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DEVELOPPEMENT DE FLUIDES ELECTRORHEOLOGIQUES ET
APPLICATIONS EN CONTROLE SEMI-ACTIF DES VIBRATIONS

Yulan SUN

RESUME

L’objectif de cette étude concerne le développement d’un fluide électrorhéogique (ER) ainsi
que des applications en controle vibratoire. Ce travail est scindé en deux volets, I’un portant
sur le développement et la caractérisation d’un fluide ER et D’autre portant sur une
application de ce fluide ER pour amortir semi-activement les rotors en torsion.

Un fluide ER est un fluide dont le comportement rhéologique varie sous I’action d’un champ
¢lectrique. Dans le premier volet, en analysant I’influence des différents parametres
caractérisés, nous avons développé un fluide ER a I’aide de la méthode des « plans
d’expériences ». Ce nouveau fluide ER, nommé ETSERF, permet d’obtenir de bonnes
performances rhéologiques. Le fluide ER qui posséde un comportement rhéofluidifiant,
particulierement, quand le fluide ER travaille a basse vitesse et proche du seuil d’écoulement.
Afin de bien décrire le phénoméne ER, deux modéles empiriques ont été développés. Basée
sur I’analyse ANOVA, une relation quantitative entre la contrainte de cisaillement et les
variables indépendantes soit: la concentration des particules, la taille des particules, le
champ électrique, le surfactant et la vitesse de cisaillement, a été développée. Ce modele
donne une bonne explication de la contribution de chaque variable indépendante sur la
viscosité et le seuil d’écoulement. Pour décrire ce comportement notamment aux faibles
vitesses d’écoulement, une nouvelle théorie appelée “Quasi-Bingham’ a été développée et
un autre modele empirique a été proposé. Cette nouvelle théorie peut Etre utilisée pour
modéliser tous les fluides ER rhéofluidifiants. La relation entre 1’effet ER et la permittivité a
¢galement été étudiée en détail puisque I’effet ER est fortement influencé par les propriétés
di¢lectriques du fluide ER.

Dans le deuxiéme volet, nous avons congu un nouvel absorbeur dynamique contrélable semi
activement dans lequel nous avons introduit notre fluide ER afin d’amortir les vibrations
d’un rotor en torsion. Le but de cette partie de 1’étude est d’évaluer les performances
d’amortissement du fluide ER appliqué a un absorbeur dynamique contrdlable (« Smart ER
Dynamic Absorber » : SERDA). L’absorbeur SERDA peut fournir, en mode de cisaillement,
un amortissement aussi bien qu’une rigidité contrélable a 1’aide d’un champ ¢électrique. Le
modele empirique de Quasi-Bingham a été amélioré afin qu’il puisse s’adapter aux
conditions de fonctionnement vibratoire du fluide ER. Les résultats expérimentaux montrent
que I’absorbeur SERDA est efficace pour réduire semi activement les vibrations en torsion
d’un rotor.
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DEVELOPMENT OF ELECTRORHEOLOGICAL FLUIDS AND APPLICATIONS
FOR SEMI-ACTIVE CONTROL OF VIBRATIONS

Yulan SUN

ABSTRACT

The purpose of this study involves the development of an ER fluid and applications for
controlling torsional vibrations. These two parts concern the development and
characterization of an ER fluid and the application of this ER fluid for semi-active damping
of vibrations of rotors.

In the first part, we have developed an ER fluid by applying a design of experiments and by
analyzing the influence of different parameters of design on rheological efficiency. This new
ER fluid, called ETSERF, provides good rheological efficiency. In order to describe the ER
behavior of the ER suspension, two empirical models has been developed. Based on
ANOVA analysis, a quantitative relationship between the dynamic shear stresses and the
independent variables has been developed. A relationship provides a very useful explanation
for the contributions of each independent variable to the viscosity and yield stress. In order to
improve this relationship, especially at low shear rates, a new empirical model, called the
Quasi-Bingham model, is proposed to explain the performance of rheological fluids that have
ER shear-thinning behavior, especially when the ER fluid works under the conditions of low
speed and near yield stress. This new model may be used for all fluids with a shear-thinning
behavior, especially when they work at low shear rates and yield stress conditions. The
relationship between the ER effect and permittivity was also deeply studied since the ER
effect strongly depends on the dielectric properties of ER fluids.

In the second part, we have designed a new Smart ER Dynamic Absorber (SERDA) in which
our ER fluid has been introduced, in order to semi-actively damp the rotor torsional
vibrations. The purpose of this study is to evaluate the efficiency of the SERDA absorber.
The results show that the SERDA absorber could semi-actively provide various torsional
damping and stiffness under the application of an electric field. A general Quasi Bingham
model is proposed in order to describe the dynamic behavior of the fluid ER. The
measurements of the absorber efficiency have been carried out and the results show that the
ER dynamic absorber exhibits very good performances in order to semi actively reduce the
torsional vibrations of rotor systems.

This thesis is presented in the published paper form. Three papers (one published and two
submitted) and three papers published in proceedings of conferences show the results of this
research:



Sun Y, Thomas M., 2009, Control of Rotor Torsional Vibrations by using an Elec-
trorheological Fluid Dynamic Absorber, is accepted to Journal of Vibration and Con-
trol (JVC), 37 pages.

Sun Y, Thomas M. and Masounave J., 2009, A Quasi-Bingham model for predicting
Electrorheological fluid behaviour, is submitted to Measurement Science and Tech-
nology (MST).

Sun Y., Thomas M. and Masounave J., 2009, An experimental investigation of the di-
electric properties of electrorheological fluids, Journal of Smart Materials and Struc-
tures, 18, 024004, 9 p.

Sun Y., Thomas M., and Masounave J., July 2007, Experimental investigation on
Electrorheological fluid rheology and dielectric properties, Int. Conf. on Smart Mate-
rials and Nanotechnology in Engineering (SMN2007), Harbin China, 8p.

Sun Y, Thomas M. and Masounave J., 2006, Damping of rotor torsional vibrations
with electrorheological fluids, Proceedings of the 24™ Seminar on machinery vibra-
tion, Canadian Machinery Vibration Association, ISBN 2-921145-61-8, Montréal,
pp. 344-369.

