thermal source is analogous to a generator of tension in electricity.
Any variation of the temperature coming from the source produces a change
of temperature of gas. The wall is supposed to be perfectly isolated as
indicated by the oblique line. The black part indicates a thermal conduction
within the cylinder, or, more precisely, at the end of the cylinder.

The Bond graph model is given by the figures 1.6b and 1.6c. Here both
formulations, that is true and pseudo bond graph are possible, with entropy
flow or heat flow; they are connected by equation of Carnot. Let us remem-
ber that both these variables are conserved in this schema and they can
vary only if they are absorbed or are received by the source. As conclusion,
the body becomes a thermal condenser, the analog of an electric condenser.
Also an electric condenser can be forinulated with electric charge flow or
electric energy flow.
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The condenser stores at the same time internal energy and entropy. The
augmentation of temperature is given by equation:

dU = cymdt (1.4)
Which gives by integration

T
U= cvm/ dT = cym (T — Tref) = comTin, (1.5)
Tyes

Here m is the mass of the gas and ¢, the specific heat per mass at constant
volume: one considers effectively the volume of the thermal condenser as
constant. Tr.s is a temperature of reference, 298K and the increase of
temperature from the reference.

Equation 1.4 is true when ¢, depends not on the temperature what is
approximately the case. From expression 1.4 followed by integration

dU =TdS

The entropy S becomes

T
Tref

T
dT
S = cvm/ — = ¢,mln (1.6)
Trey T
Let us note, that for T}.y, the quantities U and .S are equal to zero.
For a small variation of temperature T}, or if ¢, is constant, we derive
by Taylor expansion and obtain:

Tinc
ref

One can than conclude, that the entropy is proportional to the variation
of variation of temperature T;,.?. Let us remark that a body with expansion
of volume, mainly a gas, will put in action also hydraulic energy. Effectively,
if we heat a body under constant pressure P, the expansion of the volume
consumes a part of hydraulic energy. Thus, the entire thermal energy is not
stocked, but a part of it is given out as hydraulic energy. To reticulate this
correctly we need a double condenser with energy path such as represented
on figure 1.7. It is known in the domain of bond graphs as a multiport-C.

S =~ c,m (1.7

2Let us note that in principle there are the absolute quantities for Uand S, these
values are given by theorem of Nernst (third law of thermodynamics). However, these
absolute values are not known with sufficient precision. It is as little like the altitude in
geography: one gives the altitude in meters over the sea level and not from the center of
the earth, because more precisely known [Falk 1976].
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FIGURE 1.7. Thermal Condenser with two energy paths. a. Schema, b. Bond
graph

The transformation of hydraulic energy (P, V) to the mechanical energy
is modeled by the modulated transformer MTF. F and & represent respec-
tively the force and the speed applied to the piston.

1.8.2 The Principles of Thermodynamics

The principles or laws of thermodynamics are in all manuals, but a sum-
mary is given here:

o First law. Energy is universally conserved. This law is also called prin-
ciple of conservation. Energy is represented by bonds and by parallel
junctions of bond graphs, either true or pseudo bond graph. If energy
enters an accumulator (multiport C or I), its state is changed. If the
energy is recovered, the accumulator returns to its original state.

e Second law. There is a variable entropy, which is not universally con-
served, but only semi-conserved. It is indestructible, but is generated
by all sorts of friction. The second law is also called the principle
of evolution. Flowing entropy is connected to flowing heat by the
equation of Carnot. We also have the generation of entropy by fric-
tion including the heat conduction if finite temperature difference.
All this takes place in RS elements, which conserve the power, but
are irreversible. In other words, dissipation makes new entropy.

o Third law. At zero absolute temperature, the entropy content of all
bodies is zero. Also called the principle of Nernst, (Berlin, Germany,
abouty1910 piswvalidronlysforsiow cooling. With quick cooling, a part
of the entropy can remain in the body, because conduction decreases
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rapidly with temperature. One says also, that a part of entropy is
frozen within the body, an important effect in process physics.

1.3.3 Entropy and Disorder

According to the statistical thermodynamics of Boltzmann, entropy is very
often assimilated to the disorder and we mention briefly their relation. In
this book we will not use the statistic arguments, because all our results can
be obtained by the phenomenological thermodynamics using the concep-
tion of entropy as thermal charge. However, the concept of disorder is well
accepted by many people and we make some remarks at their intention:
one speaks almost always about a perfect gas where the disorder means
distribution of the molecules on the higher velocities, or more precisely on
the higher momentum. Thus, more disorder means to have more molecules
with high momenta and consequently more energy. The mean energy of all
the molecules is proportional of the temperature (theorem of equipartition).
Much entropy means many molecules with high momentum that is more
disorder in the space of momenta. We see also that the energy increases
with entropy and temperature, parameters often used in this book.

All those ideas come from the kinetic theory of gases, which have never-
theless logic difficulties, which can be resolved only by quantum mechanics.
In that mechanics one uses the concept of degree of freedom (DOF) valid for
each body in the any form, gas, liquid or solid. The DOF of each molecule
are quantified and can take only discrete values according to quantum me-
chanics. The entropy of each DOF is expressed by the formula of Boltzmann

S=—k> pilnp; (1.8)

Where p; are the probabilities of the occupation of a state ¢ with a
determined energy. The entropy of a complete body is simply the sum of
the entropy of all DOF. Since those probabilities are always smaller than
one, the logarithm is negative with the minus in front of the entropy.

Two particular cases can be noted:

1. if the DOF is in a determined state, its probability is equal to one and
the logarithm is zero. The other probabilities are zero and therefore
the entropy of this DOF is also zero. There is no disorder, because
one has a certainty about the value of this DOF,

2. if all probabilities are equal, the DOF have a maximum of entropy.
According to another formula of Boltzmann this is the case at high
temperatures.

ThepDOF varenmorerornlesspexcited by the temperature, in particular,
there is an appreciable probability of excitation for the states with energy
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comparable to the mean energy. The states of energy much larger will not
be occupied, the states with low energy will be occupied: in both cases, the
contribution to entropy is zero. Only when the energy is comparable, we
have contribution to entropy. These considerations are valid for each DOF.

In general, there is a difference of the microphysics of probability and
phenomenological thermodynamics. A continuous transition between both
viewpoints should be possible [Falk, 1976].

1.4 Matter without Movement as Multiport

1.4.1 General Views

The simple representation of matter as C-element must be completed in
general by the coupling of thermal and hydraulic phenomena. For this we
introduce a multiport C, that is a network of condensers. This element was
called firstly C-field by Henry Paynter [Paynter, 1961], but since a certain
time we call it multiport C' because it implies its function (see appendix
A). We shall use this in our book and at the same time use multiport I
and multiport R for a network of inductors and resistors.

A multiport C is very simply the network of several condensers in the
electric case or of their analogies in the other disciplines. A general law
which characterizes a multiport C' is a relation between effort e and dis-
placement ¢ as the time integral of flow, in the form:

Pcle,q) =0

Other than the electric condenser networks, we have many other types,
which fall in the category of multiport C, such as electric condensers with
moving plates, even elastic structures.

The multiport C' in a true Bond graph verifies always the reciprocity of
Maxwell, which is a consequence of the conservation of energy, as we shall
soon see.

In thermodynamics, there is always a coupling between thermal and hy-
draulic or mechanical effects, hence expressed by a multiport C. The typical
phenomena is the increase of volume of gas liquids or solids. The variables
of liaison of the multiport C' are the temperature and the entropy on the
thermal side and the pressure and the volume on the hydraulic side. One
supposes that the mass of the body is constant.

The coupling between thermal and hydraulic effects is most important
for gases. In that case we have as prototype the ideal gas. Let us note, that
all matter at large dilution (high temperature and low pressure) verifies the
ideal gas equation: Itis'described by the following equation, the so-called
ideal gas equation
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FIGURE 1.8. Thermodynamic body as multiport C

PV =mRT and S = S;ef +mcyIn < I ) (1.9)
Tre f

Where m is the mass, R is the gas constant referred to mass, P the
pressure, V volume, T temperature,S the entropy and ¢, the specific heat.
Tres and Sres represent the reference value of temperature and of entropy.

Equation 1.9 is called the equation of state of a gas. Equations of this
type describe also the liquids and solids. However, liquids or solids have
normally a small thermal expansion and therefore the thermal-hydraulic
coupling is smaller, but exists in principle. Another example is the mixture
of gas and liquid, which is described by thermodynamic tables. The mixture
water vapour is a practical case often used in process engineering. It will
be treated in the chapters 4 and 5.

The state of all thermodynamic bodies or gases is described by four
variables of state, pressure and temperature on one hand and volume and
entropy on the other hand. As we have already mentioned in section 1.2.1,
a fluid at rest has always two DOF (degrees of freedom) which are normally
pressure and temperature. If they are fixed from the outside, the fluid it self
fixes then the other variables (volume and entropy). This is well described
by the multiport C' with two bonds.

Figure 1.8 shows a body with total constant mass as multiport C; the ori-
entation of the powers is indicated by the sense of the half arrows. This sign
indicated convention is usual in thermodynamics but gives the unnecessary
minus signs in practice.

1.4.2 FEquations of Multiport C

Concerning the equations of multiport C, let us write the algebraic sum
of the thermal and hydraulic powers is equal to the accumulation of the
internal energy U

U=TS - PV (1.10)

which becomes by multiplying with the element dt and writing Udt = dU

dU = TdS — PdV (1.11)
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This is the T'dS equation or equation of Gibbs [Falk, 1976)] and is useful
especially if pressure and temperature depend only on entropy and volume.
These two variables are displacements in the sense of bond graphs and in
the case that U is a function of only S and V and we express the pressure
and temperature by derivatives:

aU(V, S) us,v)
Ty W T=—%53

The minus sign in the formula (1.10) and (1.11) comes from the orienta-
tion power, as we have said, and shows the effect that the hydraulic power
(pressure times volume flow) is taken positive when it leaves the multiport
C. By deriving both expressions (1.12):

P= (1.12)

OP(V,S) _GUS,V) . OI(V.S) _ FU(V,S)
as oV v 8Sav

one obtains the important relation of Maxwell:

dP(V,S) :_8T(V,S') (1.13)
as ov

This equation is one of the four Maxwell relations. It is a property of the
multiport C and valid for all multiports C or I. Multiport R have a similar
reciprocity of Onsager described in the third chapter.

Let us note, that the minus signs come from the orientation on the bond
graph of the figure 1.8. If the half arrows were oriented towards the multi-
port C, all the signs would be positive.

The Maxwell reciprocity are true only for true bond graphs and not for
pseudo bond graphs. The reciprocities are a consequence of the conservation
of energy expressed by equation (1.10) and (1.11). Sometimes they are
even considered as expression of the law of energy conservation (first law).
Anyway, for simulation of thermal processes one needs both true and pseudo
bond graphs, as we shall see later.

Mathematical Formulae and Physical Variables

Physical variables must be well distinguished from mathematical formula.
Mathematical formulae give a relation between input variables and output
variables, called also independent and dependent variables. Different are
physical variables, they can be a function of different inputs. In this sense
the expression U(S,V) and U(T,V) describe the same variable (internal
energy), but are expressed by different formulas (curves or tables) in func-
tion of different entrance variablesi The physical variables are equal if the
entrance variables are compatibles, that is refer to the same state S(T', V).
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Let us take for illustration an electric condenser with a moving plate,
separated from the other plate at a distance z. The tension on both plates
is given by:

(1.14)

Where q is the electric charge, A is the area and ¢ the dielectric constant.
The stored internal energy U is given by three following forms:

= U=
2eA 2z
We have very well the same physical variable, the internal energy, but
expressed by different functions. One function gives the energy in function
q and z, the other in function of U and z.

2 2
_ot u'ed (1.15)

U=qg U

1.4.3 Entropy according to Clausius

Rudolph Clausius introduced about 1855 another definition of entropy
which is often cited in the literature. This definition is more narrow as
ours and refers only to multiport C'. One multiplies the equation of Carnot
by dt and obtains

TdS = dQ, where S:/%—?— (1.16)

This equation gives the change of entropy by the change of heat with ab-
solute temperature. Sometimes one gives the suffix “rev” to dQ@ to indicate
that the effect of series resistances is negligible (sec.1.8) and that the pro-
cess is reversible. One mentions never the effect of parallel resistances such
as the conductance of entropy towards the environment. Unfortunately this
method with the suffix has troubled many students including author Jean
Thoma, who has thought a long time about its signification in 1950. The
flow of entropy is different if one measures before or after the resistance
which is one prefers a formulation with d@ ( see sec.1.6).

1.5 Properties of Multiport C

1.5.1 Properties and Reciprocities of Mazwell.

The multiport C' is important and its properties are forming a large part of
thesbooksronnthermodynamicssinnthe present book we will limit ourselves
to some of these properties.
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We shall use the associated energies of the multiport C, which are formu-
lated by adding to the internal energy U the products T'S and PV, which
both have the dimension of energy. Therefore the variation of internal en-
ergy is:

dU = dQ + dW (1.17)

dU is an exact differential since U a state function of the variables S and
V. If the only available energy exchanges are the transfer of heat and of
pressure forces we have:

dW = —PdV (1.18)

In writing dQ = T'dS we obtain:

dU(S,V) = TdS — PdV (1.19)

The equation (1.19),which can be written under following form:

d(U+ PV) = dH = TdS + VdP

allows to enter the notion of enthalpy

H=U+PV (1.20)

Further variables are derived by adding also the product ST as follows

F=U-TS (1.21)

and

G=F+PV=U-TS+PV (1.22)

The energy variable F is called free energy (or Helmholtz free energy)
and G the free enthalpy (or Gibbs free energy). These associated energies
are state functions of different input variables: U(S,V), H(S, P), F(T,V)
and G(T, P).

The transition between the different energies as detailed here is often
calledvartransformationrof iliegendrenin the literature. However, there are
therefore different energies and state functions of different input variables.
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Especially the free enthalpy will be used very often with chemical reactions
in chapter 3.
By deriving expressions (1.20), (1.21) and (1.22), we obtain:

dU(S,V) = TdS — PdV
dH(S, P) = TdS + VdP

dF(T,V) = —SdT — PdV
dG(T, P) = —SdT + VdP

which is valid if mass remains constant. They are called often the Gibbs
relations.

In order to memorize easily these equations or the associated energies we
propose the figure 1.9.

Here we have always two input variables corresponding to the two DOF
(degrees of freedom), which depend on the associated energy. For example,
the free energy dU has very well dV and dS which are connected to dU
by designs minus and plus. One obtains the relation of Gibbs relation by
multiplying T by dS and P by dV.

(1.23)

dF
v _ e dT
dU «—< dG
ds dP
dH

FIGURE 1.9. Graphical representation of Gibbs equations

The bond graph model with the causalities is shown on figure 1.10, where
the multiports C are between two appropriate sources. They are pressure
and entropy on thermal side and pressure and volume flow on the hydraulic
side. The state variables are indicated by the causalities acting on the C-
element.

