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Abstract— Based on the multivelocity model described in a
companion paper submitted to this Conference, a diffusion model
is presented. This model differs from the multivelocity model in
the way the kinetic coenergy of the components is taken into ac-
count, reducing the number of state variables from multiple ve-
locities to a mean velocity. In the diffusion model, the dynamics
of a multicomponent solution is described in terms of the average
(center of mass) velocity of the mixture and the mass fiux of each
component relative to the average velocity. The relative fluxes
are assumed to be dependent on the entropy per unit volume
and the component densities. This functional dependence allows
to deal with ordinary (concentration driven) diffusion, pressure
diffusion, forced diffusion and thermal diffusion. Based on the
contribution of the diffusion fluxes to the kinetic coenergy, dif-
ferent potentials associated to the entropy per unit volume and
component densities are defined. It is shown that these poten-
tials modify the generalized effort variables appearing at the in-
ertial. mass and thermal ports of the /C-field representing the

system total energy. Besides, these potentials introduce linkages
between these ports.
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I. INTRODUCTION

In recent works [1][2] a theoretical development of a gen-
eral Bond Graph approach for CFD was presented. This new
methcdology, which was called BG-CFD (3], is a result of the
right zombination of Bond-Graph concepts with elements of nu-
mericai methods. In a companion paper [4}], this methodology
was extended to multicomponent solution systems [Z] in which
the ccmponent velocities are part of the set of state variables.

It is common in the literature [6] to describe the dynamics
of a multicomponent solution in terms of the average {center of
mass; velocity of the mixture and the mass flux of each compo-
nent r=iative to the average velocity. These relative mass fluxes
are m.-deled using diffusion theory.

The diffusive mass fluxes consist of different contributions as-
sociated with the driving forces (mechanical or thermal) existing
in the system {7].

In crdinary diffusion, the mass flux depends in 2 complicated
way o the concentration gradients of the components present;
in mesz of the problems, this is the most important contribution.

The pressure diffusion indicates that there may be a differ-
ential et movement of a component in the mixture if there is
a pressure gradient imposed to the system; this effect is im-
portar: in centrifuge separation, in which tremendous pressure
gradicr:is are established.

The rorced diffusion appears when the components are un-
der <iZzrent external forces. as in the case of ionic systems in
preser.-e of electric fields.

Finaily, the thermal diffusion describes the tendency for the
compnrents to separate under the influence of a temperature
gradient. Although this effect is small, it can be enhanced by
produzing very steep temperature gradients.

The relative fluxes are assumed to be dependent on the en-
tropy per unit volume and the component densities. This

functional dependence allows to deal with ordinary (concentra-
tion driven) diffusion, pressure diffusion, forced diffusion (with
steady forces) and thermal diffusion {7}.

Unless stated, the reader is referred to the companion paper
[4] for the nomenclature adopted here.

II. INDEPENDENT VARIABLES AND
POTENTIALS

A. Diffusion approrimation
Before presenting the diffusion approximation, some defini-

tions of parameters associated to the multicomponent solutions
are introduced. The density of the mixture p is defined as:
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Other quantities associated with the mixture can be defined,
in order to regard the motion of the solution as a single body.

For the case of additive functions, the following definitions are
adopted:

pG = zp(i) G(‘) pd = Zp(‘) oW (2)

i=1 i=1

r r
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where G is the body force, ® is the heat power source per
unit mass, L is the stress and ¢ is the heat flux corresponding
to the mixture.

The average (center of mass) vziscity of the mixture V is

defined as:
1< i
- = z i v (4)
p i=1
The velocity of the ith-componer: zan be expressed as:
v =y, (5)

where v{") is the ith-componen: welocity deviation with re-
spect to the mean velocity. The relazive mass flux corresponding
to the ith-component J9 is defines as:
J(i) — p(i) ) (6)
From the definition, it is verified hat:

-
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In the diffusion approximation, it is assumed that the relative
fluxes can be expressed as a function =2 the thermodynamic state
of the system, this is:

JH — g (sv. P p")) (®)

This functional dependence allows 1o deal with ordinary (con-

centration driven) diffusion, pressurz diffusion. forced diffusion

(with forces dependent on the thermodynamic state) and ther-

mal diff_usion; the corresponding meass fluxes are J(C',), JS;), J(C:.)
and J 515), resulting:

C\J g%‘



JU=gQ 439 39 4 g@ (9)

The formuias for trese flux contributions are [7):
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In these equations. R is the gas constant, 1" and 20 are
res ectlvelv the partial molal Gibbs free energy and volume,
M is the molecular weight and (") is the mole fraction for
the ith-component. The mole fraction is calculated as:

O
c

where ¢! is the molar concentration for the ith-component

and c is the total moiar concentratxon, defined as:
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The DU are multicomponent diffusion coefficients and the

D are thermal diffusion coefficients, with the following prop-
erties:

DM =9 (16)
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B. Kinetic Coenergy per Unit Volume

The main difference between the multivelocity and the diffu-
sion model is the way the kinetic coenergy of the components is
taken intc account. Since the velocity deviations are functions of
the thermcdynamic s:ate, the set of state variables correspond-
ing to the inertial pcris reduces to the mean velocity. Taking

into account Egs. (2} 1o (7), the kinetic energy per unit volume
can be writien as:
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The follcwing potentials are defined:
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From the definition, the potential £) is the contribution of
the diffusion fluxes to the ith-component kinetic coenergy per
unit mass, while ¢ can be regarded as a linkage between the
mechanical an thermal ports. The time derivative of the kinetic
coenergy per unit volume can be written as:
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C. Total Energy per Unit Volume

The total energy per unit volume e includes the internal
energy and the kinetic coenergy:

e =uy, +1, (26)

The representation of the internal energy is the same as in
[4]. The time derivative of the total energy per unit volume can
be written as:
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As in [4], the potentials multiplying the time derivatives of

the independent variables satisfy both constitutive and Maxwell
relations [8].

III. BALANCE EQUATIONS

Starting from the conservation equations for 2ach component,
the mass, momentum and energy conservation =
sponding to the mixture can be expressed as:

uaclons corre-
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It can be seen that the non- lmear terms c::earmg in Eqs.
(29) and (30) give raise to additional terms in -2 conservation
equations, when compared to the ones corres::'xding to a sin-
gle component. As a consequence, the conservation equations
for the mixture are not the same as the equations for a sin-
gle continuum. This conclusion disagrees with - any textbooks
el

Taking into account the conservation equatizns presented in
[4] the mixture conservations equations, the -cnstitutive rela-

tions and the diffusion approximation, the baiance equations
result:
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As in the multivelocity model, the balance equations for the
diffusion model represent the power structure of the system.
Concerning the constitutive and closure laws needed to model
a multicomponent solution, it can be observed that in the diffu-
sion model it is not necessary to know the momentum interac-
tion terms between components. It is also interesting to notice
the way the divergence and source terms split among the differ-
ent ports. For instance, the power term corresponding to the
stress state splits in two: a term considering the total stress
and the mean velocity (influencing the velocity port) and power
terms considering the stress state and the diffusive fluxes for the
different components (influencing the entropy port). A similar
behavior can be found fcr the power term corresponding to the
body force and the kinetiz coenergy. Taking into account Eq.
(27) it verifies that couplizg terms cancel out when the balance

equations are added. resuiting:
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IV. DISCRETIZATION

The discretization for i=e component densities and for the
entropy per unit volume remain the same as in the multivelocity
model. For the velocity fisid. we have:

= Val®) pun(r) =X 0 (35)

m=1

The system kinetic coenergy, with the diffusion approxima-
tion, results:
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The integrated potentials are:
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The inertia matrix introduced in Eq. {37) is defined as:

[y}

Eq. (37) defines, in the Bond-Graph :erminology, a modu-
lated multibond transformer relating the nodal vectors of mix-
ture velocity and linear momentum. as szcwn in Fig. 1; in this
and in the following figures, it is drawn :z2 causality resulting
from the Bond-Graph causality assignrzz: procedure [9]. Ac-
cording to the power conservation across the transformer. the
generalized effort is given by:

F =

ll=
e

v (43)
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Fig. 1. Modulated inertial trezsicrzer.