Sun Y., Thomas M. and Masounave J., October 2004, Investigation of Dynamic Be-
havior of Electrorheological Fluids by Experimental Design, Proceedings of the 7t
Cansmart International workshop on Smart Materials and structures, Montreal, pp
153-162.



TABLE DES MATIERES

Page

CHAPITRE 1 INTRODUCTION ..ottt st 1
1.1 Problématique de 1a reCherche..........ccvviieiiiicieeee e 2
1.2 Objectifs de la recherche, originalité et méthodologie ...........ccoevvvieiieniiiiiiniiieiiee 3
CHAPITRE 2 REVUE DE LA LITTERATURE ......c.coovimiiieiieeeeeeeeeeeeeeee e, 7
2.1 Principe des fluides électrorhéologique (ER) ......ccoviieiieiiiiiieiiciieieeeeeeee e 7
2.1.1  Définitions d’un fluide électrorhéologique...........cooeiriiiniiiniiiiiiiiieieeee 7

2.1.2  Composition des fluides €électrorh€ologiques..........cceevveeviieriieniieeciieriieereenne, 8

2.1.2.1 Les partiCules ........oeueeiiiiiieeieeeeeee e 8

2.1.2.2  Le liquide SUPPOTTE ..c.veeeerieiieeiieeiieeie ettt 9

2.1.23 L’activateur polaire..........ceeeueerieeriieriienieeieeee e 9

2.1.2.4  Effet des surfactants...........ccoceerieiiiiniiiiniiniieceeeceeeee e 11

2.1.3  Comportement des fluides ER ..........ccccooiriiiiiiiiiiniiecccceee 12

2.1.4  Propriétés diélectriques des fluides ER..........cccoeviieiiiniiiiiicieeiecie e 13

2.1.5  Typesdes fluides ER .......ccooiiiiiiiiiiiee e 15

2.1.6 MEIANEESs USUCIS .....cocvuiieeiiieiiiieeiieeeie ettt ettt e e saee e e enaee e 16

2.2 Les modeles rhéologiques du fluides ER...........ccoooiiiiiiiiiiiiiieeee e, 20
2.2.1  Nombre de Mason M .......cccoiiiiiiiienieiieiesieeieete ettt 20

2.2.2  Modele de Binghami...........ccccooriiiiiiiiiiiieeeee e 21

2.2.3  Modele de CassOm ......c.eeviiiiieriiiiienieeiteete ettt 22

2.2.4  MOACIE dE CTOSS ..cuueeeuiieiieiiieiie ettt ettt ettt ettt e e e ens 22

CHAPITRE 3 ARTICLE #1 «A QUASI-BINGHAM MODEL FOR PREDICTING

ELECTRORHEOLOGICAL FLUID BEHAVIOUR®.......ccccecvvireinianne. 24

3.1 INtrOAUCTION .. ...ttt s 27
3.2 Rheological Behaviour of ETSERF .......cccccociiiiiiiiiiiiiccececeeeas 28
3.2.1  Rheological Behaviour of Various ER Fluids .........ccccccovviiiviiiniieniiiiieens 29

3.2.2  Preparation of ETSERF FIUIdS ....ccc.cooiiiiiiiiiniiiiiiiiiccceccecee 31

3.2.2.1 Diatomite PartiCles.........cooveviiiiiiinieiiiereeeeeeeeee e 31

3.2.2.2  Optical observation of chain formation ..........c..ccccevceeveevenienene 34

3.2.3  Measurement of dielectric and dynamic properties of ETSERF ................... 36

3.2.3.1 Electrorheological response under AC electric field in ER fluid 36

3.2.3.2  Transient response of ER fluids........c.cccccovviieniiniiiiniiiiicieene, 37

3233 Dielectric proprieties of ETSERF fluids.........ccccoceniiiiniinnnns 38

3.2.3.4  Relation between the ageing of ETSERF and dielectric loss ......41

33 Experimental Design and Procedure.............cooouieiiiiiiienieniieieieeeeeeee e 43

3.3.1  Design of EXPeriment .......ccccuiieiiiieiiiieeiiiesiieecieeeeieeeeieeesvee e iveeenenee e 43



34

3.5
3.6
3.7

IX

3.3.2  Statistical Results ANalySiS......c.ccccvevciieriiiiiiiiieeieeieeeee e 43
3.3.2.1 Shear stress induced by particle sizes and surfactant under
different concentrations (CDE).........cccccceovvieeiiiieiiieeie e 46
3.3.2.2 Shear stress effect induced by shear rate, particle concentration
ANd SIZE€ (ACE) ... e e 46
3.3.23 Shear stress induced by electric field strength, the surfactant
and particle size (BDE) ......ccccoooiiriiiiiiieeeeeeeeeeeeee 47
3324 Shear stress effect induced by the size and electric field
strength under different concentrations (BCE)........c.ccccceecuvenneenn. 48
3.3.2.5 Shear stress effect induced by the electric field strength and
the shear rate under different sizes (ABE).......c.ccccoveeviieecnneenen. 48
3.3.2.6 Shear stress induced by electric field strength and the
surfactant under different concentrations (BCD)............c............ 49
3.3.2.7 Shear stress effect induced by the electric field strength,
the shear rate and surfactant (ABD).........cccoveeeviiiiiiicciiieieeee 50
3.3.2.8 Shear stress effect induced by the electric field and shear rate
under different concentrations (ABC) .......ccceecviieviiieeciieeieeene, 50
Empirical Model for Shear Stress ... 51
3.4.1  Quantitative relationship between the dynamic shear stress and the
independent Variables...........coovuiieriiieiiie e 51
3.4.2 A new Quasi-Bingham Model ...........cccooriiiiiiiniiiiiiceee e 54
CONCIUSION ..ttt ettt ettt ettt et e s it e e bt e s st e e beesaeeenne 58
ACKNOWIEAZMENL .......oiniiiiiiieiie ettt ettt et e e be e e saeeenee s 60
RETEIEIICES ...ttt ettt et sttt 60