Oneshouldnote thatinthepresence of several chemical species, we have
to add further pairs of efforts and flows, namely ;1 (chemical potential) and



26 1. Introduction to Thermodynamic Systems Modelling

I Se
S

P C T P T
St ey <—sf St f— i '
V N 20N

P T p C T
Se < 7 =:H < {Sf Se \_|G IVS—Se
S 14

FIGURE 1.10. Multiport C between appropriate sources for the Gibbs equation.

7 (molar flow). So we obtain for the Gibbs equation of m chemical species
in derivative form:

dU(8,V) =TdS — PdV + Y _ ji;dn; (1.24)

i=1

In general, pressure depends principally on volume, but also on what
happens on the thermal side: entropy constant or temperature constant
or any intermediary case. Similarly, temperature depends principally on
entropy but also whether we have constant volume or constant pressure.

In analogy to equation 1.13, we can now obtain the other reciprocities of
Maxwell by a deriving twice respectively the expression U, H, F, and G :

oP(S,V) _ 9T(S,V) 8T(P,S) _ AV(P,S)
_9S(\T) _ _9P(V.T) _os(pm) ovpr) (12D

All these differential relations of a body are called the reciprocities of
Maxwell and represent the relations between the derivatives of the differ-
ent variables of a body. Further relations between the chemical potential
can be derived similarly from equation 1.24. The equation 1.24 really rep-
resents a body or system of variable mass. Here especially the case with
constant temperature and pressure is important. These sources can absorb
and produce thermal or mechanical energy, as may be required by the con-
stitutive equations of the multiport C. We have then for the variation free
enthalpy:

dG = Zuidm (1.26)

i=1
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which is valid if temperature and pressure are constant.
In thermodynamics, the variable amounts of matter ny,ns....n,, are called
the phase of a chemical system (Fig. 1.11).

FIGURE 1.11. Chemical System as multiport C

These phases appear like a multiport C, depending on pressure and tem-
perature and also on the matter variables. If they change, we have a system
of variable composition

1.5.2  Calculation of Specific Heat

e Case of a real Gas

As said before, the temperature depends both on entropy and on volume.
We calculate here these dependencies of entropy and on temperature when
volume or pressure is kept constant. A calculation schema, really the block
diagram and the corresponding bond graph with the appropriate causalities
are shown on figure 1.12.

dT o V(P.T)|
4 ar 1
v(P,T) + . »

T
oP (ZH < lCl\
dpP +é a5( )_f s
B(T.V) Ly (b)
—> | YT
(a)

FIGURE 1.12. Calculation of entropy as function of temperature. a. Block dia-
gram, b. Bond graph as multiport

The gains of the blocks are the derivative of volumes and entropy by T
and V. Therefore for a constant volume we have simply:
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_38(T,V)
dS = == ==dT (1.27)

since under constant volume V, the expression 9%7‘;—‘/1 1S zero.
The relation 1.27 is connected to the expression of thermal capacity and
constant volume:

dU =TdS = C,dT (1.28)
thus, we obtain
_ »08(T,V)
Co=T—5r—
and
C,
dS = — .
S T dT (1.29)

Let us note that the thermal capacities C, is connected to the specific
heat by the relation: C, = c,m.

If on the hand, we keep the pressure constant, we must take the vertical
branch of fig. 1.12 into account, we obtain:

_9S(T,U) . OV(P,T)8S(T,V)
=~ Tt %7 v

This expression can be easily deducted from the relations 1.12, 1.25 and
1.28. It expresses that at constant pressure there is an expansion of volume
in function of the temperature, a phenomena, which is present especially
in an ideal gas.

Further, the entropy can be transformed by the third reciprocity of
Maxwell and we obtain if dP = 0:

ds dT (1.30)

5= S@V) . OV(PT)OP(T,V)

or or or

As said, in formula 1.31 there is an additional term to determine the
variation of entropy in function of the temperature at constant pressure.
This term is the product of variation of volume at constant pressure and
of the pressure at constant volume.

Letrusrintroducesspecifiesheatspermunit mass at constant volume c,and
¢p as expressed by the equation:

T (1.31)
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__Tos(Tv)
" m  oT

(1.32)
. _Tos(TP)
P m a7

These relations are directly a consequence of the equation of Carnot

10Q(T,V)
m  OT

_ 10Q(T,P)
v = m 0T

Cy =
(1.33)
Combining equation 1.31 and 1.32 we obtain

o o 4 TOV(T,P)OP(V.T)
P T T T

(1.34)

e Case of an ideal Gas

We have seen that specific heats are different in general for all bodies as
long as they have volume expansion. Let us take now the case of an ideal
gas, where this effect is especially strong. Here the state equation can be
written in two forms:

RT
(1.35)
RT
PV, T)=m—
V1) =m=
Using the relation 1.31 we obtain
R?T
Cp = Cy + ’mW (136)

Replacing PV by the state equation (PV = mRT) one obtains one
important relation for ideal gases between both specific heats

cp=cy+R (1.37)

There are many relations between the derivatives of a multiport C, which
i The ones here given here are the most
the specific heats is often needed.
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1.6 Friction with Entropy Generation

1.6.1 Introduction

Here we shall study the influence of friction in thermal processes. By friction
we designate not only the mechanical friction, but also the electrical friction
in electric resistance. We have also thermal friction, introduced by the
phenomena of heat conduction; it will be analysed in the case of electric
heating of a building. We discuss finally the influence of thermal friction
on a multiport between two sources.

1.6.2  Types of Friction
We distinguish four types of friction:

1. mechanical friction, including hydraulic and electric friction,
2. conduction of heat with appreciable temperature difference,
3. mixture of different gases,

4, and friction in chemical reactions.

The points 3 and 4 will be treated in chapter 3 and we concentrate
here only on the mechanical friction and conduction of heat. The essen-
tial properties of the conduction process are the conservation of power in
the irreversibility of the phenomena. Thermal power can be generated but
not destroyed. Figure 1.13 shows the different friction. First there is sim-
ple electric resistance which generates thermal power equal to the electric
power according to the equation 1.38.

E=ui=TS=Q (1.38)

In the hydraulic resistor, we have similarly

E=PV=T§=Q (1.39)

The figure 1.13c¢ represents the mechanical friction by revolving shaft
with a disc brake. The heat power appears here on this disc and the brake
pads, from where it is very difficult to evacuate in practice.

In bond graphs the symbol R means any kind of resistance. In order
to include thermal effects, we add to this one the symbol S for a source
of heat: each RS element is in the same time a source of entropy and of
heatw Thesertworquantitiesrarerconnected by the equation of Carnot (1.3).
In this way one arrives at an element RS which is power conserving and



1. Introduction to Thermodynamic Systems Modelling 31

i :
u -y ﬂ = £
—
a) ﬂ—mm
(b) (c)

u . /4§ P 1
RS o RS =
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(d)

FIGURE 1.13. Different types of the friction. a. Electric, b. Hydraulic, ¢. Me-
chanical, d. Bond graph model of the friction.

irreversible (see Fig.1.13d). The symbol RS is standardized in the practice
of bond graphs that why we accept it here. In principle we need two separate
elements, using as example RSM E for mechanical and RSTFE for thermal
friction studied in section 1.6.3. Some programs of simulation require this
difference.

We can also represent the mechanical friction as a sequence of two phases,
a friction with high temperature and negligible entropy followed by the ther-
mal friction, which lowers the temperature and generates entropy [ Thoma,
1971).

1.6.8 Thermal Friction

We have defined the thermal friction as the heat conduction at high tem-
perature. As example let us examine the finite conductivity between two
pieces as represented on figure 1.14. If we take 7} and T the two tempera-
tures of the extremities, the thermal flow is transferred from 77 and 75 by
equation:

Q1= Q2 =Ko(Ti—Th)=@Q
5-9, -0 »
where 5"2 = %Sl
Therthermalypowernisrconservedpand an increase of the flow of entropy
is Sy > Sl, since T3 > T5. Hence the thermal energy goes always from the
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high to the low temperature and the thermal power goes backwards.

Conduction of heat can be represented by a true bond graph (Fig.1.14b)
and by a pseudo Bond graph (Fig. 1.14c). In true bond graphs there is the
difference Ty — T which is multiplied by which is dissipated in the element
RS.

sf |

C.C1 RLIFC C:Cz R:REX
‘[ T T Tex
sf | — 0 {1 - 0 _2%11|__—7$e
QT Ql (C) QZ Qex

FIGURE 1.14. Thermal friction. a. Schema of thermal conduction, b. True Bond
graph, c. Pseudo Bond graph

This is the conservation of power; it generates new entropy, which is
injected to the lower temperature by the parallel junction as:

8,Ty = (1 — T2)S: (1.41)

In a pseudo Bond graph (Fig. 1.14c) the thermal flow Q is conserved and
we have a simple constitutive equation:

Q= = (Th — T7) (1.42)
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In the building industries, the equation 1.42 is expressed as follows:

Q=UA(T) - Ty) (1.43)

Where A is the area of the wall. The value of U is in practice of the
order of 20 W/(K.m?) for an well-insulated wall. Let us note, also that
this reticulation is valid for both senses of temperature drop because in the
formula 1.42 the flow becomes correctly negative. If there is the possibility
of T1 < Ty, the element SWIT described in section 1.6.5 will be be added.

In other words, the friction power is always thermal and comes from the
multiport RS and is injected at the bond or side with lower temperature. In
mechanical and electrical friction, on the other hand, the thermal power or
dissipation remains separate in the thermal domain. With thermal friction,
the thermal power or dissipation is mixed with the entering thermal power.

Let us suppose that one is interested also by thermal losses because of im-
perfect insulation. Considering the temperature exterior as an effort source,
the stored thermal energy, image of temperatures 77 and T3 are directly
deduced from the bond graph according the imposed integral causalities as
follows:

T = Cil/(QT-Qz)dt
%2/(@2—QEX> dt

In both equations QEx is the thermal flow dissipated towards the exte-
rior. It is calculated by constitutive algebraic equation of R element:

Il

Ty

1

Qex = Rex (To — Tex)

QT is the thermal flow delivered by the source of flow Sy, C; and C; are
respectively the thermal capacities of the rooms including their walls. The
simulation schema of similar processes will be treated in detail in chapter

4.

1.6.4 Bond Graph Model of a Building

As example of a simulation from the technology we examine one room
heated electrically, where the heat escapes by all the walls (Fig.1.15a).

The thermal capacity of the walls must be considered and accumulate
heatuFigureilnlSbshowsithercorresponding pseudo bond graph. The electric
heat becomes a simple flow source, which conserves the power:
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C:Cl R:RC C:Cz R:REX
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Q Q[ Q2 Qex

(b)

FIGURE 1.15. Heating with conduction. a. schematic, b. pseudo bond graph
model

Q=ui (1.44)

The model is a sequence of elements R for heat conduction and of con-
densers C for thermal capacity. The external environment at constant tem-
perature Tgx becomes also an effort source. Let us note that the value of
the elements depends on the reticulation, thus on the number of elements.
If Ciot and Ry, are respectively the total resistance and the total capacity
of the walls, the equation for the element number i is given by:

Ci — Ctot
&zé; (1.45)
n

where n is the number of elements.

1.6.5 Thermal Conduction in True Bond Graphs

The modelling by pseudo bond graphs for the conduction allows showing
both directions of heat flow. On the other hand, the use of a true bond graph
for the same phenomena needs the precautions if the sense of the temper-
ature difference can change. The dissipated power is always the product of
entropy,and,a.temperature drop.,This new entropy is injected on the side
of low temperature as represented by the junction SWIT on figure 1.16.
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T
Se I 0
—1

FIGURE 1.16. Generation of entropy by an RS element

This is placed behind the element RS and has the purpose to direct the
new entropy to the right or to the left according to the sense of the entropy
flow.

The element SWIT derives from simple switch. It is described by the
following equations:

5:'3=5:'4, »5:'5=0 if Ti>Ts
55=S4, 5'3:0 if Ty < Ty

It expresses that the new entropy is always injected in the part of lower
temperature. Such a junction can be omitted when the direction of the flow
does not change as for example on figurel.14 c.

The junction SWIT can be built as an instruction of the type IFon a
computer. Let us note that in other manuals one uses instead of the switch
a multiport R modulated by a Boolean variable, that which can take the
values 0 and 1.

1.6.6 The Body as Multiport C between two Sources

We discuss here a case similar to heating by conduction, but with ther-
mal friction placed between the body, a multiport C, and the temperature
source. We use a true bond graph with temperature and entropy flow. The
figure 1.17 represente this multiport C' between two sources of effort, which
apply pressure and temperature. The sources can be realized by the piston
3 and a temperature source 2. The thermal resistance 1 conserves power
and increase entropy. It is shown on fig.1.17b by the bond graph symbol
RS.

The thermal resistor injects new entropy at the side of low temperature.
We can also say that the injection takes place on the side of the multiport
C if one increases temperature and on the side of the source if one decreases
the temperature; this is done by controlling the temperature source. So the
entropy flow depends on the measuring point: before or after the resistance.

On the other hand (see paragraph 1.3.3), heat flow is conserved and does
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FIGURE 1.17. Body as multiport C between two sources, mechanical and ther-
mal. a. Schema, b. bond graph model

not depend on the measuring point. Therefore a formulation with heat flow,
that is a pseudo bond graph is sometimes preferable.

Figure 1.18 is similar but with two thermal friction elements; on top
a schema and below a bond graph. Here we have a second resistance in
parallel which conducts to another temperature source. This source can
be colder and represent the environment; the resistance comes from an
imperfect thermal insulation. In that case there is not much change but
only the final temperature of the multiport C is calculated by analogy to
the Kirchoff law from the values of the resistance. On calls this a resistance
in parallel because it makes a parallel path for entropy.

Let us also note, that a change of the hydraulic source, for instance a
diminution of the volume provokes an augmentation of the temperature.
One says that entropy is pressed out and this proceeding is called entropy
squeezing. The entropy must go through the thermal friction RS and gen-
erates new entropy in function of the speed of the processes. This law of
entropy squeezing is valid for ideal gases, but not universal. Sometimes,
pressure increase provokes a decrease of entropy and temperature: the ma-
terial rubber is a famous example.

Finally, also in the domain of hydraulics, there can be a friction, as
the friction of the piston in the cylinder. This friction generates then new
entropyywhichrcannbeydependingionithe arrangement, injected in the mul-
tiport C.
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PV

||

(a)

FIGURE 1.18. Body as multiport C between two sources and a parallel resistor.
a. schema, b. Bond graph

1.7 Static Processes and Carnot Cycle

We discuss here a small modification of figure 1.18, where we have added
a switch with three positions with the hot source 77, a cold source Ty and
one position without any connection (see Fig. 1.19).