According to Eq. (37), the nodal va:
momerntum can be regarded as a syster -
local vziue weighted by the velocity intery
system mixture linear momentum can Lz
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: 5 of the left side
terms cf Eqgs. (31) to (33) can be calculat=2 as:
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As in the multivelocity model, the representation of the total
energy as a function of the state variables S, V and m®*) define,
in the Bond-Graph terminology, a multibond IC-field associ-
ated to the system total energy, as shown in Fig. 2. This field
has one inertial port (the velocity port) and 7 + 1 capacitive
ports (the entropy port and the r mass ports). The general-
ized effort variables associated to these ports are V, (G + 5_)

and (ﬂ—%— K9 +£(_')), while the generalized flow variables
are correspondingly p, S and ral?).

1
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Fig. 2. System IC-field for the diffusion model.

For the sake of convenience, we also define the following di-
agonal matrices:

¢= {c}zn =¢; din (49)

() _ {gm} =Y 5, (50)

V. SYSTEM STATE EQUATIONS
The expressions for the system s:ate equations are:
m(i) — T'ng;)(") _ mg,) m&‘l _ m(j) — ([;) . (é)

(51)

g=g-*.(F(§) Fx-Fp -Fp+Fg) (52)

_S:.S.'(Qr)+SQpr&+S_D_—.§;'—.5.'CKf&+S_p (33)

The definitions for the differer: terms in the system state
equations are:
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It can bc shown that Eqs. (61) and (70) can bc obtaincd as:
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where:
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Although the complete Bond Graph is not shown here, it can
be said that the state equations (51) and (£3) are represented,
in the Bond-Graph terminology, by multibond 0-junctions, in
which correspondingly the ith-component mass rate nodal vec-
tors and the entropy rate nodal vector are added (see Figs. 3
and 4). Eq. (52) is represented, in the Bond-Graph terminol-
ogy, by a multibond 1-junction, in which the forces are added

{see Fig. £). Multibond 0-junctions are also used to represent
Eqs. (71) and (74).
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Fig.3. O-junction representing the balance equation at the ith-component
mass port.

The density and entropy weight functions w( and w, are
introduced as in the multivelocity model. The boundary “condi-
tions and initial conditions are also handled analogously through
generalized modulated effort sources at the inertial port or mod-
ulated flow sources at the capacitive ports, as shown in Figs. 3
to &.

The discretized representation of the power couplings are also
represented by power conserving two-port elements (modulated
transformers or modulated gyrators), as shown in Figs. 6 to 8.

It can be shown that the relationships corresponding to Figs.
6 to 8 are:
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Fig. 4. O-junction representing the balance equation at the entropy port.
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Fig. 5. 1l-junction representing the balance equation at the velocity port.
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Fig. 6. Power coupling between the velocity and entropy ports.
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Fig. 7.

Power coupling between the ith-component entropy and mass
ports.
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ports,
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where the rectangular matrices MsV (nv rows, n, columns),

l\l‘!?s (n, tows, nf,‘) columns) and M, (g?v (nv rows, n(‘) columns)
are defined as:
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As in the multivelocity model, the coupling matrices set re-
strictions in the allowable causalities.

VI. CONCLUSIONS

Based on the multivelocity model described in a companion
paper submitted to this Conference, a diffusion model is pre-
sented. This model differs from the multivelocity model in the
way the kinetic coenergy of the components is taken into ac-
count, reducing the number of state variables from multiple ve-
locities to a mean velocity.

In the diffusion model, the dynamics of a multicomponent
soluticn is described in terms of the average (center of mass)
velocity of the mixture and the mass flux of each component
relative to the average velocity. The relative fluxes are assumed
to be dependent on the entropy per unit volume and the com-
ponent densities. This functional dependence allows to deal
with ordinary (concentration driven) diffusion, pressure diffu-
sion, forced diffusion and thermal diffusion.

Based on the contribution of the diffusion fluxes to the ki-
netic ccenergy, different potentials associated to the entropy per
unijt volume and component densities are defined. It is shown
that these potentials modify the generalized effort variables ap-
pearing at the inertial, mass and thermal ports of the IC-field
representing the system total energy. Besides. these potentials
introduce linkages between these ports.

The author believes that a methodology such as BG-CFD,
based <n the representation of the total energy per unit vcl-
ume and the differential equations coming from Continuum The-
ory, is the right approach for discretizing continuous systems.
The baiance equations, which are a original contribution of this
methcdology, represent the power structure of the system and
can take into account all physical effects. Other models encoun-
tered in the literature, many of them including discretization
assumptions, can be obtained as particular cases.