CHAPITRE 4 ARTICLE #2 «EXPERIMENTAL INVESTIGATION OF DIELECTRIC

4.1
4.2
4.3

4.4

4.5
4.6
4.7

PROPERTIES ON ELECTRORHEOLOGICAL FLUIDS»........cccceu...... 64
INEEOAUCTION ...t sttt ettt st e b 67
EXPErIMENtAtION ......viiiiiiieiiieeiee ettt ettt tee et e e et e e sbee e saeeeaseeesaseesnsaeesnnneeans 69
BaSIC CONCEPLS. ..cuiieiiieiiieiieeieeeie ettt ettt ettt e et e st e e teesebe e bt e sabeeseessseenseesnseeseens 69
4.3.1  Polarization mechanism of heterogeneous dielectrics .........cccceevuveerveeerereennns 69
4.3.2  Theories of the SIOW polarization............c.cecueerieeiienieeriieeie et 71
4.3.3  The dependence on Relaxation of the ER effect............cccoeevviiviiiiniienenns 72
Results and diSCUSSIONS......c.uevuiiriirieriieiieieeieeie ettt s 74
441 ER EITECE .o 74
442  The dielectric properties of ER SuUSpensions..........cccceeeeeeieeneenieeniienveennens 76

4.42.1 Influence of particle sizes, particle concentrations and
surfactant on dielectric properties of ER suspension................... 76
4.42.2 Influence of humidity on dielectric properties of ER suspension79
4.4.3  Polarization mechanisms in ER suspensions (Interfacial polarization)......... 80
4.44  The relation between the ageing of ETSERF and dielectric loss................... 81
CONCIUSION ..ttt ettt ettt ettt et ebtesb et e st e sbeebeeatesbeenbeas 82
ACKNOWICAZEMENTS .......viieiiieeiiie ettt et e e e aa e e eaaeeeaaeeens 83

RETETEINCES ..ottt e et et e e e e et e e e e e e eeee et e e e e e e eeeeeeeeeeeeeeeees 83



CHAPITRE 5 ARTICLE #3 «CONTROL OF ROTOR TORSIONAL
VIBRATIONS BY USING AN ELECTRORHEOLOGICAL FLUID

DYNAMIC ABSORBER ....ccutiiiiiiiiiiieciesteieseeee e 88
5.1 INEOAUCTION ...ttt et et e s e e 90
5.2 Modeling of the ER fluids in shear mode............cccoovieiiiiiiiiiieniiiiieeeeeceee e 91

5.2.1  Steady-state modeling of the ER fluids in shear mode (Quasi-Bingham
MNOACL) .o e e e eaeas 91
5.2.2  Rheological Behaviors of ER fluids .........ccccoveeiiiieiiiiiiiieeecieeeeeeee, 92

5.2.3  Oscillatory dynamic model in shear mode (General Quasi-Bingham

model in Shear MOAE)........ccuieiiiiiiiiiee e e 97
5.2.3.1 Introducing visco-elasticity in the pre-yield region..................... 97
5232 Torsional damping and stiffness of ER Dynamic absorber ....... 100
53 Smart ER Dynamic Absorber (SERDA).......c.ccoouiiiiiiiiieieieceeeee e 104
5.4 Simulation and experimental TeSUILS..........cccuireiiieeiiieeieeee e 106
5.4.1  Simulation of yield stress, strain and shear modulus.............cc.ccoecvverirnnnen. 106

5.4.2  Experimental identification of ERF dynamic parameters in shear mode
(S.D.O.F. SYStEIM)...ceeiuiiiiiiiieeiieeeiee ettt ettt e ettt e e e e e e 109
5.4.3  Design of Smart ER Dynamic Absorber (SERDA)......c.ccooovvveviiiiniieiiens 113
54.4  CONLrOl STrALEZICS ..vveeveeeeiieiieeieeriieeieeriteeteesteeeteerteeebeesteesbeesseessseenseesnseas 114
5.5 CONCIUSIONS ...ttt ettt et e st e et e et e e bt e st e ebeesaeeenbeens 116
5.6 ACKNOWIEAZMENT ......oiiiiiiiiiiieiieeieee ettt ettt et e e b e e 117
5.7 RETEIENICES ...ttt st e 117
CHAPITRE 6 SYNTHESE, CONCLUSIONS ET RECOMMANDATIONS................ 119
6.1 SYNTRESE ..o 119
6.2 CONCIUSIONS ...ttt ettt ettt et st e b e st e b e saeeeaeeens 120
6.3 RecomMMAaNdations..........ooiuiiiiiiiieie et 123
ANNEXE I ARTICLES DE CONFERENCE ........otviiirriieiinseiesisesissseeseeiseeenns 125

ANNEXE II DIMENSIONNEMENT DES PIECES DE COUETTE
VISCOSIMETRE ....cooooieieieeeeeeeee e 154

BIBLIOGRAPHIE .......c.oooiiiiiiiiieieet ettt 171



Tableau 2.1
Tableau 3.1

Tableau 3.2

Tableau 3.3

Tableau 5.1

LISTE DES TABLEAUX

Page
Compositions des fluides ER ........cccoooiiiiiiiiiiiiiice e 18
Levels of independent variables............cccueeeeiiieeiiieciieeciieeeee e 43
Analysis of variance for Shear Stress .........coeviieiierieeciieieeieeeeie e 45
Fitting values of TyqB, M0, Mw, t ANA N eeeiiiiiiiiiiiic 57

Fitting values of TyqB, M0, M, t ANA N .ceiiiiiiiiiiicicce 94



Figure 1.1
Figure 2.1
Figure 2.2
Figure 2.3
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14
Figure 3.15

Figure 3.16

LISTE DES FIGURES

Page
Amortisseur ER de véhicule. ..o, 1
Formation des chaines de particules.............cceerieeiiieniieiiienieeeeeieeee e 13
Classification de matériaux ER. ..., 15
Rhéogramme d’un fluide de Bingham. ...........cccccoooiiiiiiiiiiiiiceee, 21
COUCHEE VISCOMELET. ....euieniiieiiieiiie ettt ettt ettt ettt st e st sb e 29
Rheograms of ER fluids for various ER fluids.........cccccoeeviiniiiiiieniiiiiiieeen, 30
Microstructure of diatomite particles under electric microscope..................... 32
Particle 5ize diStribULIONS. .......cocveriiriiiiinieieeiectee e 32
Comparison of ER effects with dry and moist diatomite powders................... 33
Observation of ER fluids using optical microScope. .........cccueevveeeveeniveniiennnenns 34
ETSEREF chains under various electric fields...........coceeiiiniiiiiiniiiiiiice, 35
Frequency dependence of shear stresses at different shear rates under
2 kV/mm electric field strength. ...........cccveeeiiieiiiiiee e, 36