On this figure one introduces in the center a gas and increases the tem-
perature by using the hot source such that its volume increases. In this way
the gas delivers its hydraulic or mechanic power by using the piston. At the
end of the expansion one can connect to the cold source which results in
a reduction on volume. One obtains this way a machine that can produce
this cycle several times and furnish a continuous mechanical power. This
power is equal to the power supplied at the expansion power minus the
power necessary at compression. Compared to figure 1.18a the switch of
the figure 1.19 has a third position, which is empty and connected to the
air. On the bond graph model this is represented by a flow source as Sf.

Sadi Carnot [Carnot, 1824] has studied this process and saw already
a long time ago that the change between the two sources produces losses
and generation of entropy in the series resistance. In effect at the end of
the expansion the gas is still at the temperature 77y and connected the
source with temperature T5. So we have a thermal short circuit with pro-
duction of entropy, until the gas has temperature 75. In order to avoid this
phenomenon, the connection is kept in air and continued to increase the
volume, which allows further decrease of the temperature of the gas. In
the moment the gas temperature reaches 75 , the connection with the cold
source is established: The temperatures being equal now there is no short
circuit with strong entropy flow and therefore no generation of entropy.
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FIGURE 1.19. True bond graph model of thermal conduction at appreciable
temperature diference. a. Schema, b. bond graph model.

Naturally the expansion must be sufficiently slow in order to avoid gen-
eration of entropy during the connection with the two sources. Today one
calls the periods of connection to the thermal sources isothermally, because
they run at constant temperatures and the periods without connection the
adiabatic (at constant entropy). The process of Carnot is characterized by
two isotherms and two adiabatics and avoids, as we have said, generation
of entropy in the series resistance.

Nothing is mentioned about parallel resistance (insufficient insulation of
the cylinder or multiport C) or is supposed negligible. So the schema of
the figure 1.19a does produce entropy as translated by the equation:

Q1 =TS

: : 1.46
Q2=TS2 (1.46)

The mechanical power is by a power balance
E=Q1~ Q2= Ti$1 ~ TxS (1.47)

cy of Carnot is given by his famous

oLl Zyl_i.lbl
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_E TS-TS Ti-T
! Q1 T8 T
As said, the conduction of the cylinder towards the environment is ig-
nored: The value of that resistance is considered infinite. We have also to
underline that during expansion hydraulic energy is produced but during
compression a good part of it is used for compressing the gas. The ratio
of the net mechanical energy recovered divided by the energy of the heat
source is called the work ratio. In the Carnot cycle this ratio is very bad,
that is small, and that is why one uses other cycles in the practice. Interest-
ing is also the realization of a Carnot cycle in the so called Stirling engine
with intermediate storage of entropy; [see Falk, 1976, page 229]. This in-
termediate storage is also the reason, why such an engine is economical in
theory, but voracious in practice.

(1.48)

1.8 Process with Moving Matter

1.8.1 Matter in Movement

Until now we have treated matter at rest, taking Lagrangian viewpoint.
Here we take now the Eulerian viewpoint with matter in movement. Let us
for this examine the dynamics of a mass flowing in a conduit according to
the schema on figure 1.20.

H, 1

P

HI ‘ bt ol
T

FIGURE 1.20. Moving matter in a insulated conduit

The mass or matter it self, mostly a gas, has two degrees of freedom.
Therefore, as we have said, two variables, the pressure and the temperature
can be imposed from the exterior and the gas assumes then the volume and
the entropy. The mass of the gas remains constant. In principle, we could
also fix the other variables like volume and entropy and the gas determines
the pressure and the temperature.

In the Eulerian viewpoint appears a new DOF, the mass flow through
the conduit. We have therefore thee DOF in total for the movement of the
fluidvinvtherconduitsyWercalculatesthe power driven through the conduit,
which is equal to the flow of internal energy plus the hydrostatic power:
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U+ PV =rm(u+ Pv) =mh=H (1.49)

with U the flow of internal energy, P the pressure, V the volume flow, m
the mass flow and H the enthalpy flow. We have also the specific quantities,
u the internal energy by mass and h the specific enthalpy per mass, both
with dimension (J/kg) and finally v the volume unit per mass (m?/kg).

Globally, there is conservation of the mass flow enthalpy flow, which can
be translated as:

my = ma

In the equation (1.50) we have supposed that the conduit is thermally
insulated but the fluid may be compressible or incompressible. The first
hypothesis is expressed by equality of the enthalpy flow at the entrance
and at the output and the second by the equality of the mass flow. If the
fluid is compressible, the mass flow is always conserved but not the volume
flow. About the entropy flow we cannot say much, only that it can merely
increase, because there may be frictions in the conduit.

Let us suppose now, that the insulation of the conduit is not perfect,
that there are thermal losses towards the exterior. This is shown on figure
1.21a.

T
my 1 1, - 8 0O ’
Pi P2 —Pfégmrm ;2_;;
H, H, n'f,.Hf (b) iy H,
T, T,

(a)

FIGURE 1.21. Matter in movement in a non insulated conduit a) schematic, b)
Bond graph model with the word HEXA

The conduit acts like a heat exchanger and is surrounded by a mantle of
high thermal conductivity. The heat exchanger is modelled by the element
HEX A further studied in section 2.2.1. The direction of the half arrow
indicates the sense of the thermal losses.

We have conservation of the mass flow, but flow of enthalpy changes:

iy =
Hi#Hy
Hy = Hy — Qs.
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Consequently, temperature and entropy become lower. The volume flow
becomes also less if there is thermal contraction. Therefore it is necessary to
distinguish clearly between the mass flow 1 (kg/s), which remains constant
and the volume flow (m3/s) which varies in function of the density of the
gas, therefore with the temperature.

We have on figure 1.21 one DOF more, the heat flow. One can for instance
write:

Qs = K¢ (Ty — Ts) (1.51)

where K is the coefficient of heat exchange. This function is in the
general case not linear and can depend also on other variables for instance
the mass flow or the velocity of the fluid.

It is also just to note that we use here the pseudo bond graph and in
consequence the temperature Tj can be easily determined from the mass
flow and the enthalpy flow with the specific heat c;,.

H
Ty = — (1.52)
micp

The two further flows, namely volume and entropy flows at the extremity
of the conduit associated are determined as follows:

V = rw
. 1.

S =rms (1.53)

where v and s are respectively the volume and the specific entropy per

mass. The relation 1.53 is valid for compressible and for incompressible

fluids.

1.8.2 Ratio between Conduction and Convection

It is important to distinguish the phenomena of conduction and of con-
vection. In conduction the entropy flow S and heat flow Q are connected
by the equation of Carnot, which is pushed by the temperature difference.
This is shown by a resistance, which dissipates energy and the generated
entropy is added to the outgoing entropy flow as we have seen in paragraph
1.6.

In the phenomena of convection, the entropy flow and enthalpy flow are
carried by a mass flow which is pushed by the pressure difference. So the
convection is reversible and entropy conserving, unless there are resistances.

An interesting property is that a ratio of enthalpy to entropy is approx-
imatelyrequalitorthertemperaturerofithe flow. We choose a reference and
measure the variation of enthalpy and entropy by the expressions:
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H — Hyop = ey (T — Trey) (1.54)

and

T
T
dr = 1hcpln —— (1.55)

S'~Sref=mc,,/ T
ref

Trey T

The ratio between variation of enthalpy and the entropy compared to a
reference value is best expressed by a quantity Tyg with the dimension of
a temperature:

Ty = o——tel = 1.56
TS Sy e (1.56)

In (1.56), the quantity T'/T;.s is the temperature expressed in multi-
ple of the temperature of reference. Introducing § = (T — Tref)/Tref,
(the difference of temperature as multiple of temperature of reference), one
obtains:

T6

THs = T8 59)

(1.57)

The figure 1.22 shows the comportment of the function Tgyg(6). It is
equal to 1 with small value of § and has a value of 0,721 for § = 1.

1

5
Tus ()= (1+8)In(1+5) 09 [\
N\
0.8 N
N\
07 0,
T~
0 0.5 15 g

FIGURE 1.22. Behavior of the function 6.

For a value of § = 1 we have the following equation:

H— Hyep =0,721 (S—S',ef) (1.58)
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It means that the enthalpy carried by the fluid corresponding only to
72 % of the product temperature by entropy flow, while it is equal to a
100% in the case of conduction. Let us remind that 6 = 1 corresponds to a
temperature Tres = 596K with a reference of 298K. This is already a hot
gas and if the temperatures are lower, the difference between convection
and conduction becomes less.

So we can conclude that the equation of Carnot is approximately valid
also for convection, if one refers entropy and enthalpy to the same temper-
ature.
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2
Modelling of Thermofluids

2.1 Conservation of Power in Multiports

2.1.1 Multiport R:Reco

Figure.2.1 represents the flow of a compressible liguid through a resistance.
Since it is compressible, the volume flow and entropy flow change in the
passage of the resistance which we have represented by the word bond
graph ( Fig. 2.1b) RECO or REsistance of COnvection. We have shown
this multiport by the symbol RECO instead of the usual R for resistance
in the other manuals. We use here a pseudo bond graph with multibonds
to model the coupling of thermal and hydraulic energy. Further, the bonds
carry a ring around in order to indicate that it is a multibond. Until now,
the bond graphers [Karnopp, 1979] used another symbolism, to distinguish
bonds, a hydraulic in full line and a thermal bond in dotted lines. This
representation is not practical for the modelling of complex systems.

1 2
P P
m a3 m Py, T, ; P,.T;
P > 5 —o6—{ Reco -o—
5 - H my, H, 3513.1‘.[3
(a) (b)

FIGURE 2.1. Transport of internal and hydrostatic energy in a compressible flow.
a. Schema, b. bond graph.

The hydraulic resistance is also called restrictor and is a multiport since
the laws in action are not a scalar but matrix form (see appendix A).

The multiport Reco is thus a multivariable system; called “MIMO*“ which
means Multiple Input Multiple Output. In our case, the choice for entries
and outputs is seen from of the causalities affected to this element. If one
imposes for instance the effort, one obtains a bond graph model and a block
diagram as shown in figure 2.2.

The volume flows and the entropy flows are not conserved. Therefore, in
compressible fluids systems, like industrial pneumatics, these flows can not
be used as variables. However, mass flow and the enthalpy are conserved
and serve often as bond graph variables:
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P, T, (ouh) P,,T,(ouhy)
——o——| RiReco | o
. l ~ /
my H iy, H
1 1 (a) 2 2
T, (ou hy) i,
Tifouh) | Reco | » 1,
P, D i
P, —_— —— H,
(b)

FIGURE 2.2. Simulation of the multiport Reco. a: bond graph model, b: Block
diagram model for simulation

H = Hy=H (2.1)

My = g =1h

For causalities, the efforts upstream and downstream that are pressure
and temperatures are imposed and we determine in the Reco the mass flow
and enthalpy flow. This is more natural causality than some others often
used for simulation. We need some capacitors, called coupling capacitors
between the elements Reco, to produce our causalities, as we shall see in
section 2.1.2. This is also true for the more complex elements we introduce
in section 2.3.

Pressures and temperatures at the both ends Reco are designated re-
spectively by the point P, P, T7 and T. Hence we have matrix relation
as follows:

m - ¢R1(P17P2vT17T2
H Opo(P1, P, 11, T3

In chemical engineering, the relations are non-linear. The thermal flow
that is the transported enthalpy flow is given by two forms:

(2.2)

H=1m

H = 1he,Ty (23)

with P; the upstream pressure and 77 or hy; the temperature or the
specificenthalpyrupstreamnTherchoice between these efforts is discussed in
section 4.3. Also, ¢, is the specific heat at constant pressure.
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The downstream pressure influences also the flow, but not the down-
stream temperature. This is a general principle of physics: Downstream
temperature has no influence, downstream pressure has.

The constitutive equations depend on the details of Reco, and widely
used form is [Prandtl 1952], [Borel 1984]:

= KdA P1
2 VT P
= K4A\/(P, — P2)T2 if P,>05P
1

where K is the coefficient of hydraulic losses and A the area at the most
narrow point.

This equation is given by two formulae which connect at one point in the
middle. There, both formulae give the same result and even their derivatives
are the same. It follows from equation 2.4 that the flow becomes zero if both
pressures are equal (P; = P,). If the flow is reversed, we have (P; < B,) the
mass flow naturally reverses and can be calculated by the similar formulae:

if P, < 0.5P
(2.4)

= Bard B it P, <05P

2 VI »
m:KdlA\/(P2—P1)?g if P> 0.5P,
1

Here the hydraulic coefficient K4;can be different if the pipe is not sym-
metrical. Normally the flow reversal is not needed, because one has a defi-
nite flow direction. If reversal is needed, it can be implemented by a SWIT
element as discussed above.

According to these expressions, the mass flow depends on upstream and
downstream pressure but depends only on the upstream temperature. The
downstream temperature has no influence on the flow, as we have seen.

The reticulation given here is valid only if the fluid on the interfaces goes
relatively slowly. If the speed is high, there must be a term corresponding
to the kinetic energy of the fluid stream. Within the components, here
the restrictor, speed or velocity may become large. So we can calculate
restrictors and turbomachines, but the interaction of a jet with a turbine
wheel is excluded: It requires a special bond graph.

(2.4a)

2.1.2  Multiport C

As mentioned before, we need coupling capacitors between Reco elements
and others. They represent the conservation of energy in the conduits up-
streamrand-downstreams Theserenergies are represented by a multiport for
the compressible fluid, which always conserves energies. The equations for
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the coupling capacitor are different, whether we have incompressible fluid
(hydraulics) or compressible fluid (pneumatics).

As an example, let us take restrictor or nozzle with conserved mass flow
according figure 2.3.

“‘ : v
()
C
5
A 6 6a P St
Reco l—e— m
6b gy St

+ m,

m ———p iﬂ /——>P2
+ ino Equations

i N H, A » 1

H,

rh3
H, Reco [

(©)

FIGURE 2.3. Coupling of hydraulic and thermal energy in a jet. a. Schema, b.
Bond graph model, c. Structure of calculation or block diagram.

The volume flow will not be conserved, as said, because the volume of
the fluid increases with reduction of pressure. Concerning the entropy we
have no specific information except the fact that it can only increase. Since
we have a resistance, this increase will be substantial. The enthalpy which
represents the total energy will also be conserved.

The bond graph of the restrictor is represented on the figure 2.3b and a
block diagram for calculation on figure 2.3c. The bond graph can be shown
as coupledimultibondswithstherings(bond 1a and 1b) or be split up as two
single bonds (bond 6a and 6b). Here the restrictor is highly asymmetric,
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it is almost a jet and therefore the flow coefficients (equation 2.4) will be
very different.

If the causalities are integral, the coupling capacitors allow calculating
the efforts, pressure and temperature, which will be used by the element
Reco as inputs.

The mass and accumulated energy are calculated in the multiport C' by
the constitutive equations and the both junctions:

m:f(m1 —Thg)dt

H = [ (M - i) dt (2:5)
Similar equations allow to calculate mg and Hs:.
mg = [ (g — Thﬁ) dt
/ (2.6)

Hs= | (H4 —HG) dt

The effort (P and T') in the coupling capacitors are calculated from the
integral of the flows by relations which depend on the physics of the system,
whether it is incompressible or compressible. These equations correspond
to the element “Equations® in figure 2.3c.