My 1 1 /K @ v o g0 gl
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Finally, it can be said that this methodology can be used
in any continuous system in which a power representation and
differential conservation equations exist (Solid Mechanics, Elec-
trodynamics, etc.). In the field of Computational Fluid Dynam-
ics, areas of interest for the application of this methodology are
Turbulence and Multiphase Flow, in which more sophisticated
averaging procedures must be resorted tc

ACKNOWLEDGMENTS

The author wishes to thank Conselho Nacional de Desenvolvi-
mento Cientffico e Tecnolégico (CNPq, Brazil) for the financial
support as Visiting Researcher at IPEN.

ABOUT THE AUTHOR

Jorge Luis Balific was born on January 11, 1959 in Buenos
Aires (Argentina). He got the degree in Nuclear Engineering
(1983) and Ph.D. in Nuclear Engineering (1991) at Instituto
Balseiro (Universidad Nacional de Cuyo, Argentina). During
1983 he worked at Techint, a major engineering company. From
1984 to 2000 he worked at Centro Atémico Bariloche (Thermal-
hydraulics Division) and Instituto Balseiro, involved in R&D,
consulting cnginecring and acadcmic activitics as Associate Pro-
fessor. From 1995 to 1999 he was the Dean of the Career of
Nuclear Engineering at IB. Since 2001 he is working as Visit-
ing Researcher at Instituto de Pesquisas Energéticas e Nucle-
ares (Thermalhydraulics and Safety Analysis Division) in Sdo
Paulo, Brazil. He has authored or co-authored over 50 journal
and conference papers. His research interests include Sensitivity
Analysis via Perturbative Methods, Mechatronics and System
Modeling , Simulation and Dynamics in the areas of Fluid Me-
chanics, Heat Transfer and Multiphase Flow.

REFERENCES

(1] Balifie, J. L., Larreteguy, A. E. & Gandoifo, E. F., A General Bond Graph
Approach for Computational Fluid Dynamics. Part 1: Theory, International
Conference on Bond Graph Modeling and Simulation ([CBGM ’2001), The
Society for Computer Simulation, pp. 41-46. ISBN 1-56555-221-0, 2001.

[2) Balifie, J. L., Larreteguy, A. E. & Gandoifo, E. F., A General Bond Graph
Approach for Computational Fluid Dynamics, submitted to Mathematics
and Computers in Simulation.

{3] Gandolfo, E. F., Larreteguy, A. E. & Balido. J. L., Bond-Graph Modeling
of 1-D Compressible Flows, submitted to Second IEEE International Con-
ference on Systems, Man and Cyberbetics /(SMC'02), Tunisia. October 6-9,
2002.

{4] Balido, J. L., BG-CFD Methodology for Multicomponeat Sclutions. Part
I: Multivelocity Model, submitted to this Conference.

15) Drew, D. A. & Passman, S. L., Theory of Yulticomponent Fluids, Springer-
Verlag, New York, Inc., ISBN 0-387-98340-5. 1999.

{6] lncropera, F. & De Witt, D. P., Fundamentals of Heat and Mass Transfer,
3d. Ed., John Wiley & Sons, Inc., ISBN 0-471-61246-4, 1990.

[7] Bird, R. B., Stewart, W. E. & Lightfoct. £
Wiley & Sons, Inc., 1960.

8] Callen, H. B., Thermodynamics. John Wiley & Sons. Inc.. ISBN 0-471-
13036-2, 1960.

9] Karnopp, D. C., Margolis, D. L. & Rosenberg, R. C., System Dynamica.
Modeling and Simulation of Mechatronic Syetem. 3d Ed., Wiley Interscience,
ISBN 0-471-33301-8, 2000.

{10] Gaandolfo, E. F., Larreteguy, A. E. & Balitc. J. L., A General Bond Graph
Approach for Computational Fluid Dyocamics. Part 1I: Applications, [n-
ternational Conference on Bond Graph Yfodeiing and Simuiation (ICBGM
'2001), The Society for Computer Simulation, pp. 47-52. ISBN 1-56555-
221-0, 2001.

!11] Gandolfo, E. F., Larreteguy, A. E. & Balido, J. L.. Bond Graph Model-
ing of Fluid Coavection-Diffusion Problems. submitted to Mathematics ond
Computers in Simulation.