Transient responses of ETSERF20 with 28 Wt% at shear rate of 185 (1/s)....38

Dielectric constant (£”) and dielectric loss (£”) for ETSERF fluids with
different partiCle SIZES. ......ccvviiiriieiiiieeiiee et e e 39

Dielectric constant (&) and dielectric loss (£”) for ETSERF fluids with

different particle CONCENLIAtIONS. .......ceuvieruieriieiierie ettt 40
Observation of the ageing of ETSERF40. .......cccccocoiiiniiniiiiniiinicecceeee, 42
Dependence of dielectric proprieties on time for ETSERF with a 23%

concentration and dry partiCles..........coccveviiiiiiriiieiienie e 42
Effect of particle concentration and size on shear Stress...........ccceceevveerieennenn. 46
Effect of shear rate and particle concentration on shear stress............c....c....... 47
Effect of electric field strength and particle size on shear stress...................... 47



Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20
Figure 3.21
Figure 3.22

Figure 3.23

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9
Figure 4.10

Figure 4.11

Figure 5.1

XIII

Effect of electric field strength, particle mass concentration and size on
SHEAT STIESS. ettt ettt 48

Effect of shear rate and electric field strength on shear stress under different
PATLICIE SIZES. ..vviieiiieeiiie ettt et e e e e e aae e ennes 49

Effect of electric field strength, mass concentration and surfactant on shear
SETESS. ettt ettt ettt ettt ettt sttt e et s e nane 49

Effect of shear rate and electric field strength on shear stress. ...........ccceeueeee. 50
Effect of electric field, shear rate and mass concentrations on shear stress....51
Observed data versus predicted values...........coccveviierieiiienienieeeeeeeee 53

Predicted values vs. measured values for ETSERF20 with concentration of
28 Wt% under various electric field strengths. ..........cccoecvvveieniiiiiiiniieiie, 54

Relaxation spectrum of the ETSERF40 ER fluid.........cccooeveiiiiviiiiiiieiee, 70

Dependence of shear stress on particle concentration and size under

Dependence of shear stress on particle concentration and size with
surfactant under E= 2KkV/mMm ... 75

The effects of humidity on ER behaviour of ER fluids under different
ElECHIIC FICLAS ... 76

Influence of particle sizes on the dielectric proprieties of ETSERF with no
SUITACTANT .....eiiiiiiiiici ettt 77

Influence of particle sizes on the dielectric proprieties of ETSERF with
SUITACTANT .....eiiiiiiiiici ettt 78

The effect of particle concentrations on the dielectric properties of ER fluid .78

Comparison of dielectric properties for ER fluids with dry particles and

moist particles with a concentration 0f 23% ........cccceevvieiiieniiienienieeiecieeee 79
Relative constant and dielectric loss tangent for the particles-matrix.............. 80
The observation of the ageing of ETSERF40 fluid...........ccocooiiniininiininnenn 81
Dependence of dielectric properties on time for ETSERF with 23%

concentration and dry partiCles..........coccueviieiieriiieiiene e 82
COUCHE VISCOSTMELRT. ....veuieeieiieiiesiieteeitestte et eee st ettt et et seeesbeeneeseeenaeenee 93



Figure 5.2

Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16

Figure 5.17

XV

Predicted rheograms of the ETSERF40-20 fluid under various electric

1CLAS. ettt 95
Experimental and predicted Yield stresses with electric fields. ........c..c.c....... 96
Experimental and predicted zero shear viscosity with electric field. ............... 97
The ER torsional dynamic absorber. ............ccooceeviieiiiiniiiiiinieciieeeeee 100
Experimental set-up for dynamic characteristics of ER fluids....................... 102
Normalized amplitude of the primary inertia. ..........cccecveeeveenieerieeneeeiienenn 106
Non-linear yield stress-strain under different electric fields............ccccc...... 107
Yield strain vs electric field.........occooiiriiiiniiniiie 108
Shear modulus vs electric field ..........ccoiiiiiiiiie 108
Hysteresis loops of ER fluids under different electric fields.............ccueneee. 109
FRF of ER fluids with electric fields..........ccocooiiiiiiiiiniiiiiee, 110
Variation of torsional stiffness with electric field...........ccccocevviniinennnnene. 112
Variation of damping ratio with electric field............cccveeveiiiniiieniie e, 112
Efficiency of the absorber under different electric fields...........ccceveenuennenne. 113
Simulation of the SERDA absorber under different electric fields................ 114
Maximum FRF amplitude of the primary system with electric fields. .......... 115



LISTE DES ABREVIATIONS, SIGLES ET ACRONYMES

ABREVIATIONS

ER ¢lectrorhéologique

SERDA Smart ER dynamic absorber

SIGLES ET ACRONYMES

Crr coefficient non-linéaire d’amortissement en torsion (N.m.s/rad)

Ceq coefficient d’amortissement équivalent (N.m.s/rad)

d taille de particule (um)

E champ électrique (kV/mm)

E, champ électrique (V/mm) pour ‘nombre de Mason’

Gy module de cisaillement du matériau quand le matériau travaille sous le seuil

d’écoulement et en petite déformation

G module élastique en cisaillement (Pa)

G, module visqueux en cisaillement (Pa)

H hauteur de cylindre intérieur (m)

5 moment d’inertie de masse du rotor (kg.m?)