For incompressible fluids or hydraulics we have:

T, = 2
maCy
(2.7)
H = pﬂv’l’nq

with 3 the compressibility modulus, has a dimension of pressure. The
value is of 1200M Pa for industrial hydraulic oil but depends on the inclu-
sion of air. Consequently it varies very much from 15000 Pa for oil without
air until 10M Pa for the blood in the arteries where this last value includes
the dilatation of the tube walls with pressure [Thoma, 1971].

V is the volume of the coupling capacity, a geometric quantity that is
known from the dimension of the tube or of the reservoir. This geomet-
ric variable does not depend on the fluid: gas fills completely the offered
volume.

For compressible fluids or pneumatics we take an ideal gas and the efforts
are:

7, = 222
mMacCy
(2.8)
Py = mRT _ RT U

Vv ¢, V
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The algorithms of the calculus equation (2.7) and (2.8) are designated by
the word “equations“ on the figure 2.3c. These equations give the pressure
and the temperature in function of the mass m and the accumulated energy
by the coupling capacitors C. In equations (2.5) and (2.6) the mass flow
and enthalpy flow in the bonds 1 and 6 is imposed by an external member,
while in the bonds 3 and 4 they are calculated from the constitutive equa-
tions of Reco according to the relations (2.3) and (2.4). The initialization
of the algorithms is of course given by the initial conditions mgyy and Hgp
of the integrators.

The constitutive equations of the element Cy are identical to the ones
given earlier.

2.1.8 Dissipation of Energy in a Resistance
Hydraulic Losses

Let us calculate now the hydraulic flow in the case where the fluid is almost
incompressible. We take as example the flow of oil of dynamic viscosity
between the walls of a piston and the cylinder. It is called the Poisseuille
equation. The figure 2.4 shows such a typical gap of a height of about
e = 10microns, and of a with [ and of a length L of some centimetres.

. L R
Pl 14 D> P2 ‘r
Tl Tz P] 111 PZ
U, — - S—- 1] Se v 1 v Se
Vl W\/M Vz )
(a)

FIGURE 2.4. Hydraulic resistance with the losses of an incompressible fluid. a.
Schematic of the losses of oil between the piston and cylinder, b. Bond graph
model.

Since the oil is incompressible one uses sometimes for the flow variable
the volume flow which is connected to the mass flow by the density p.

We suppose first that the thermal effects are negligible, and the bond
graph model is then shown by figure 2.4b. The volume flow is given by a
well=knownrformulanofthydrauliesppand the mass flow by multiplying with

p.
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V___}_(PI_P2)63_l_
12 I L (2.9)
msz

Dissipation of thermal energy in the resistance

Let us examine the flow in a conduit through the same hydraulic resistance
which dissipates its energy by heating as shown on figure 2.5.

Se P, 111 P Se
. P | i l
14 J_s vV
Edix Tdi.\'
TZ
Sf| — - —{Sf
UI UZ
C:C;

FIGURE 2.5. Bond graph of energy dissipation in a resistance

The dissipated power PV gives a heating of the fluid of density p. On the
bond graph the element R becomes then a multiport RS and the dissipated
energy Eqiswill directly be added to the internal energy of the fluid U;.
The average temperature T» is calculated by C element of global thermal
capacity C. The constitutive equations are as follows:

Eais=(PL = P)V

B S (2.10)
TQ—‘Cf (Edzs +U; U2) dt

with Us the output internal energy flow.

If one neglects the thermal part, the multiport RS becomes a simple ele-
ment R and we are returning to the classic hydraulic system. Nevertheless
the thermal bond exists and can often not be neglected, because of the
increase of temperature is often very important. In hydraulics, the heating
ofoilvisrforrinstanceraboutyb:54 wfor 10M Pa (100bar) and of 16.5K for
30M Pa (300 bar).
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Other Thermal Effects

Naturally with the heating of the oil, the viscosity becomes less along the
gap. We obtain a hydraulic film, normally called adiabatic hydraulic film,
which can be calculated analytically [Thoma, 1975]. With constant vis-
cosity, according to formulae (2.9), we have an isothermal oil film. A first
approximation to adiabatic oil films is to take the isothermal oil film, but
with the viscosity at the mean temperature before and after the gap; this
viscosity is given by a curve or table from the oil manufacturer. In the prac-
tice, author measures both temperatures and calculates the mean viscosity
and estimates the gap height, that is the half play between the piston and
the cylinder. In a hydraulic pump, this variable can not be directly mea-
sured. This estimation is therefore useful in spite of the many perturbations
that can come.

2.1.4 Combined Hydraulic Resistance

In the preceding paragraph we have neglected the inertia force, which is
normally justified for a narrow gap. However these forces exist and can
become important when the height and the length of the gap are of the
same order. Also it is important if the gap is round which is normally
called an orifice. So, if we have a pressure drop due to the inertia, the flow
is calculated by the equation:

m = Ap\/ IPI — Pglsign (P1 — P2) (211)

The flow coefficient K is about 0.71 and depends very much on rounding
of the entry of the orifice. A is the area and p the density of fluid. The
expression sign signifies the sign of (P; — P»). This last one is very often
suppressed if the difference of pressure can not become negative.

In practice it is relatively simple to chose which of the formula, (2.9) or
(2.11) to take. Nevertheless, there are certain cases where both pressure
drops are appreciable. A hydraulic servovalve according to figure 2.6 is
a typical example. Here the flow of the fluid is regulated by the passage
section which is variable in function of the position = of the valve stem,
and the other variables.

So the flow passage or the position z of the valve steam is normally taken
as information bond, which means that the forces on the valve stem are
negligible.

Let us suppose now, that we have two hydraulic restrictors, one due to
viscosity and the other due to inertia, which are appreciable. Both these
restrictors are in series, coupled by a series junction (1-junction). Therefore
one is in resistance causality and the other in conductance causality as
shown by the figure 2: 70 Thisintroduces an algebraic loop; in other words,
for Rvisco the cause is the effort and the effect is the flow and for R;nertia
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FIGURE 2.6. Schematic of a hydraulic servovalve

the cause is the flow and the effect is the effort. We have therefore during
the simulation algorithmic problems, because tie loop conducts to implicit
equations.

Rvisco
N\
P
Se - —{ 1} — Se
v —_—
\
R

inertia

FIGURE 2.7. Introduction of an algebraic loop by the series circuit of two resis-
tances, one in a resistance causality and the other in conductance

In order to avoid the algebraic loop, an I-element (inertia) is added on
the 1-junction, as shown on the figure 2.8. This brings both R-elements
to resistance causality as indicated by the bond graph. The element [ is
introduced mainly for avoiding the algebraic loop, but one can give it a
physical sense: it is the inertia due to the kinetic energy of the flow.

The corresponding bond graph for servovalve is given on figure 2.9.

The speed of the valve stem is 1ntegrated to give the position, which then
1 before, the force on the valve stem

C Y Slgnal bOIldS.
J
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I : inertia of the fluid

Se —| 1 | — Se

FIGURE 2.8. Two hydraulic resistances: one viscous, the other due to inertia.
To avoid the algebraic loop, we have added an I-element, which represents the
kinetic energy of the jet. It forces both restrictors in resistance causality

p

P £V Va4 ;
I IP:I_ 4——4—
/ MRinerﬁe

Se 14

Rvisco

FIGURE 2.9. Bond graph model of the servovalve with two resistances in serial
connection

2.1.5 Patching Formulae in Restrictors

A resistor, restrictor or gap, both compressible and incompressible, intro-
duces a very important concept in simulation technique. As a physical de-
vice, the restrictor has an absolutely continuous characteristic, from high
forward pressure over zero the high reverse pressure. For incompressible
fluid and a thin gap, this is given by formula (2.9). If one is sure that the
pressure difference never becomes negative in a given simulation, the sign
function can be left out for simplification.

With compressible flow, we have equation (2.4) and (2.4a). Here we have
both for forward and reverse flow two formulae, which are patched, up the
middle. So we have in total four formulae to describe a completely smooth
characteristic. Again, if some part of the characteristic is not needed, the
corresponding formula can be omitted for brevity. The general principle of
patching different formulae forra given characteristic, and the omission if
not needed, is also used elsewhere in simulation technique.
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2.2 Heat Exchanger

2.2.1 The Element Hexa

For a fluid going through a resistance we have conservation of the enthalpy
flow. In a heat exchanger, enthalpy is not conserved but increased by the
flow of conduction . We propose to model the exchange of heat by an
element which we call HEXA (heat exchanger) instead of doing it by
resistive elements for the reason we show below [Ould Boumanma, 1997].
The heat exchange between two fluids as shown by the figure 2.10a is
modelled by the elements R (Fig. 2.10b) or by the heat exchanger HEXA
(Fig. 2.10c).

warm
fluid

wall

cooling
fluid

FIGURE 2.10. Bond graph of a heat exchanger. a. Schema, b. Modelling by
elements R, c. Modelling by an element HEXA.

In the heat exchanger according to figure 2.10 there is the same mass
flow (1 = mha), but a variation of temperature and of thermal enthalpy
(Ty # Th, H, #* Hl) So, on the bond graph of figure 2.10b, 77 would be
equal to T, which is contrary to physical reality. Hence, displaying this
process by a parallel junction (or 0 junction) alone is not adequate because
of the temperature increase.

To avoid this, we replace the parallel junction by a HE X A bloc as shown
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on figure 2.10c. This bloc has the following constitutive equations:

iy =1y, Ho=Hi—Qs, Th=—#T)
;’;2% (2.12)
the = mq, H7=Hg+Qs, Ty=—
mz

¢p is the specific heat determined from the properties of the fluid.
In order to avoid the inconvenience with the parallel junction, some bond
graphers [Paul Ove et al., 1995] insert an R-element to impose the relation

2.12.
The temperature stored by the wall of the heat exchanger, is calculated

by the C-element Cy :

Ty = —Clz/ (Qs - Qs) dt (2.13)

where the heat flow transferred by conduction are calculated by consti-
tutive equations of R elements:

Qs = Rig (Ty — Ty)
Qs = (Ty — T7)

1 1
Where — = Kg and — = Kj are the thermal conductances and Cj

8 5
the global thermal capacity of the wall.

2.2.2 An Element Heza between two Multiports C

The bond graph of a heat exchanger with the symbol HEX A is placed
between two coupling capacitors as shown on figure 2.11. It exchanges heat
through the wall. According to the indicated causalities, it receives the
effort variables, pressure and temperature by the bonds 2 and 4 calculates
the mass flow and enthalpy flows according equation 2.12.

Therprincipaliconstitutiverequations are seen on the bond graph (Fig.
210c) and are:
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6
€xa |__e_7 _e7| Sf

FIGURE 2.11. Bond graph of a heat exchanger placed between a fluid and a wall

Ty = — f(Hl—Hg)dt

macCp

ms = f(ml —1hy) dt

Ts = L f(Hz—Qsl—Hﬁ)dt

msCp

ms = f(m4 - ’fhe)dt

I = —C— (QSI Q82> dt (2.14)

Qs1 = 18 (T3 - T7)

Qsz— Fon (T7—Ts)
Ty = Mo

H2 == mlcpTg

Ty is the effort source which represents the temperature of the environ-
for the global heat exchange and are
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2.3 Turbomachines

2.8.1 Introduction

We call a turbomachines any machine for compressible gas. The steam
turbines do not belong to this category because the working fluid is a
mixture of gases, that is the vapour and water. On the other hand the
positive displacement machines or machines with cylinders are considered
turbomachines. On figure 2.12 are shown a turbine and a piston machine.
The turbine is characterized by a working fluid with input enthalpy flow
H, and output enthalpy flow H, , a mechanical shaft and possibly heat
conduction Qg. In the cylinders the working fluid is enclosed during the

/o
2)

I
A

[
==
=]

(a)

(b)

FIGURE 2.12. Representation of turbomachines. a. Turbine, b. Piston machine.

There are two ways of seeing the working of a turbomachines, first as
simple turbomachines analogue to the one shown in section 1.2 or on the
figure 2.12a. It can also be considered as a piston machine (Fig. 2.12b)
having a Carnot cycle or other. In this last case the fluid must return to its
initial state which is in practice done by an exchange of the fluid through
valves: The used fluid is driven out and new fluid is entering through the
valves from the exterior. Therefore the fluid is without movement during
the closure of the valves.

Nevertheless, for the analysis one uses the Eulerian viewpoint (see section
1.2) and assimilates a piston machine to a turbomachines.

To the power balance, which comprises already thermal and hydraulic
power, comes a third member, the mechanical power of the shaft. Therefore
one must know the torque in function of the rotation frequency of the shaft.

M = M(w) (2.15)

The torque canrdependralsoromother measurable variables in the turbo-
machine (mass flow, temperature...):
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M = M(w,T,m) (2.16)

The power balance becomes then:
Hy=H, —Qs—f- Eog (2.17)

2.3.2 FElement TEFMA

The figure 2.13a shows the bond graph of a turbomachine. We remind that
the word TEFMA (Thermofluid) Machine, like HEX A is an arbitrary
designation. Technically it is a word-bond graph.

2.8.8 Simulation of the Dynamic of a Turbomachine

The figure 2.13b shows the block diagram of a simulation corresponding to
figure 2.13 with the same causalities. We have not shown the integration
of the elements C, which allows to calculate the efforts in bonds 1, 8 and 2
in function of the flow sources Sf and the I-element.

We use the same designations as the TUTSIM program. GAI for a
gain, FNC for any function of one variable and MU L a multiplication. It
follows from the causality on the bond graph that the efforts P;,77 and P,
are given for block FNC which calculates the mass flow (equal to mg). The
downstream temperature 75 has no effect on a turbine as we have already
underlined with the restrictor.

The enthalpy flow H; is calculated by the MU L block in function of the
specific heat at constant pressure, ¢, and the mass flow 7i1;:

H] = ThlcpT]

The block GAI shows the heat flow Qg in the casing of the turbine. This
last one can be taken as a function of the temperature difference (Tg — T}),
where Ty is calculated by the C-element. In the same way we have indicated
that the mass flow can be a function of the rotation frequency wg of a shaft
especially with compressors. In the lower part of the figure 2.13, the block
FNC gives the torque My in function of wg as given by the machine.
The product of these two quantities, realized by the MUL block, gives a
mechanical power Eg. The output enthalpy H, is determined according to
equation 2.16.

This block diagram is valid for all thermal turbomachines, let it be tur-
bine piston machine or compressor. Let us note, also that the flow velocities
onrthe frontiersrof thexmodelsy(bondgraph or block diagram) must be small
because the kinetic energy must be small compared to the static enthalpy.
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FIGURE 2.13. Simulation of turbomachine. a. bond graph model, b. TEFMA
element, c. bloc diagram of simulation.