. N., Transport Phenomena, John



2003 WESTERN MULTICONFERENCE
JANUARY 19-23, 2003

MARRIOTT ORLANDO AIRPORT
ORLANDO, FLORIDA

CONFERENCE SYMPOSIA:
* BoND GRAPH MODELING AND SIMULATION
¢ COLLABORATIVE TECHNOLOGIES SYMPOSIUM

o CoMMUNICATION NETWORKS AND DISTRIBUTED SYSTEMS MODELING AND SIMULATION
e HEALTH SCIENCES SIMULATION

¢ FOSSIL SIMULATION AND TRAINING
¢ SIMULATION AND MULTIMEDIA IN ENGINEERING EDUCATION
¢ SIMULATION TECHNOLOGY FOR NUCLEAR POWER PLANTS AND SYSTEMS

ERRATA

Changes and corrections submitted after the CD-ROM deadline can bs found on the
SCS website at

Iscs!

THE SOCIETY FOR MODELING AND SIMULATION INTERNATIONAL |_ _I



CeONTENTS

METHODOLOGY

BG-CFD Methodology for Multicomponent Solutions. Part I:
Multivelocity Model

BG-CFD Methodology for Multicomponent Sohitions. Part II: Diffusion
Model

One Model for One Frequency Range : Comparison of Bond Graph
Based Simplification Methods

Physically-plausible Models for Identification

Bond Graphs for 1-Dimensional Duct Flows Using Nonlinear Finite
Lumps

Switching Cell As A Converter Core Representation For Analysis

A First Approach of Distributed Parameters Systems Sizing Using Bond
Graphs

FauvrLr DETECTION

Bond Graph: a suitable tool for component faults diagnosis

Derivation of Constraint Relations from Bond Graph Models for Fault
Detection and Isolation

Model-Based Reasoning about Fault Propagation
Carsaniry

An Energy-Based Approach to Parameterizing Parasitic Elements for
Eliminating Derivative Causality

Bicausality-based Procedures for Transfer and Transmission Matrix
Determination of Single Source Single Load Linear Systems

Errcrricarn SYsteMs

Sizing of an Electric Power Steering System on dynamic and energetic
criteria

Transmission Line And Bond Graphs

41

47

53

59

65

72

79

89

103

109

119

126

135

146

AUTHOR(S)

J. L. Balifio
J. L. Balifio

G. Gandanegara
X. Roboam

B. Sareni

G. Dauphin-Tanguy

Peter J. Gawthrop

Donald Margolis

Kai¢car Ammous
Bruno Allard
Hervé Morel
Anis Ammous

Abdechafik Derkaoui
Eric Bideaux
Serge Scavarda

A. Naamane
K. Sia

B. Ould Bouamama
A. K. Samantaray
M. Staroswiecki

G. Dauphin-Tanguy

Stefan Feyock

Geoff Rideout
Jeffrey L. Stein

W. Marquis-Favre
X. Xia
S. Scavarda

0. Mechin

W. Marquis-Favre
S. Scavarda

P. Ferbach

Herve Morel

Kai¢ar Ammous
Bruno Allard

Hatem Garab
Dominique Bergogne
Philippe Auriol



IPEN/CNEN-SP
BIBLIOTECA
“TEREZINE ARANTES FERRAZ”

Formulério de envio de trabalhos produzidos pelos pesquisadores do IPEN para inclusio na
Produgdo Técnico Cientifica

AUTOR(ES) DO TRABALHO:

i N ; j . L, .
LOTACAO: CENT RAMAL: G2 ?S/ c62.
TIPO DE REGISTRO:
art. / period.: Publ. IPEN . Tesumo
cap. de livro Art. conf X outros

(folheto, relatorio, etc...)

TITULO DO TRABALHO:

RE- CF> Wadhoddagy den ruddicom porand

Nolud igan
Vo 17 DHJ’ e od L

APRESENTADO EM: (informar os dados completos - no caso de artigos de conf,, informar o titulo
da conferéncia, local, data, organizador, etc..)

Q00 Wl o MIJ-M\,QIML - “gOd\’\ Aci--JfB:;LOOA

PALAVRAS CHAVES PARA IDENTIFICAR O TRABALHO:

Bowd, (,M@&\a M&m& F s \4W
Cl‘B MMWM M&wﬁ N o

ASSINATURA: \Q.olz\

DATA:%8/{2/2003

1 @%w

T



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