I moment d’inertie de masse de I’absorbeur (kg.m?)
Ky la constante de rigidité en torsion (N.m/rad)

Kgr rigidité complexe non- linéaire en torsion (N.m/rad)
Kero valeur maximale de Kgg (N.m/rad)
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CHAPITRE 1

INTRODUCTION

Dans les deux derniéres décennies, beaucoup de scientifiques, d’ingénieurs et d’inventeurs
ont été fascinés par les fluides électrorhéologiques (ER). Grace a leurs propriétés spécifiques
telles que : réversibilité, réponse rapide, viscosité variable, etc, ces fluides peuvent étre utili-
sés afin de controler les vibrations (Stanway, Sprostonz et al. 1996; Choi et Kim 2000) et
I’amortissement (Thomas, Masounave et al. 1997; Sun, Thomas et al. 2006) au moyen des
champs électriques. Ces systemes ER peuvent étre employés comme une interface entre les
systemes mécaniques et les systémes ¢€lectroniques afin de réaliser une procédure automati-
que de controle en temps réel. Certains systémes industriels ont été développés en utilisant
des fluides ER, tels que embrayages, freins, amortisseurs d'impacts et de vibration, notam-

ment dans le transport (Figure 1.1: Sassi et al. 2003), etc.

=B

Electrad iti / ;
FrinCE Rpstiive Electrode négative

Figure 1.1 Amortisseur ER de véhicule.

Tirée de (Sassi, Chérif et al. 2003)

Cependant, il existe beaucoup de problémes techniques a résoudre tels que la sédimentation
des particules, I’effet de I’humidité, 1’échauffement du fluide (Hosseini-Sianaki, Bullough et

al. 1998), I’abrasion des ¢électrodes et les arcs ¢électriques, etc. qui ont tendance a limiter les



applications industrielles des fluides ER (Bullough 1995; Nakano et Koyama 1997). En ou-
tre, les appareils utilisant la technologie ER nécessitent I’application de hautes tensions, ce
qui nécessite un équipement sophistiqué, entraine des cotts ¢élevés et pose des problémes de
sécurité. Les chercheurs tentent de développer des technologies de fabrication des fluides ER
qui pourraient résoudre tous ces problemes (Tao 1999; Bossis 2001), mais la réalisation est
difficile, car les performances des fluides ER ne dépendent pas seulement du mélange liqui-
de-particule, de la taille des particules, de la forme des particules (Qi et Wen 2002), du rap-
port de densité entre les particules et le liquide, de I’effet des surfactants (Lee, Chin et al.
1998), etc., mais aussi de nombreux autres facteurs, tels que la vitesse de cisaillement, le
champ ¢électrique, la fréquence du champ électrique (Boissy 1999; Kim et al. 2003; Lan et al.
2004), la concentration de particules (Gavin 1997; Lengalova, Pavlinek et al. 2003), la

conception de mise en ceuvre (Sassi, Chérif et al. 2003), etc.

Les applications des fluides ER sont a développer, mais certains problémes ont tendance a

empécher leurs applications et leur commercialisation telles que :

e Les comportements rhéologiques des fluides ER sont trés complexes et non-linéaires. 11
n’existe pas actuellement de bon modéle pour décrire leurs propriétés;

e  C(Certains problémes techniques, tels que la sédimentation des particules, le réchauffe-
ment du fluide, I’effet de I’humidité, de I’abrasion et des arcs ¢électriques provoquent la
perte des propriétés, etc., et ont donc tendance a limiter les applications des fluides ER;

e  Les appareils a fluides ER controlables ont besoin de haute tension ce qui pose des pro-

blémes de sécurité.

1.1 Problématique de la recherche

Beaucoup de méthodes passives, semi actives ou actives pourraient étre utilisées pour réduire
les vibrations. Les méthodes passives peuvent jouer sur les masses, rigidité et amortissement
d’un systéme mécaniques. Elles sont a la fois fiables, robustes et sécuritaires. Les méthodes
actives en jouant sur les parametres structurels tels que masse, rigidité et amortissement sont

plus efficaces pour contréler les vibrations, mais présentent un risque en cas de défaillance



du systéme actif. Les méthodes semi-actives en jouant principalement sur 1’amortissement
d’un systéme sont donc plus sécuritaires et présentent un compromis entre les méthodes pas-
sives et actives. Outre ’amortissement passif des structures par introduction de matériaux
viscoélastiques (Thomas, Masounave et al. 1997), une méthode pratique pour réduire les vi-
brations consiste a introduire dans le systéme un absorbeur dynamique (Thomas and Laville
2005). I est utilisé passivement, car ses parametres physiques sont constants. De ce fait, la
gamme efficace en fréquence de 1I’absorbeur dynamique se trouve réduite. Cette méthode est
donc pratique pour des systémes a vitesse constante, mais n’est pas viable pour des systémes
a vitesse variable. On pourrait alors augmenter 1’amortissement passif de I’absorbeur, mais
au détriment de sa performance. Ces méthodes de controle sont généralement utilisées en
flexion, mais peu de méthodes existent pour atténuer les vibrations de rotors en torsion, puis-
que le systéme tourne. Les vibrations de rotors en torsion sont des phénomeénes indésirables
treés difficiles a controler. Les matériaux intelligents pourraient étre un outil intéressant pour
augmenter la gamme de fréquences d’absorbeur dynamique de maniére a pouvoir varier leurs
propriétés. Dans cette é¢tude, une application a été¢ développée pour réduire les vibrations en

torsion d’un rotor.

1.2 Objectifs de la recherche, originalité et méthodologie

L’objet principal de cette recherche consiste a développer un fluide ER, a étudier ses
performances rhéologiques en faisant varier certains parametres caractérisés (la concentration
de particules, la taille des particules, les surfactants, le champ électrique et la vitesse de
cisaillement), a développer un modele adéquat pour modéliser le comportement dynamique
de ces fluides afin, par la suite, de développer une application de controle des vibrations afin

de valider ses performances et les modéles.

Le contrdle des fluides ER permet de faire varier activement la viscosité et par conséquent
I’amortissement des structures, une approche semi-active a donc été choisie. Selon nos
résultats, un amortisseur ou un absorbeur contenant un fluide ER permet de contrdler

I’amortissement et la rigidité d’une structure (Thomas, Masounave et al. 1997; Sun, Thomas



et al. 2006). Les vibrations de rotors en torsion étant difficiles a controler, c¢’est donc
I’application que nous avons choisie, puisque ce type de fluide le permet. A cette fin, nous
visons a développer un nouveau type d’absorbeur dynamique semi-actif qui agira en torsion
(type Houdaille) (Thomas et Laville 2005), afin d’augmenter la gamme utile en fréquence

pour des systémes a vitesse variable.