2. Modelling of Thermofluids 61

Inside the turbomachine, or other components, on the other hand, the
speeds can be high as we have seen.

2.4 Hydropneumatic Accumulator

The hydraulic accumulator can be considered as an intermediary system
by its hydraulic and thermodynamic elements. It is a standard component
of oil hydraulics and has many applications such as the cylinders of turning
railway wagons and the hydropneumatic suspension of cars.

In this last case, the working fluid is a compressible stationary gas. Let
us examine such a system as represented on figure 2.14.

777

FIGURE 2.14. Hydropneumatic suspension

The vertical movement of the car in function of the road profile is trans-
mitted to a cylinder filled with oil. This oil goes through a resistance by
heating itself and produces thermal fluid Q, which is evacuated for a gas
accumulator, a nitrogen gas, which is compressible. There is a physical
separation between oil and nitrogen in the form of an elastic membrane.
Therefore the movement of the wheel is well damped by this nitrogen cush-
ion, which replaces the springs.

The bond graph model shows this multiple energy system on figure 2.15.

The mechanical part is represented by the flow source Sf12 that shows
the height variations of the road. The I-element showing the inertia is due
to the mass of the chassis and a gravity force modelled by Selb.

The transformationrof mechanicalrenergy of vertical movement into hy-
draulic energy by a piston is modelled by the element T'F'. The hydraulic
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FIGURE 2.15. Bond graph model of hydropneumatic Suspension

resistance represented by the element RS has the effect of a damper and
generates a heat flow Q221. The part of this thermal energies is accumu-
lated by the multiport-C. This elementis consist of a true bond graph at
the hydraulic side (P23, V23) and a pseudo bond graph at the thermal side
number 31 (T31,@31).

On the thermal side, we have R3o and then a partial storing in Csg
and partial dissipation to the environment by element Rg3s. The external
temperature is given by an effort source Se36.

2.4.1 Simulation of Hydropneumatic Suspension

The bond graph modelling with TUTSIM program is given in annex B.1.
The two ports C' in integral causality allows to calculate the pressure and
the temperature from the volume flow and the heat. The idea of the calculus
consists to calculate first the hydraulic energy (work) as product of the
pressure by variation of the cylinder volume (relation valid for perfect gas):

E= PyVo1 =Un (2.18)
The internal energy Uy is determined by simple integration of the al-

gebraic sum of U411, the heat flow Q221 coming from the resistance RSaz
and the heat flow absorbed by the wall Q33 :

Us1 = Ust + Qaa1 — Qa2 ) dt (2.19)
/( )

Thentemperaturerisndeterminedsfrom the thermal capacity at constant
volume and the mass of the gas:
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Ui

MCy

T5 = (2.20)
Contrary to the problems with mass flow, here the mass of nitrogen is
constant and it is a parameter. The pressure becomes then:

mRT3 _ RUsn

P23 = =
Vai2 ¢y Vo12

(2.21)

R is the constant of gas and V314 is the effective volume:

Vour = Vo — Vony

V211 shows the variation of the volume from the piston displacement and
is calculated by integration of the volume flow:

Vo1 = /det

_ Vo is the initial volume given by the geometric dimensions of the cylinder,
Vo1 is given by the transformer TF in function of the piston cross-section
and the vertical speed of the wheel & (m/s):

Var = Az (2.22)

The pressure Py is calculated from the volume flow according to the
expressions (2.7) or (2.8).

The differential equation for the dynamic of the thermal systems in the

accumulator and the mechanical movement of the wheel are easily deducted
from the bond graph of figure 2.15. It can have the following elegant form:

Cs3T33 + (Kas + Ka2) Tss = K393 + KasTse (2.23)

for the thermal phenomena, and

1
T19 = Flo — M / (AP21 + 5615) dt (224)

for the frame of the car.

ol LElUMN Zyl_i.lbl

ive velocity of the frame or body and
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Z19 = Twhell — :i;frame (225)

In these equations K32 and K35 represent the global coefficient of heat
exchange, or thermal resistance. Cs3 is the global thermal capacity of the
wall of the accumulator and I the inertia or mass of the frame of the car.

The thermal resistance is generally calculated by the following equation:

1 A V
=27 (2.26)

where A is the surface of the heat exchanger, A is the coefficient of thermal
conductivity and L the thickness of the wall.
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Modelling of Chemical Systems
and Phase Change

3.1 Potential or Chemical Tension

3.1.1 Introduction

We have considered until now the modelling of thermodynamic systems
with constant mass. In this chapter we shall develop the modelling of chem-
ical and thermodynamic systems by bond graph at variable mass. Let us
consider first the chemical system of just one species. The variables that
describe this phase are T, S, P, V, and n. Comparing to constant mass
of the first chapter we have in that case two supplementary variables: the
chemical tension and the number of moles n.

We call the chemical potential the chemical tension, following a propo-
sition of [Falk,1976] and [Job,1981]. It is almost like electrical tension,
although the physical meaning is quite different. For bond graphers, it is
simply an effort, and the complementary flow is the molar flow.

The internal energy accumulated by the system is described by the Gibbs
equation:

dU = TdS — PdV + pdn (3.1)

The relation 3.1 is represented on a bond graph by a multiport Cas
shown on figure 3.1. It has three ports : two ports associated with thermal
and hydraulic power and an additional bond of the chemical power.

#Iﬁ
P T
S— € =
Vv S

FIGURE 3.1. Bond graph model of chemical system with a variable mass

This power is the chemical tension p as effort and the molar flow n. The
product is a chemical power, hence here we have a true bond graph. The
molar flow is simply the normal mass flow divided by 2, the molecular mass
number.

In order to familiarize us let us say|that the chemical tension shows the
tendency of one chemical constituent to become larger or more important.
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As Job [1981] argues, chemical tension is not a complicated concept, derived
from the free enthalpy (see equation 3.5), but quite simple and defined by
equation (3.1) and (3.2). It increases with pressure and decreases with
temperature (equations 3.6) and always increases with concentration of a
chemical substance.

In order to distinguish the chemical tension from the pressure let us
examine the movement of a fictive piston, which presses on a chemical
substance in a cylinder (Fig 3.2). The pressure P will act on the piston and
tends to displace it entirely, whilst the chemical tension will penetrate the
fluid or the substance in the interstices (pores of the permeable piston).
This is to say in the space between the molecules. Nevertheless there is
a little layer on the surface, where the fluid adheres by surface tension.
In thermodynamics, the pressure has as prime consequence a variation of
volume and the temperature a variation of entropy. The chemical tension
is associated in chemistry to the transfer of matter. The electric tension is
associated to the transfer of electrons.

~
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FIGURE 3.2. Schematic of a piston pressing on a chemical substance

There is a similarity between pressure and chemical tension, In partic-
ular if the pressure becomes larger, the chemical tension becomes larger
as well. On the other hand, contrary to the pressure the chemical tension
becomes less with increasing temperature, as we shall demonstrate further
on (equation 3.6).

To repeat, the chemical tension is a fundamental quantity of physics and
chemistry, although many authors will not recognize it as such. According
to the bond graph of figure 3.1, it depends on the molar mass n, on the
volume V and on the entropy S. Therefore the chemical tension at constant
entropy and volume is:

a <@%>s,v (32

The chemical tension is influenced by the presence of other substances,
in addition to the influence of pressure and temperature. In this sense the
chemical tension of one substance depends on the concentration of another
substance present.
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Hy = :ul(T) Vanhn?) (33)

As said, the influence goes in the sense of a decrease of chemical tension
by the presence of other substances. For instance the chemical tension of
water is decreased by a dissolved salt, which is very important for the
osmosis, as we shall see in chapter 3.4. The bond graph model of one phase
with two chemical species at variable composition is given by the figure 3.3.
The multiport C'is associated to the accumulation of energy as given by :

2
dU =TdS — PdV + Y _ p;1;

i=1

. M/
ﬂz-[:”z /n,\
P T
)~ C <—
Vv S

FIGURE 3.3. Bond graph of a chemical two phases system with variable mass

|
1

The chemical tension is a fundamental quantity of physics and it is
present in many different phenomena [Job 1981/. We consider by definition
that for a homogeneous mixture, the chemical tension of one constituent
equal to free enthalpy divided by quantity of matter. In the system S.I.
it is therefore expresses in Joule/Mole. Its units is called the Gibbs (G)
proposed by Wiberg [ Wiberg, 1972 | We have therefore:

The unit kiloGibbs (kG) gives very comfortable values [Job, 1981].

3.1.2  Chemical Thermal and Hydraulic Equilibrium

In order to establish an analogy with other energy domains let us con-
sider the exchange of energy between two different substances which are
contained in two cylinders ( Fig 3.4]. Between the two cylinders, there are
three different exchanges.

1. Exchange of volume flow under the influence of pressure, by the upper
bond. If pressures are equal, we have hydraulic equilibrium.

2. Exchange of chemical species or substance, that is a chemical reac-
tionyindicatedsby thermiddlerbond. It is obtained when the chemical
tensions are equal and is chemical equilibrium.
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FIGURE 3.4. Thermal, hydraulic and chemical equilibrium in two cylinders con-
taining different substances. a. Schematic, b. Bond graph model

3. Exchange of heat by thermal contact in the lower bond. This is the
thermal bond with ceases when the temperatures are equal. So it is
thermal equilibrium.

So we have the three conditions of equilibrium: hydraulic, chemical and
thermal. The two cylinders come to complete equilibrium or rest only when
all the appropriate efforts are equal. An example is the equilibrium between
water and vapour, usually called steam in turbine practice. Here pressure
and temperatures are equal by contact, and the chemical equilibrium is
given by the equality of chemical tensions.

The difference between chemical tension is also the origin of the dy-
namics of chemical reactions. Further, the chemical tension in each phase
in a chemical system depends on pressure and temperature and further
on the concentration of the other substances. All chemical reactions can
produce themselves in one direction or the other direction, depending on
temperature and pressure. As said, [Job,1981], we can describe the chem-
ical reactions and their dependence on the temperature as the interaction
of chemical potential and this without looking on the deep nature of the
phenomena of this reaction. It is also a good way to teach chemistry in
secondary schools.

3.1.3 Properties of Chemical Tension

We take the expression of free enthalpy in order to study the properties of
chemical tension.

G(P,T)=U—TS + PV
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If we keep the pressure P and the temperature T' constant we have

0G(P,T,n)

p=— (34)

The condition of homogeneity of substances shows that certain physical
quantities are proportional to their molar mass. These variables are called
extensive variables and the enthalpy is one of them. We remind that the
extensive variables are proportional to the substance while, on the con-
trary, the intensive variables are independent of the amount of substance
(there is also substances, which are neither extensive nor intensive like the
pressures). The transmitted energy is always the product of an intensive
variable multiplied by the differential of an extensive variable. With the
density of enthalpy g we have then:

G(P,T,n) = ng(P,T)

Combining this expression and from (3.4) we obtain:

__dng(P,T)

== —g(PT) (35)

The chemical tension is the derivative of the free enthalpy with respect
to molar mass only if pressure and temperature are constant. This is true
at least for homogeneous substances. Under these conditions, the chemical
tension is equal to the free enthalpy by unit of mass. Many chemical en-
gineers confound the notions of chemical tension (potential) and enthalpy
density and publish tables of free enthalpy density, also called Gibbs free
energy. For more details let us recommend the Job [1981].

In introducing the molar density of energy uw = U/n, of entropy s = .5/n
and the volume density v = V/n one can write:

,Lc:u—Ts+Pv=h~Ts:%=g

where we have for the density of enthalpy h = H/n. From this last
equation we can deduce:

<'——) = =S
oT PV
(P,V)

8Ps)
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Since the variables entropy per mole and volume per mole are positive,
the chemical tension increases with the volume and decrease with the tem-
perature. In this way our qualitative remarks on the dependence of chemical
tensions of the temperature and the pressure are substantiated.

op
ﬁ<0
op
6_15>O

3.1.4 Constitutive Equations for Gas and Liquids

Let us determine the dependence of chemical tension from the pressure and
the temperature. For gases and liquids one determines first the entropy from
the global specific heat C,

T c T
S(TsP)_S(Tref,Pref)z/ —pdT=Cpln (37)
T‘rcj T Trei
By inserting (3.7) in equation (3.6) one obtains
(T, P) = ttyo; (Tres, P )+/T S T ar_s—cm-— (38
I I e e Sl T gy T 7 Ty ot @

In this case the variable S(T'ref, Pref), the reference entropy is impor-
tant. Now we must distinguish between gas and liquid as follows

1. For a gas we have

8;1(T,p) o |4 _ R(T+Tref)
av T P (39)
By integrating we obtain:
T dP P
tgaz(Ty P) = prgq (T, Pres) = / R(T + Tref)_P)— = R(T + Tyef) In P
P ref
(3.10)

2. For the liquids, equation (3.6) remains valid. The influence of tem-
perature on the chemical tension is given by the specific entropy. The
influence of pressure on the chemical tension is given by the specific

me, which is practica nstant, because the compressibility of
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ouT,P)
—aP_ = v = cste
from which one has:
Pig(Ty P) = piy;q(T, Preg) = v(P — Prey) (3.11)

Since v is generally small for the liquid (water) compared to gases, one
can neglect the dependence of the pressure. One admits therefore, that the
chemical tension of the liquid is independent of pressure.

3.2 Coupled Powers and Entropy Stripping

In order to analyse the mass transfer caused by chemical tension, let us look
at the communication between two substances contained in two cylinders
through a membrane. The main action comes from the movement of the
pistons. (Fig 3.5).

FIGURE 3.5. Two substances communicating through a membrane pushed by
the pistons

The membrane is characterized by a chemical resistance R.; sensible to
the chemical tensions and by a hydraulic resistance Rj, sensible to the
pressure difference. In practice the chemical resistance will be in prepon-
derance if the diameter of the pores of the membrane is less than 10nm.
We see that the schema is similar to figure 2.1 but we have on more energy,
the chemical energy. It drives fluid through an extra resistor, the chemical
R.

The corresponding bond graph model is represented by figure 3.6.

The power bonds are coupled by the pairs of variables (P, V.), (T,U.)
and (i, n) which belong respectively the hydraulic, thermal and chemical
power: Wewillimention later the choice of variable effort and the simulation
in function of the DOF of the system. Let us note that on the piston faces
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FIGURE 3.6. Bond graph model with chemical and hydraulic

the chemical tension is also acting, but has no effect since the pistons are
supposed without pores.

In order to conform to chemical literature, we replace the mass flow by
the molar flow; these variables are connected by n = 1m/z, where z is the
molar mass.

Let us study now more in detail the phenomena of change of entropy
and of volume change which will be produced by mass transfer from phase
1 to phase 2 on figure 3.5 and 3.6. The bond graph model is given by
figure 3.7 and the system is subject to two effort sources, of pressure and
of temperature.