Nous avons axé nos travaux autour de trois articles de revue (inclus intégralement dans les
chapitres 3, 4 et 5) et trois articles de conférence qui ont déja été publiés (voir annexe 1).
Etant donné que certains aspects de la revue de littérature sur fluides électrorhéologiques

n’ont pas été abordés dans les articles, nous avons fait un résumé dans le chapitre 2.

Les objectifs spécifiques de 1’étude visaient donc le controle semi-actif des vibrations de
rotors en torsion par 1’application des fluides électrorhéologiques. Pour arriver a ce but, les

¢tapes de travail de notre projet ont été :

1.  Développement et modélisation des fluides ER et établissement d’une équation de
prédiction. Nous avons développé un nouveau fluide ER qui a été appelé ETSERF. Il
est compos¢ d’une suspension de poudres de diatomites dispersées dans 1’huile de
silicone avec le surfactant TWEENS8O (Polyethylene glycol sorbitan monooleate). Un
plan d’expérience a ¢té réalis¢ afin d’identifier statistiquement les parameétres
significatifs qui controlent le comportement rhéologique du fluide (Sun et al. 2007).
C’est un outil puissant pour comprendre et prédire les effets des facteurs les plus
significatifs ainsi que 1’effet des interactions de ces parametres, sur le comportement
rhéologique. Un nouveau modele appelé Quasi-Bingham a été développé. Une relation
quantitative entre la contrainte de cisaillement dynamique et les variables
indépendantes a été développée. Cette relation est basée sur le modele de Bingham.
Elle donne une bonne explication des contributions de chaque paramétre indépendant
sur la viscosité et le seuil d’écoulement. Un modele empirique a 5 parametres, nommé
modele de Quasi-Bingham, est proposé. Ce modele peut étre appliqué a tous les types

de fluides ER qui possédent un comportement rhéofluidifiant ou pseudoplastique. 1l



permet de prédire plus précisément les influences des variables indépendantes sur la

viscosité et le seuil d’écoulement. Les résultats obtenus par les deux modéles, Bingham

et Quasi-Bingham, sont comparés avec les résultats expérimentaux. Cette étude est

décrite dans deux articles de revue et un article de conférence:

Sun Y., Thomas M. et Masounave J., 2009, « An experimental investigation of
the dielectric properties of electrorheological fluids », a été publié¢ dans la revue
Journal of Smart Materials and Structures (SMS), 18, 024004, 9 p. Dans cet arti-
cle, les résultats d’observations expérimentales des propriétés diélectriques du
nouveau fluide ER sont présentés.

Sun Y, Thomas M. et Masounave J., 2009, « A Quasi-Bingham model for predic-
ting Electrorheological fluid behaviour », a été soumis a la revue Measurement
Science ans Technology (MST). L’objet principal de cet article est consacré a
I’étude des performances d’un nouveau fluide ER et a la modélisation du fluide
ER.

Sun Y., Thomas M., et Masounave J., Juillet 2007, « Experimental investigation
of dielectric properties on Electrorheological fluids », International Conference
on Smart Materials and Nanotechnology in Engineering (SMN2007), Proceed-
ings SPIE, Vol 6423, 642334, Shanyi Du, Jinsong Leng et Anand K. Asundi edi-
teurs. Harbin Chine, 8p.

Mod¢lisations des matériaux ER en fonctionnement dynamique afin de décrire

I’amortissement et la rigidité en torsion du fluide ER quand le champ électrique est

appliqué. Un mod¢le non linéaire est proposé, basé¢ sur le modele de Quasi-Bingham.

Un modéle non-linéaire est proposé, bas¢ sur le modéle de Quasi-Bingham afin de

décrire la performance dynamique du fluide ER. Ces travaux sont décrits dans un

article de conférence :

Sun Y., Thomas M. et Masounave J., Octobre 2004, « Investigation of Dynamic
Behavior of Electrorheological Fluids by Experimental Design », Proceedings of
the 7th Cansmart meeting, International workshop, Smart Materials and

structures, Montreal, pp 153-162.



Mod¢élisation, simulation et conception d’un absorbeur dynamique électrorhéologique
controlable a I’aide du fluide ER. Le fluide ER a été choisi pour étre intégré a un
absorbeur dynamique a cause de ses propriétés permettant notamment d’¢largir la
gamme de fréquences a contrdler. Un absorbeur dynamique contenant un fluide ER
appelé « Smart ER dynamic absorber » (SERDA) est par conséquent développer afin
de controler les vibrations en torsion d’un rotor. Cet absorbeur est contrdlable et
particulierement adapté pour des rotors opérant a vitesse variable. Ces travaux sont
décrits dans un article de conférence :

. Sun Y, Thomas M. and Masounave J., 2006, « Damping of rotor torsional vibra-
tions with electrorheological fluids », Proceedings of the 24" Seminar on ma-
chinery vibration, Canadian Machinery Vibration Association, ISBN 2-921145-
61-8, Montréal, pp. 344-369.

Conception et fabrication d’un banc d’essai afin d’évaluer I’efficacité d’absorbeurs ER
dynamiques en torsion. L’analyse théorique et les simulations expérimentales de
I’absorbeur SERDA ont été réalisées afin de comprendre 1’effet d’un champ électrique

sur I’amortissement et sur la rigidité en torsion.

Validation des mod¢les en faisant des mesures avec le systéme muni de 1’absorbeur
SERDA. Ces travaux sont décrits dans un article de revue. Dans cette étude, une
simple stratégie de controle des vibrations ‘on-off’ a été choisie pour réduire les
vibrations.

e Sun Y et Thomas M., 2009, « Control of Rotor Torsional Vibrations by using an
Electrorheological Fluid Dynamic Absorber », a été accepté par Journal of
Vibration and Control (JVC), 37 pages. Cet article se concentre principalement sur
une application du nouveau fluide ER au controle semi-actif des vibrations de

rotors.



CHAPITRE 2

REVUE DE LA LITTERATURE

2.1 Principe des fluides électrorhéologique (ER)

En 1949, Winslow remarqua une augmentation de la viscosité dynamique apparente en temps
réel de certains fluides, dits fluides électrorhéologiques, quand ils sont soumis & un champ
électrique. Le temps de réponse est de ’ordre de la milliseconde. Ce phénoméne est appelé
phénomene électrorhéologique, désigné par ER. Le comportement du fluide ER est trés sen-
sible au champ électrique, a I’état du fluide ER qui peut étre modifié de liquide a quasi-solide
(fortement visqueux). Le fluide ER retourne a I’état initial lorsque le champ électrique est
coupé. Les fluides ER sont notamment caractérisés par une haute contrainte de cisaillement,
une réponse rapide sous 1’action d’un faible courant électrique. Leurs propriétés sont surtout
sensibles a des facteurs tels que la vitesse de cisaillement, la fréquence du champ électrique,
la composition du fluide, la température, ’humidité et 1’addition d’additifs, etc. (Block and

Kelly 1988; Stanway, Sprostonz et al. 1996; Choi SB, Bang JH et al. 2002).

2.1.1 Définitions d’un fluide électrorhéologique

La rhéologie peut étre définie comme la science de I’écoulement et de la déformation de la
maticre. Elle étudie les réactions des matériaux aux forces extérieures. La rhéologie tient
compte de I’histoire de I’échantillon : mode d’application de la force, rapide ou lente, état de
la mati¢re. L’¢électrorhéologie consiste a étudier la rhéologie de la matiére lorsqu’elle est
soumise a un champ électrique. Les fluides électrorhéologiques sont des fluides dont la
viscosité apparente varie (augmente ou diminue) en temps réel (quelques millisecondes)

quand ils sont soumis a un champ électrique élevé (Block et Kelly 1988).



2.1.2 Composition des fluides électrorhéologiques

Un fluide ¢lectrorhéologique (ER) est constitué d’une suspension des particules polarisables
dispersées dans un liquide diélectrique (Block et Kelly 1988). Les particules solides sont
souvent des matériaux inorganiques non-métalliques, organiques et polymériques semi-
conducteurs (telles que silice, amidon, cacao, cellulose, poudre d’alumine, polymére, etc.).
Le liquide support est souvent I’huile de polydimethylsiloxane (I’huile de silicone), I’huile

minérale, le paraffine et I’huile d’hydrocarbure chloré, etc. (Block et Kelly 1988).

2.1.2.1 Les particules

La taille, la forme ainsi que la nature chimique des particules sont des caractéristiques dont

on doit tenir compte (Halsey et C. 1993; Hao 2002) :

»  Les tailles sont généralement comprises entre 0.1 et 100 um. La taille minimale requise
est mal définie. Les particules de faible dimension donnent lieu a des mouvements
browniens qui entrent en compétition avec les forces électriques. Les particules de
tailles plus grosses sédimentent facilement et entrainent des temps de réponse plus
longs;

»  La fraction volumique de particules est généralement comprise entre 0,05 et 0,5. Une
fraction ¢élevée favorise la fibrillation (formation de chaines) et augmente la viscosité
en l'absence de champ électrique. Il existe une concentration optimale qui donne une
fluidité acceptable en 1’absence de champ tout en ayant un effet électrorhéologique
notable;

»  La densité de particules et celle du liquide doivent étre comparables pour éviter la
sédimentation (Block et Kelly 1988). Ils concluent que les particules polymériques
avec ou sans surfactants peuvent étre utilisées pour controler la sédimentation des

fluides ER.

Deux types de particules peuvent étre considérés pour préparer des fluides ER: les particules

polarisables intrinséquement ou extrinséquement (Jordan et Shaw 1991) :



»  Polarisation extrinséque: ce sont des particules hydrophiles qui ont besoin d'un
activateur polaire pour fournir un effet électrorhéologique conséquent. Cet effet semble
alors dépendre essentiellement de la polarisation interfaciale;

»  Polarisation intrinséque: ce type de particules peut étre polarisé sans 1'addition
d’activateur polaire, ce qui augmente notablement la plage d'utilisation en température.
I1 peut se créer une polarisation interfaciale ou une polarisation dipolaire ou les deux en

méme temps.

2.1.2.2 Le liquide support

Une activité €lectrorhéologique peut étre prévisible pour les systémes biphasés dans lesquels
il existe une différence substantielle entre les constantes diélectriques des phases. La phase
continue est souvent une huile isolante. Une faible conductivité permet de minimiser les
courants de fuite. Le fluide support doit posséder les autres caractéristiques suivantes:

Un point d’¢ébullition élevé et de solidification basse;

Une faible viscosité;

Une haute densité pour empécher la sédimentation de particules;

Une grande stabilité chimique;

Une hydrophobicité évidente;

YV V V V V V

Une toxicité basse.

La densité du liquide joue également un role sur la stabilit¢ de la dispersion. Une valeur
¢levée limite la sédimentation, mais augmente la viscosité sans champ électrique; il faut donc

trouver un compromis (Hao 2002).

2.1.2.3 L’activateur polaire

Le plus souvent, on utilise de I’eau, mais d’autres liquides, tels que les alcools, éthanol,
diethylamine et les amines légeres peuvent également tenir ce rdle. Les concentrations
habituelles varient entre 5 et 10 % (en masse) de la phase dispersée (pour 1'eau). Il joue un

role déterminant dans I'effet électrorhéologique (Burchill 1991). De¢s que les particules du
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fluide ER absorbent une petite quantité¢ d’eau (Uejima 1972; Otsubo, Sekine et al. 1991;
Otsubo, Sekine et al. 1992) ou d’autre activateur polaire (alcool, éthyléne glycol,
diméthylformamide, etc.) (Block and Kelly 1988), I’effet ER de ce fluide est nettement
modifié pour beaucoup de matériaux, a I’exception des suspensions fabriquées avec certains
polymeres dont la surface est peu sensible aux surfactants (Pavlinek, Quadrat et al. 1999). Il
est observé que 1’eau absorbée peut augmenter la performance ER du fluide en comparaison

avec des particules séches (anhydres).