The transformers TF are modulated by the densities of entropy s and
volume v. Like all transformers they have equations between two efforts
and two flows. In our case they are:

P4 = UP3
Tg = sz_“g (3.12)
V3 =V

The parameters of the transformers are entropy density s and specific
volume v. They allow also passing from the flux of entropy or volume to
the molar flux by the following relations:

S5 = sitag (3.13)

Vs =wvnyg

Inrgeneral in the physical chemistryj the variables s and v are expressed
by the partial derivatives as follows:
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FIGURE 3.7. Bond graph of mass exchange between two substanc

OS(P,T,n)

T an .

OV (P,T,n)

V= ——""
on

The transformers at the left of figure 3.7 have two functions.

1. The constitutive equations of the series junctions shows that entropy
and volume are taken away their bonds and consequently are not
going the chemical resistance. Then, they are any way added again
on the other (right) side of the bond graph. This state is obtained
by the flow relations of the transformer, equation (3.13). Let us note
the flow in the bond 8 is the flow entropy, but the parameter of the
transformer changes it into the chemical flow.

2. The effort equation of the transformers show the transition between
the internal energy per mole (v = U/n) and the chemical tension.
based on relations (3.12), the constutive equation of parallel junction
1 gives:

Hig = U5 — STg + UP3 (314)
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The transformers at the right side of figure 3.7 have exactly the same
function in reverse. The relation (3.14) is a transformation of Legendre
and represented by the transformers. The series junction 4, 5, 9 and 10
on figure 3.7 assures the equality of flows and the passage from internal
energy per mass to chemical tension. Furthermore, the entropy from the
disappearing phase 1, will go through the bonds 9, 8 and 17 towards the
phase 2 via the further bonds 18, 19 and 16 where it is needed to produce
the structural entropy in phase 2. Any excess or deficit is taken from the
entropy generated by chemical friction.

If there is a no variation of temperature, the entropy in the multiport
C changes only trough bond 8. If there is variation, it changes also through
the conduction bond 6. Consequently at constant temperature the conduc-
tion bonds transport no flow.

The relation 3.14 shows an interesting natural phenomena which we ex-
plain as follows : the chemical tension which generates the change of mass
depends on the internal molecular energy U. To this one must added the
hydrostatic pressure vP. Further, and this is important, one must deduct
the term T's from the internal energy; this signifies that the entropy S
accumulated in one phase reduces the chemical tension and consequently
the force, which pushes the substance to change its phase. We must note
in particular, the term T's which must be deducted, or stripped, from the
internal energy U. We call this effect “entropy stripping® [Thoma, 1977].

In bond graph, entropy and the volume are stripped by the transformer
on thermal and hydraulic side. Then, only the chemical tension is responsi-
ble for the running of the reaction or generally the transformation of matter.
On the right side of the bond graph, these two variables must be recovered
again, we speak then of “unstripping “. We call this entire proceeding the
entropy stripping or, with humour the striptease of entropy.

In the spirit defined by our introduction we accept this as a natural law,
discovered by Gibbs at the end of the 19th century. What this law has
in common with a cabaret show is as follows: the matter behaves like a
striptease girl, before dancing she must first get rid of the entropy T's in
the phase 1 and take the hydraulic energy PV. After the dance, she takes
the necessary entropy 7's, and releases the volume before leaving.

In order to fix the ideas, let us cite as example the boiling of water or the
condensation of steam. In condensing in particular, that is in changing the
phase, the vapour must first get rid of the heat and entropy of evaporation.
This is called the latent heat and entropy of evaporation. The example will
be treated below.

Let us note that if the dimensions or diameter of the pores of the mem-
brane are small, the equilibrium is established by the equality on chemical
tensions. On the other hand, if they are large, the equilibrium is established
by the equality of pressures. These two conditions introduce in general a
contradiction; which conducts tothieenigma of osmosis, treated in section
3.4.
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In principle the stripping and the transformers would not be necessary
and could be absorbed in the multiport C. Nevertheless, it is useful in
practice to leave them to show the entropy flow coupled with the mass flow.
In this way the temperature will stay constant if one takes the entropy away
from the external source. The vertical bonds of conduction will become
active only if one changes the source adjustment.

The detailed reticulation of the figure 3.7 shows therefore the entropy
stripping and it is important for the osmosis and the chemical reactions.
Sometimes one uses a more compact notation as shown on figure 3.8.

On figure 3.8, the transformers and the series junctions are replaced by
the word coupler or “coupl®, but the causalities will not change. They pro-
duce no entropy. All the irreversibilities reside in the resistance R;, and
R.n. We use this compact representation in the future. Sometimes even,
the couplers can be neglected, but this is an approximation that must be
justified because entropy stripping is always there in the chemical resis-
tance. The hydraulic resistance on the other hand, does not know entropy
stripping and is subject only to pressure.

Rshyl-_257 Se Se

T 27
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240
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FIGURE 3.8. The transformers and the series junctions are replaced by the word
coupler or "coupl”

Let us note that the process of entropy stripping is perfectly reversible
and generates no entropy, as indicated by the transformers and the junc-
tions. Only the resistances are irreversible, that is with generation of en-

tropy.
The chemical processes are thus characterized by two resistances.

1. The hydraulic resistance which is sensible to the pressure and entrains
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entropy and volume.

2. The chemical resistance which is sensible only to chemical tension
and where entropy and volume are stripped.

As said, these concepts will be applied further on the phenomena of
osmosis and the chemical reactions.

3.3 Chemical RC Circuit and Phase Change

3.8.1 Analogy between Electric and Chemical Circuit

For the study of chemical reactions we introduce firstly the analogy with
electrical circuits. The figure 3.9 a represents a simple electric circuit with
a resistance R and two condensers C. The capacity of one condenser is
variable, by variation of the distance between the plates.

“ R “2 RS S
i i I'—§7 ‘
C ) . C x u
1 g=1S : “"Cl .l /l|]=u,2 /CZ
1 1
b
@) (b)

FIGURE 3.9. Electric circuit with variable capacitor. a. schema, b. Bond graph

The electric system is in equilibrium when both voltages of the capacitors
are equal which means that no current flows through the resistor. This state
is analogous in chemistry by the equality of chemical tensions. In electricity
(like in chemistry), if the voltages are not equal, a current will flow from the
higher to the lower voltage. The corresponding power Q = i (uy — ug) = T'S
is dissipated as heat in the resistance R, as indicated by the arrow in
"zigzag”.

The corresponding bond graph appears on figure 3.9b. The electric resis-
tance becomes a multiport RS that generates a flow of entropy. If we change
the capacity of the condenser (', this will give a variation of voltage and
consequently a perturbation of the electric equilibrium. This generates an
electric current, which produces again heat. As an example, if one increases
the capacity of Cy (by approaching the plates), the tension u; diminishes
and the current circulates fromCoto C;. The dissipation of energy is al-
ways positive and produces heat according to the equation of Carnot. Let
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us remind that power flow out of the resistor is irreversible which is one
aspect of the second law of thermodynamics: Dissipation is always positive.

We now consider a similar chemical circuit shown on figure.3.10. It rep-
resents a chemical reaction between two substances contained by two re-
cipients and acting on each other by the intermediary of a membrane.
A variable pressure P allows instead the separation of electric plates, the
change the capacity and therefore the chemical tension without varying the
molar flow. The molar flow n that through the membrane takes the role
of a resistor with dissipation. The molar flow is analogue to the electric
current. The bond graph model is shown on figure. 3.10b.

s sl e s

|| === ==
1 }
P2 Q - 75 J2
— =
o (a)
<G A 4
P, P 3 Ho uoy E of 5 o P
> Ci———=1 coupl ——| 1—— coupl |——| C; ¢
V g o n n Vv
10
8 sT|n
T
RS | -
n|sT T S
9
2 (i) ?‘ 7
/01% — 0.} 5 — Se
(b)

FIGURE 3.10. Chemical RC circuit. a. Schematic with two tanks for reactants
and products, b. Bond graph with coupler

The difference between electric and chemical case is the entropy stripping
of the reactants and the unstrippng of the products. There exist conse-
quently the couplers introduced in section 3.2 shown by the curved arrows
in the schematic on figure 3.10a and by the word ”coupl” on the bond graph
3.10. So on this figure we have stripped entropy in bond 3, then unstripped
innbondnl0n Therexcessnisraddedstonthe dissipated entropy in bond 9.

Consequently we have structural entropy and entropy of dissipation. The
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difference of stripped entropy of reactants and products is called the struc-
tural entropy of the reaction. From equation (3.12) and (3.13) we have for
it and the corresponding energy.

Sstrip =n (’55 - 510)

(ST 3.15
E=nT (85 - SIO) ( )

Structural Entropy, Enthalpy of Reaction and Endothermic and

Exothermic Reactions

The structural entropy can be positive or negative and is given together
with the entropy from dissipation to the environment. Naturally, the dissi-
pation is always positive. So there we have two entropy currents which are
entirely different:

1. The net structural entropy of the chemical reactions which can be
positive or negative.

2. The resulting entropy from the dissipation in the resistance which is
always positive.

The dissipation is always given as

Edis: n (/41 - ,Uz) = TSgen = Qgen (316)

where S"gen and Qgen generate respectively the entropy and the generated
heat.

The sum of these two components multiplied by the absolute temperature
corresponds to the enthalpy flow of the reaction:

Estrip + Edis= n (hl - h?)
where: h = p+ sT (3.17)

From the enthalpy flow of the reaction we obtain by time integration the
enthalpy of reaction.

The entropy of the final product depends on the temperature, because
those products behave like a multiport C. Following a suggestion of Wiberg
[Wiberg,1972], we can compare the entropy capacity to a glass filled with
entropy until a certain level. This level represents the temperature. By
the chemical reaction, the dimension of the glass changes, its diameter
increases in the case of endothermic reaction. It is then necessary to supply
from the environment some entropy in order to maintain the constant level
or temperature: If thisvis prevented; the temperature decreases. Thus in
chemical reactions, the entropy capacity of the products may be larger,
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and the temperature becomes lower. This augmentation of capacity is the
reason why certain reactions produce a cold that is they are endothermic.
This is the case as long as the entropy produced by the dissipation, carried
by bond 9 of figure.3.10b is not sufficient to produce the deficit of structural
entropy. Then, as we have said, the reaction i1s endothermic.

Nevertheless the majority of chemical reactions produce entropy at con-
stant temperature, which must be transmitted to the environment. One
says then that they are exothermic.

Let us return to the chemical circuit of figure.3.10a. If one establishes
a contact between both tanks, the equilibrium will establish itself by the
equality of chemical tensions. The entropy stripping of the reactants does
first supply the needs of unstripping of the product (parallel junction 5, 6
and 10). Then what is left will be combined with the dissipation entropy
(bond 9) in the parallel junction at end. This gives, as we have said, the
enthalpy of reaction.

3.3.2  FEwvaporation of Water in a Boiler
Modelling byTrue Bond Graph

The evaporation of water can be considered as a chemical reaction. We
have really a change of phase: the liquid phase disappears and the vapour
phase appears; it is a gas. The chemical tension is the important parameter
in this proceeding. In particular, in the equilibrium of water with vapour,
there is the equality of chemical tension. If this equality or equilibrium is
disturbed, for instance by more heat in the water, its chemical tension of
water increases and the evaporation will start again.

On figure 3.11a we have the process of evaporation of water in a boiler
heated by the external source Qex. This is a true bond graph, only the
two couplers of figure. 3.8 are combined in one. Also, the pipes for water
and for vapour are not represented. We have therefore a closed tank with
the equilibrium water vapour, heated by an external source. Later we show
that with the conduits a pseudo bond graph is simpler.

In true bond graphs, the condition of equilibrium between the phases
of vapour and of liquid is that the variation dy; and dp, of the chemical
tensions should be equal. Knowing that:

dpy = —S1dT + VidP

dp2 = —SodT + VadP (3.18)
we have the following condition of equilibrium
dT -
S el (3.19)

dP ~ Sy - S
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FIGURE 3.11. Modeling of the Process of Evaporation in a boiler. a. Schema, b.
True bond graph model

This allows calculating the temperature in function of the pressure of
vapour or steam and is known as the equation of Clausius Clapeyron. Next
we consider that the volume per mass of the water is negligible compared
to that vapour and the vapour as an ideal gas (V; = RT/P). Then with
the evaporation (latent) entropy and heat L = T'(Sz — S1) one obtains as
differential equation for the temperature as function of pressure

dT"  RT?
PP (3.20)
Integration of (3.20) gives:
og L L (L _1
S’/ R\T, T
The couplers of figure.3.11 control the evaporation
i (sg — 81) T = Qep = T'Sewy (3.21)

where s — 51, the specific entropy of evaporation is calculated by follow-
ing equation:

L
32_81:T

Also the expression 3.21 contains the evaporation enthalpy, but a part
of the introduced heat will be transformed into mechanical energy because
at constant pressure one has

= d(u + Pv) = dh
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As already said, one uses normally the expression “latent“ heat L of evap-
oration which is important in phase change. It is defined by the quantity
of heat that should be supplied to the mass of 1kg of liquid , at a pressure
P and a temperature of saturation 7', for transforming it completely into
vapour; it depends on temperature and pressure.

Let us remind that to bring 1kg of water to the saturated temperature

T, is

Hps = C,Ts (3.22)

as measured from zero®C (the temperature and pressure reference, Sec
1.8.2). The enthalpy of saturated vapour Hy g is the sum of the enthalpy
of water and of the latent heat:

Hys=Hps+ L (323)

For superheat, one requires another quantity of heat Hgyyg by the equa-
tion:

T
Hsum = / Cedt (3.24)
Ts

where Cp, is a specific heat of the superheated steam. Strictly, it is a
function of the temperature but the dependence is often neglected.
We have here the three equilibrium conditions:

1. the equilibrium of pressure assured by the movement of the surface
of the water,

2. the equilibrium temperature between both phases and influenced by
an external source ()¢, which maintains the boiling temperature con-
stant,

3. and the chemical equilibrium assured by the equal chemical tensions
of water and vapour.

For this last point let us note, that to each temperature corresponds a
certain saturation pressure, If the external pressure is below the saturation
pressure there will be formation of vapour until this pressure is attained or
until all the water is transformed in vapour.

As long as there is simultaneously water and vapour, for each temper-
aturercorrespondsrarcertainspressurerindependent of the volume of water
and vapour. Reciprocally, for each pressure there is a certain temperature,
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which has nothing to do with an external entropy flow. When the exter-
nal pressure corresponds to atmospheric, the evaporation takes place at
100°C or 373K and takes the name of boiling. The proceeding of a boiling
is described by the ensemble of the characteristics which given as “thermo-
dynamic tables“ in all specialized textbooks. The heated water goes then
from the liquid to the dry vapour state. Between the two states, we have
a mixture of liquid and vapour: it is called saturated humid vapour. The
saturated humid vapour is defined by the quality or mixture ratio X. Hence
the mass of 1kg of mixture with the quality X contains (1 — X)kg of liquid
and Xkg of gas. The specific volume v)s and the specific enthalpy hps of
the mixture are calculated as follows:

{ UM:(l—X)UL+XVV (325)

hy = (1= X)hy + Xhy

where vy, vy, hp and hy are respectively specific volume and the specific
enthalpy of the vapour and liquid. Let us repeat that with X = 0 we are in
the liquid state and with X = 1 we have only saturated dry vapour usually
called dry steam. Equation (3.25) is very important for the simulation of
mixtures of two phases as we shall see later.

Returning to the bond graph of 3.11b, a detector of flow D f delivers an
information-bond to calculate a water quantity remaining by integration of
the molar flow.

The reticulation of a evaporation system with a true bond graph, that
is with the power variables (T, S), (P, V) and (u,7) allows to model phase
change but does not include the power in the mass flow on entrance and
exit of the boiler. These bonds carry both mass flow and enthalpy flow and
consequently a pseudo-bond graph is preferable. To repeat, the pseudo-
bond graphs show better the phenomena with entering and leaving water
and steam. We have nevertheless wanted to show the model with a true
bond graph for establishing a connection between evaporation and chemical
reaction.

Evaporation of two Phases by Pseudo-Bond graph
1. Vapour as Real Gas

The reticulation of a steam boiler by pseudo bond graphs is more com-
fortable, using pressure and temperature as efforts and mass flow and en-
thalpy flow as flows. The reason is mainly that they obey more simple
conservation principles.

The evaporation process in a boiler feed by water is reticulated by a
pseudo-bond graph (figure.3.12). We consider the precise case where the
phases of water and of vapour are completely separated.

Thestoragerandydissipationyofienergy in the system are represented by
the coupled bonds of thermal energy (h, H) and hydraulic (P,r). The
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FIGURE 3.12. Bond graph model of evaporation process. a. Evaporation in a
boiler, b. Bond graph model (vapour as real gas)

two phases of water and vapour are connected by the multiport R : Reco,
which represents the entire evaporation. The phases vapour and water are
respectively shown by the multiport Cy and C, which associate the storage
of thermal energy and hydraulic energy in their phases.

The quantities of mass and enthalpy mz, Hs, ms and Hs refer respec-
tively to the vapour and water phase. They follow from the constitutive
equations of the multiports Cy and Cy, in integral causality:

myo = /(m1 —-’fn:;)dt

Hy = / (VLP2 + Qes — Hg) dt
(3.26)

my = (m3 — ’I‘h4)dt
Hy; = / (vas -+ Hg — H4) dt

The efforts specific enthalpy of steam hy and of liquid hs are calculated
in function of accumulated enthalpy H and mass m:

H,
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The vapour comes out with the same enthalpy as the stored vapour and
we can write then that:

Hy = rghs

The flow sources Sf on bonds 6 V5P5 and 7 V2P2 represent the mechan-
ical energy of pressurization due to the variation of those pressures. The
flow sources are calculated by an information bond on the pressure P given
by effort detector De and appear if one chooses enthalpy flow instead of
the internal energy, as we shall see in chapter 4. V;, and V), are the volumes
occupied by liquid and vapour, respectively. In this way the volume of the
vapour will be determined from vapour density p;, and mass occupied by
the vapour mgy and the volume of liquid is deduced from geometric volume
of the boiler V¢ :

ma

V=2

Pv (327)
Vi=Ve-W

The vapour density py, is easily determined from thermodynamic table
in function of vapour pressure or enthalpy [Ordys 1994].

At the interface the liquid will come to evaporation, modelled by an
resistive element R : Reco. The constitutive equation of this multiport,
which associates evaporation and dissipation of energy are empiric [Ordys
1994

g = Key (P — Ps5)

H3 = 1‘;’L3 (h2 — h5) = mgL (328)

Let us consider that the evaporated mass flow ths is proportional to
the difference between the pressures (or temperatures) of the liquid phase
P, and the vapour phase Ps., where the coefficient of proportionality K.,
is determined by experience. While the mixture is under saturation, the
pressure P, and P; are calculated from tables or thermodynamic functions.
The flow of enthalpy Hs equals the mass flow 13 times the latent heat of
evaporation L, where L = hy — hs.

The block diagram of the model is shown on figure.3.13. Let us remind
in the equation that H and h designate respectively the total enthalpy in
Joules and the specific enthalpy Joule/kg. The quantities Hggy, mag, Hsg
and msg are the initial conditions.

2. Vapour as ideal Gas

We have supposed that the vapour in the superior part of the boiler
behavesplikepannidealygasmAsisaidgweruses the ideal gas laws to determine
the steam pressure:
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FIGURE 3.13. Block diagram of the simulation of evaporation in two phases

RI; RU
P5 =My— = — 5
W oW (3.29)
T =
ms5Cy

with R the gas constant, U the internal energy and c, the specific heat
at constant volume.
These simplifications introduce some simulation problems:

e ¢, is not constant and must be calculated in function of the temper-
ature,

e selecting for power variable the internal energy U (instead of the en-
thalpy H) introduces a supplementary power bond PV [Ould Boua-
mama et al. 1997).

Bond Graph Model of a Mixture of two Phases

e, namely water and steam. There is
bhases and there may be steam bub-
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bles. The accumulator is modelled by two ports C-element. This multiport
is associated with storage of thermal and hydraulic energy of a mixture in

the tank.
On figure. 3.14 are represented the bond graph and the block diagram

simulation.

Steam out
Sf

3
P.m

1
Water entry Sf —6— 0 |——927- C| Accumulator

h’H De
, 4
Sf: Oy sf |
(@

VP

a

»

Ve 132 d/dt

- I
Mixture P,

equation [3.32]

X
ai—*
my(1-x)

FIGURE 3.14. Modelling of a mixture with two phases. a. Bond graph model, b.
Block diagram simulation.

The constitutive equations of the multiport C are given as usual by:

my = (ml - m3) dt
L : (3.30)
Hy = / (VoPy + Qo — Hy) dt
together with a system of two phase equation of the mixture,
Hy
ho = == = hy(P2)X + h(P2) (1 — X)
{}? (3.31)
Vg = — = ’Uv(Pg)X +’UL(P2) (1 - X)
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where hp(P2), ho(P2), vi(P2) and v,(P) represent respectively the
enthalpy and volume per mass of liquid and vapour in the vapour phase.
They are determined by the method of least squares from the table of
equilibrium of water and vapour ( see appendix C). Vi is the geometric
volume of a boiler and it is equal to the volume of the mixture steam and
water.

The solution of 3.31 allows to determine not only the effort P, , but
also the relative steam/water ratio which is an important parameter in
industrial boilers. It allows to calculate the water remaining , which means
the water level in the boiler Ne:

Ne =my(1 — X) (3.32)

3.83.8 Condensation of Vapour

In industrial processes, condensation of steam to water is often needed, and
is the reverse of evaporation in a boiler. So there must be cooling water
for the latent heat. The liquid or condensate, is then cooled down to a
temperature inferior to saturation. In the present chapter we study one
simplified example such a condenser, while a complete simulation of such
a condenser with the Matlab-Simulink program will be given in chapter 5.

Figure. 3.15.a shows the schema and the bond graph model of the con-
denser. The superheated steam is condensed by contact with the vertical
tubes of the cooling circuit in which cold water circulates. The circuit wets
the surface of the cold tube and forces therefore a continuous film of con-
densate which flows downwards under the effect of gravity.

On figure 3.15 we have two separate phases, liquid and vapour. We con-
sider that the mean temperature of the part of tubes immersed in the
vapour phase is the same; and the condenser is perfectly thermally insu-
lated. A more refined model appears in Chapter 5.

The constitutive equations of the multiport Cy associated with the stor-
age of energy in the steam phase allows to determine the quantity of en-
thalpy and of mass. Nevertheless, vapour being a compressible fluid, we
choose as variables of state rather the mass per volume pj.

Hj =/<H1 — Qg1 —H7+V3P3) dt
o d(Vaps(tT
Ty = 1hy — Ty = 4 (Vops(t, 7)) 3p;t( ) (3.33)

1
’ oT T=Taar

Since the vapour is at saturation, the variation of mass per volume at

where py =
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FIGURE 3.15. Bond graph model of condensation of vapour. a. Scheme of a
condenser, b. Bond graph model of the condensation process

saturation temperature Tyq; (%) is taken from thermodynamic

=Tsar

tables (in appendix C). V5 is the volume occupied by the vapour and H,
the latent heat given out by condensation. Pj is the pressure in the steam
phase. iy, Hy, 117 and Hy are the mass flow and enthalpy flow respectively
in the entrance of condenser and of condensation. The elements C : Cry
and C : Cp, associate the thermal energies by the cooling tube with the
capacities Cry and Cpp, in integral causality:

Ts = C;//(Qm QG) dt (3.34)
Tie = CLTL / <Q82 - Qn) dt

the vapour and liquid side are deter-
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Qs1 = Ks1 (T3 — Ts) = Ks1 (fr(Ps) — Ts)

Q6 = Ko (Ts — To) = Ko | Ts — =

. H
QRs2 = Ko (Tha — Ti6) = Kso ( ;3L - TlG)
Qu7 = K17 (Tig — Tho)

where Kz1, K¢, Kg2 and Ky7 are the coefficients of global heat exchange.
¢y and cp, are specific heat of cooling water and of condensate. They are
usually taken of a constant because they vary only weakly with tempera-
ture. The vapour is at saturation and its temperature T3 comes from the
pressure of vapour Ps according the equation of Clausius-Clapeyron. The
flow of condensation of this vapour around the tubes is calculated by the
resistive multiport R : Rgco. It is a function of the difference of following
variables and parameters: the temperature between the vapour T and the
mean value of the tubes T, the mass per volume of the vapour 3 and of
the liquid 13 , the dynamic viscosity L, the latent heat Ly of the vapour,
and finally of the number nr and the dimensions (diameter D, length L)
of the tubes.

If one considers that the thickness of the film of condensation will remain
sufficiently small in order that the film remains laminar, the flow can be
given by an empiric law of Nusselt:

g = MeiiinnT (3.36)
3per, *

where :

E

o — < dpple (T3 —Tr) AL )
‘ ap1, (pr, — pv) (Lv +0,68CT (T3 — Tr))
Here \j, is the thermal conductivity of the liquid and Cr the thermal
capacity of the tubes. The constitutive equations of the multiport C : Cp,
allows to determine quantity of the enthalpy and the mass of the conden-
sate, where the mass per volume is constant.

Hyz = / (H7 — Qso — His + V13P13) dt

(3.37)
misg = /(m7 - ’I’h]s,) dt

115 and H 15 are themassand enthalpy flows at the exit of the condenser.
The pressure Pj3 of the liquid is determined by the hydrostatic law which
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is a function of the level N3 of the condensate and of the steam pressure
P3. In particular the condenser has a cylindric form with section A¢g, we
obtain:

P13 =P+ gTZ—ls (338)

This completes our description of the condenser, but a more elaborate
model will be given in chapter 5.

3.4 (Osmosis

3.4.1 Principles and Bond Graph of Osmosis

The research on osmosis that we shall describe here has been suggested by
Henry Atlan and executed in France and Israel [Thoma, 1985).

Osmosis is half way between physical and chemical phenomena. It al-
lows generating a pressure in two cells or compartments separated by a
membrane. One part contains pure water and the other part water with
dissolved salt.

We have seen before, that a system tends always to go to a state with
three equilibriums: thermal, hydraulic and chemical; the last one is called
also diffusion equilibrium. For osmosis this is modified as will be demon-
strated below.

The figure 3.16 shows the principle of osmosis. Two compartments of
water are separated by a membrane, which allows passing the water, or
generally the solvent, but keeps back the salt, generally the solute. Such
a membranes is called a selective or semi-permeable. They exist but have
sometimes leakage. We can say that they have hydraulic resistance in par-
allel connection with chemical resistance.

_ Selective
membrane

hy
hy Water

Water +salt I

FIGURE 3.16. Principle of osmosis

On figure 3.16 the right compartment contains the salt, the pressure goes
up as indicated by the level h; the vertical tube, because of the membrane
issunderstherinfluencerof therchemicaliresistance. Hence equilibrium estab-
lishes itself by the equality of chemical tensions (chemical potential) which
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is different from the equilibrium of pressures. There is a transfer of water
through the membrane because of the reduction of chemical tension at right
due to the presence of dissolved salt. In order to compensate, the pressure
of water must increase.

The osmosis is important in biophysics, because it controls many bio-
logical phenomena. As an example, the water goes up under osmosis in
trees against the gravity force where it is evapourated by the leafs: about
400 liters per day for a big tree. There are also many other applications
of osmosis but the interesting thing is that it can also be treated by bond
graphs.

The bond graph for water in the osmotic cell of figure 3.16 is given on
figure 3.17 [Thoma, 1985]. In principle one can present the same bond
graph for the salt but we suppose that in our case the membrane blocks
the passage of a salt.

Water Membrane Water+salt
2
Se {0, 02 L se
v \, V A v
2 TF:v 4 1 TF: 20
\ Ny e
= M 10| {4 1| 15 ral
C : 5 ] 1 ’/{ 1 1 —C
N
12 16 X
TFs® £ TF:s 19

T7 %\ RSchI__§'7 /%“\\0 nT g,
S

FIGURE 3.17. Bond graph for water and dissolved salt in two compartments
separated by a selective membrane

3.4.2 Influence of Pressure and Temperature on Chemical
Tension

The model allows particularly to show the influences of pressure and tem-
perature on chemical tension. It comes from the constitutive equation of
series junction (1-junction) that has only one common flow:

ta + s — fg — ft10 =0

With the relations (3.12) and (3.13) one obtains again the relation:
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1o = ps — 8T + v P3

This relation shows that the chemical tension becomes less with increas-
ing temperature and becomes more with increasing pressure, because both
s and v are positive.

3.4.8 Osmotic Pressure and Boundary Layer

We have seen that at first the pressures in the solvent and in the solution
are equal. Then the chemical resistance, rather the conductivity, will be
active and transport the solvent through the membrane. So finally, the
chemical tensions will be equal and finally the pressure in the solution will
be superior to the pressure in the solvent (water). This difference of pressure
is called the “osmotic pressure, which is caused by the initial difference of
the chemical tension.

To say again, in chemical equilibrium we have the equality of chemical
tensions in of both compartments, water and solution of salt in water

Hio0 = H11

While in hydraulic equilibrium we would have equality of hydraulic pres-
sure.
Replacing p;, by equation 3.14 and considering that

Hy1 = 5 — STz + v P2,

Py = Poy,
and P3 = P1,
we derive that:
— §TR) — -
AP — P22 _ P] —_ (/’1’5 S 8) (I’LIS STlS) (339)

v

where v is the specific molar volume which is equal in both compart-
ments.

We introduce here the boundary layer, a concept known from aerody-
namics. If the pores of the membranes are large, there is a volume flow due
to the difference of pressure between both compartments tending towards
hydraulic equilibrium. This is represented by the addition on figure 3.18 of
one series and one parallel junction and the bonds 23 to 26. The lead to a
hydraulic resistance RS which, as all resistances, generates entropy.

Therdirectionvof therhalfvarrowsrof the power bonds indicate that the
hydraulic power goes from right to left, that is from the salted water to
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FIGURE 3.18. Bond graph model of the water in the osmosis phenomenon with
a permeable membrane

pure water. We have therefore two actions in parallel, chemical action and
hydraulic action. The first action belongs to a chemical equilibrium and
the second one to a hydraulic equilibrium. The core of the pores is subject
to the difference of hydraulic pressure and the part nearer to the walls is
subject to chemical tension.

For a pore of circular radius 7, the speed «(r) in function of its hydraulic
radius r, and the volume flow Vas going through RS is calculated according
Hagen Poisseuille

AP (r?2 —r2
U(T) - (L: s Th)
7)
Ve = ’ﬂ'AP’I‘ (3.40)
25 = 8L

with L the length of the pores and 7 the viscosity of the fluid.

It results from equation (3.40) that the hydraulic conductance (inverse
of the resistance) diminishes rapidly with the radius of the pores and the
hydraulic flow becomes negligible for small pores. On the other hand, as we
shall show further on, the chemical flow is much less sensible to the radius.

To summarize, each membrane has a hydraulic resistance, which is sub-
ject to the hydraulic pressure for equilibrium, and a chemical resistance,
which requires the equality of chemical tension. For the pores of interme-
diate dimensions both phenomena are active. In that case, the difference
of rtherchemicalytensionbetweenyboth gives a flow of solvent (the water),
through the separating membrane.
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The matter is adhering to the boundary layer of the pores as indicated
in figure 3.19, similarly as the boundary layer in aerodynamics.

— Central plug: AP
‘.__.
< Pb

<7
L Boundary layer: Au

FIGURE 3.19. Longitudinal cross section of a pore

In order to fix the ideas the diameter of a pore has the magnitude of 150
nm. Here it should be noted that this adhesion is not due to action of the
viscosity near to the wall and the liquid flow is not influenced by viscosity
elsewhere. Further to the boundary layer, which represents the chemical
resistance, we have a central plug under the influence of the difference of
pressure according to equation 3.40; it represents the hydraulic resistance.
Both resistances are in parallel action.

3.4.4 Estimation of Thickness of Boundary Layer

In order to quantify the thickness of the boundary layer driven by the
chemical tensions, one calculates first the velocity u(r) according equation
(3.40) and then the velocity of the chemical flow. One defines then the
thickness of the boundary layer as the distance, which both velocities are
equal.

In order to determine the chemical flow and therefore the velocity, one
applies the law of diffusion of Fick for the salt. According to this the molar
flow of the salt ng is:

ns  —DACs
q= 7 (3.41)
and the corresponding linear speed
Mg —DACs
= = 3.42
YT CsA T T Gl (3.42)

where D is the diffusion coefficient, L the length of the pores, A the
section of the pores and Cg the mean concentration of salt in both com-
partmentsiof thercellnlf onerdesignates by A and by B both compartments
one writes the equations:
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= Csa+C
Os = SA2 SB

ACs = Csp—Csa

from which one obtains for a small concentration Cs4 :

Cs (3.43)

The sign minus in equation (3.43) indicates the direction of passage of
salt: From the compartment A (at right) to B (at left). The speed of water
will be identical to the one of the salt but in opposed sense:

The hydraulic speed u(r) can be written with the distance of the wall §:

AP2rpb (1 — 56—)

Tp
rres (3.45)

u(r) =

and then on equalizes the hydraulic and chemical speeds

AP2rp6 (1 - 55—)

2D _ rp
L 4nL
If one supposes that —2-(::— — 0, we have the thickness of the boundary
P
layer :
4Dn
= A
rpAP (3.46)

The thickness of boundary layer is of the order of 25 nm.

3.4.5 Estimation of Chemical Resistance

In analogy with Ohms law in electricity, we can define the chemical resis-
i emi ension to the molar flow, which goes




96 3. Modelling of Chemical Systems and Phase Change

A
Rop = —EW (3.47)
nw

One determines first the molar flow of the water

DACsA

’le = Cw’uwA = CW ésL (348)

where Cy is the water concentration. The difference of chemical tensions
can be determined with approximation by the relation of ideal gas:

g = thgo + RTlnCS
RTACs (3.49)

where: Apg = G
S

with T, the temperature in Kelvin and R the gas constant. Starting from
the Gibbs Duhem relation [Katchalsky, 1965] one obtains the difference of
chemical tensions

_ NsA,uS . CsRTACS

Apyy Now OO (3.50)

where C's is the concentration of salt in the compartment B. The com-
bination of both relations (equations 4.48 and 3.50) gives the chemical
resistance:

Apw  CsRTL
hw  C%,AD

Rep = (3.51)

The unit of chemical resistance is (J.s.mole~2) and the value about 300
(J.s.mole™2).

3.4.6 Inverse Osmosis

An interesting application of osmosis is the so-called inverse osmosis, which
is used for desalinating of sea water, that is to separate the water from the
salt and to obtain a pure water at high pressure. A schematic principle
appears on figure 3.20. Salted water is under high pressure to equalize the
chemical tensions and to run the pure water through the membrane.

The corresponding bond graph appears on figure 3.21. A practical mem-
brane forrinverserosmosissmustithenzhave a minimal resistance for water
and a maximal resistance for salt.
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FIGURE 3.20. Principle of inverse osmosis
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FIGURE 3.21. Bond graph of inverse osmosis

3.5 Chemical Reactions

3.5.1 Bond Graph Model of a Chemical Reaction

As already introduced in section 3.1 and 3.2, chemical reactions can be very
well represented by bond graphs where the chemical tension has the role
of an effort. Contrary to electric and mechanical systems the bond graphs
for chemistry and chemical reactions are not well developed.

In this part we compare chemical reaction to the reaction of change of
phase and therefore we shall repeat a little from the preceding paragraphs.
A static chemical reaction that is without moving matter is very well retic-
ulated by bond graphs and the model of figure 3.7 can be applied. Only
there is no hydraulic resistance, it has an infinite value. If there is a chem-
ical reaction between two substancesior reactants A and B which produce
two products C and D according to the following equation
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Ky
vaA+ vpB 7 veC +vpD

7
—

An example is the burning of hydrogen and oxygen according to the
equation.

Ky
—

H; +0,5.0; H,0

|z

This gives vg = 1, vg = 0,5, vc = 1 and vp = 0. These are the
stochiometric coefficients and Ky and K, are the velocity constants of the
direct (forward) and inverse (reverse) reactions.

We shall consider in the following that the components are well mixed,
that means the concentration does not vary in the reactor, which is then a
system of localized parameters. These conditions are generally obtained in
the reactors called CSTR (Continuous Stirred Tank Reactor).

For a introduction of the representation of chemical reactions by bond
graphs, we show the reaction above considering only the phenomena of
chemical transformation. The reaction can be represented by the true bond
graph given by the figure 3.22.

Reactants A and B Transformation Products of reaction

. 7y TF TF, Hp .
C'CA—.ﬁi:I/,,A y '_I/V"|—7 C:C,
M4 N\ / np
1

A A
ca Y 1 f/!l=r =

Hp  TF 4y : TF M
C:Cy oy, ¢ 1/, = CCc
np Sn }(S A

T Dissipation

\

§

FIGURE 3.22. Bond graph model of chemical reaction

According to the bond graph of figure 3.22 one can define a chemical
reaction from a phenomenological point of view with a dissipative multiport
RS, which has at its entry the reactants and as exit the products weighted
by the stoichiometric coeflicients. We neglect here the couplers of figure 3.7
andy3:8palthouglntheyrareralwaysipresent and can conduct to endothermic
reactions, as we have seen.
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According to figure 3.22 the elements C(Cy4, Cp, C¢, and Cp) are the
capacitors representing the storage of matter. Including variable temper-
ature and pressure, they would really be multiports C, a fact neglected
here.

The direction of the half arrows corresponds to the run of the reaction,
going out by the reactants C4 and Cp towards the products C¢ and Cp.
Each product is represented by two power variables (y; , n;). Then we have
the transformers to arrive at the power variables of the chemical reac-
tions proper, which are chemical affinity A; (inJoule/M ole) for effort and
the speed of reaction ¢; (in mole/second) for flow. The transformers TF
show the transformation from reactants to product and the corresponding
module(1/v;,i = A, B,C, D) denote the stoichiometric coeflicients. The
central multiport RS controls the speed of reaction and is the subject of
chemical kinetics. _

According to the assigned causalities (p; and £; known) the transformers
constitutive equations between efforts and the equations between flows are,

{ As = vy where i = A,B,C, D (3.52)

N = Uz‘fi
We would like to note about the relation 3.52:

1. The efforts relations of transformer element 7'F transform the chem-
ical tension p; of the species 7 in its chemical affinity A; (A; = p;v;).
Sometimes it is useful to group the affinities in forward affinity (Ay)
and reverse affinity (A,):

A=Aj~ Ay = (vaps +vspg) — (Vepe +vpiip) (3.53)

Let us remind that the chemical affinity A is an effort variable, which
represents the force driving the reaction. It is zero in equilibrium, which
means that the reaction runs until the affinity A becomes zero.

2 The flow relations of the transformers divide the molar flow n by the
stoichiometric coefficient v to obtain the velocity of the of reaction:

Let us note, that
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is called the degree of advancement of the reaction in chemical kinetics.
If we are relatively near to the chemical equilibrium, the velocity of re-
action is a function of temperature and only of the difference of affinities

This relation is the constitutive equation of the multiport RS in figure
3.22. Furthermore in the same conditions the chemical potential of the
species 7 is connected approximately to its concentration C;:

Wy = o + RT'In Oi

where: C; = —e" 7 (3.55)
i

where C; = 5 is the molar concentration and p,y the chemical tension

independent of the concentration, taken at T = constant.
From equation (3.55), we obtain for the condition of equilibrium (A = 0):

(CA)VA ) (CB)VB
(CC)VC . (CD)VD

Equation 3.56 is the well-known law of mass action, which has been
directly derived here from our bond graph.
The velocity of the reaction is given by empirical relation:

= ()" ()] -k () ()] e

In the equilibrium the constant of velocity K (T') is

=K (3.56)

—Aro —A,L
K (T)e ®f" = K, (T)e #* = K(T) (3.58)

where Afg and A, are the affinity forward and reverse calculated at con-
stant temperature. Taking into account the relations (3.53), (3.55), (3.57)
and letting A; = v;u,; , we obtain:

. A;—Ap
£ =K(T)e™ 7" = d(A;, A, T) (3.59)

K(T) is the speed constant which varies with the thermodynamic tem-
perature according to the relation of Arrhenius:

=I5

K(T) = Koeﬁ
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with E energy of activation, kg a frequency factor and R the gas constant.
The parameters E and ko are determined in practice experimentally by the
method of Least square method between minimizing the logarithm of the
model (to make it linear) the experimental data:

J(0) = min [i (1n (Fex(3)) — In (koeﬁ)f] (3.60)

1=

Here ¢ and N are respectively the number of species and the number of

experiments and 8 = [ Inky E ]T the parameter vector, which is to be
estimated. K.,(i) (with ¢ = 1 to N) are the given experimental points;
they give the speed of reactions at different temperatures. It should be
noted that the determination of K., from experimental results requires
the conversion ratio of the reactants which is not directly accessible. One
writes therefore any law between the conversion ratios and a measurable
quantity such as the efficiency of a product and applies this parameter
estimation.

Far from equilibrium the relation of speed of the reactants is more com-
plex and depends singly on forward and reverse affinities, E=7f (Af,Ay). In
this case the central series junction is replaced by a multiport RS indicated
on figure 3.23.

A
Se U 1 RS | 4 Se

eéS-iT

FIGURE 3.23. Representation of chemical resistance far from equilibrium

This distinction between near and far the equilibrium is very important in
biophysics.[Oster, 1973]. The speed of reaction if governed by the resistance
RS, for which different theories are known from chemical kinetics [Denbigh,
1971], [Thoma, 1977).

This problem was examined by authors. We were disturbed by the fact,
that in a so-called theory of the Transition State, the real reaction rate is
the difference of molecules going forward and molecules going backwards.
This is not possible in the R-element of bond graphs, were flow goes always
from the higher to the lower effort, so we could not write a bond graph for
it. The transition state theory takes a different viewpoint, a molecular one.
The relation between bond graphs and transition state theory must be
connected with electrical noise, of which much theory exists; Thoma has
written ardoctoral thesistonritiin1957. We wanted to investigate further
by did not get around to.
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3.5.2 Chemical Resistance

The quantity of matter transported by diffusion of species i can be ex-
pressed by the law of Fick:

£ =—-D;—= (3.61)

where { j is the diffusion flow, D; the diffusion coefficient and x the space
variable. The force or effort driving the diffusion is the chemical tension
(potential) and not the concentration. If one expresses the concentration
from equation 3.55, there is a constitutive equation of the element R of the

type R(e, f) =0

. d _ Ci d,ui ~ DiCi,l
S=—Pigra = (RTWl) e

where Ay, is the difference of chemical tension of the species i over
section I, of the width W;. The resistance of diffusion for the species i in
this region is then:

. _ RTW,

il = DiCy, (3.62)

The chemical resistance determines the speed of reaction, which can go
from duration of practically zero (an explosion) until infinite (no reaction).

3.5.83 Chemical Capacity

Knowing that the concentration C; is equal to the integral of the molar
flux 7, equation (3.55) can be written as:

oo fo0)

This is a constitutive equation of a chemical capacity in a bond graph.
Nevertheless in general the equation is of the form n = ®(y;) which gives
the following on derivating in:

S a@(ﬂi)%

Noting that the capacity is
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0P(p;)

op

From equation (3.63) is deduced the classical relation of a C-element. It
connects the efforts to the integral of the flow or displacement by :

1 .

where n; is the molar flux entering the capacity.

Note that one can also use a pseudo bond graph for the reaction, where
the effort is the concentration of substance and not the chemical tension;
both are connected by equation 3.55. As flow we still have the derivation
of concentration. This approach is largely used [Lefevre, 1985] because it
allows to manipulate a more easily measured variables for simulation.

>

G

3.5.4 Thermodynamic Model of Chemical Reactions

Let us analyze the thermodynamic aspects of a chemical reaction. The
global bond graph model appears on figure 3.24. This bond graph includes
the couplers and shows the thermal and hydraulic effects. The product
of chemical affinity A by the speed £ is a power, which is dissipated in
the central multiport RS and generates entropy. This multiport absorbs
chemical power and produces a equivalent quantity in thermal power; only
the absolute temperature must be used

ngen = £ (Af - Ar) = £ (UAMA + UBip —UCHc — UD:“’D) (364)

Let us note that only this entropy is irreversible. Indeed, Ay — A, becomes
negative, £ is also negative, so that their product stays positive. This is
similar to the chemical resistance treated in section 3.2, particularly figure

3.7.
The other flows of power comes from the difference between the stripped
entropy of reactants and unstripped entropy of products
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