Des particules hydrophiles en suspension dans une huile hydrophobe donnent lieu a des
effets électrorhéologiques avec faibles quantités d'eau. Souvent les particules ne présentent
pas d’effet ER en I’absence d’eau. Dans ce cas, ’effet de 1’eau est considéré comme un pont
¢lectrique entre les particules hydrophiles. De fait, I'énergie de surface élevée de l'eau peut
laisser supposer qu'elle joue le role d'adhésif. Lors de 'application du champ électrique, les
deux phénoménes principaux peuvent étre rencontrés, soit 1’électrophorése, soit 1’électro-
osmose. La technique de 1’¢lectrophorése est fondée sur le déplacement d’ions (molécules
ayant perdu leur neutralité électrique) sous I’action d’un champ électrique. L’¢électro-osmose
est un phénomene qui résulte du mouvement d’un fluide (qui peut étre I’eau désionisée ou un
¢lectrolyte ou un fluide organique) lorsque 1’on applique un champ électrique tangentiel dans
la couche diffuse. Si une électro-osmose interne est le mécanisme de base de l'effet
¢lectrorhéologique, elle peut accroitre la différence de charge entre la matrice solide et 1'eau
augmente l'effet électrorhéologique. L'utilisation de I'eau pose cependant certains problémes,
notamment en ce qui concerne la gamme de température d'utilisation. En effet, lors du
chauffage, I'eau s'évapore et la modification de la composition du fluide entraine une
modification des performances. En dessous de 0 °C, certains problémes sont également a
redouter, par exemple la congélation de 1’eau. De plus, I'eau peut conduire a de la corrosion
et a des phénoménes de rupture diélectrique et elle est a l'origine d'une consommation
¢lectrique plus importante. Les fluides anhydres possédant une activité électrorhéologique
sont rares et sont le plus souvent décrits au travers de brevets. Il a été récemment démontré
que les particules semi-conductrices, tel que le phtalocyanine de cuivre posseéde des

propriétés électrorhéologiques en l'absence d'une troisiéme phase (les surfactants, 1’eau, les
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activateurs polaires). Ces fluides "secs" se présentent une avancée considérable en autorisant
le développement de technologies électrorhéologiques a basses et hautes températures
(Jordan et Shaw 1991). Si l'eau joue un rdle central, la quantité d’eau additionnée peut
¢galement étre déterminante (Jordan et Shaw 1991). L'addition d'une trop grande quantité
d'eau peut conduire a l'effet inverse de celui désiré, 1'eau joue alors le role de lubrifiant en
enrobant toute la surface de la particule. En ce qui concerne 'adsorption des molécules d'eau,
il convient de bien dissocier la mobilité et la disponibilité (Jordan et Shaw 1991). Si les sites
d'absorption sur le solide sont proches et partiellement occupés, le transfert des molécules
d'eau d'un site a l'autre réclamera peu d'énergie. En revanche, enlever la totalité de l'eau
absorbée par les particules, réclamera une énergie beaucoup plus grande. C'est cette
différence qui permet a des fluides électrorhéologiques de fonctionner en dehors de la
gamme 0-100°C ce qui occasionne certaines difficultés quant a la mesure de la quantité d'eau
adsorbée. L'approche par "pont aqueux" est difficilement modélisable, car I’effet de I’eau est

compliqué et il n’existe pas de modele parfait pour le décrire.

La couche d’eau absorbée sur la particule, la présence d’eau dans les particules, généere des
dipoles qui freinent le mouvement des ¢lectrodes. La présence d’eau peut entrainer donc une
augmentation des forces ¢électrostatiques qui augmente la force ER. En ne tenant compte que
des interactions électrostatiques entre particules, la force mesurée due a [I'effet
¢lectrorhéologique est souvent supérieure a celle calculée (Jordan et Shaw 1991). Cependant,
le modéle "pont aqueux" s'accorde bien avec les observations lorsque les forces
hydrodynamiques et les forces de polarisation sont les seules & posséder une contribution

notable (See, Tamura et al. 1993; Pavlinek, Quadrat et al. 1999; Zheng, Winter et al. 2005).

2.1.2.4 Effet des surfactants

Un des problémes majeurs dans I’utilisation des fluides ¢électrorhéologiques est la
sédimentation. Pour éviter cette difficulté, on peut ajouter des surfactants (savons, détergents)
qui auront pour role de tenir les particules en suspension dans le fluide. Les surfactants sont

souvent utilisés pour promouvoir la stabilité colloidale, ce qui est nécessaire pour maintenir
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les particules de maniére irréversible de floculation, et pour contrdler les propriétés
rhéologiques en I'absence du champ électrique. Les surfactants sont également utilisés pour
activer les suspensions ER. Certaines suspensions présentent peu ou pas de comportement
ER sauf si une petite quantité d'eau ou de surfactant est ajoutée. L’utilisation de surfactants
entraine parfois une perte de 1’effet électrorhéologique. Mais les surfactants non-ioniques tels
Span20, Span80 et Span85 sont choisis pour stabiliser des suspensions en évitant la
réagrégation des particules puisqu’ils sont plus stables chimiquement et ¢lectrostatiquement.
Des surfactants non-ioniques permettent une stabilisation stérique qui consiste a adsorber une
couche protectrice en surface des particules créant ainsi une barriere stérique a 1’agrégation,
car la molécule de ce type de surfactant ne comporte aucune charge (Storrie et Madden 1990;

Deshpande 1997; Lee, Chin et al. 1998).

2.1.3 Comportement des fluides ER

Sous I’influence d’un champ électrique extérieur, les particules du fluide ER sont polarisées.
L’effet ER est le résultat de forces dues a la polarisation. Les dipdles tendent a s’orienter en
suivant le vecteur du champ, et s’attirent les unes les autres. L’interaction électrostatique
entre les dipdles crée des agglomérats de particules qui s’alignent en suivant la direction du
champ ¢lectrique. Les interactions dipdle-dipole générent donc des structures de chaines dans
la direction du champ (Figure 2.1). De ce fait, la viscosité apparente augmente,
particulierement a basse vitesse de cisaillement, et donc les propriétés rhéologiques du fluide
sont modifiées. Les chaines créent une résistance au mouvement, au cisaillement ou a la

compression.

L’action hydrodynamique des chaines est plus sensible lorsque les chaines se créent. Les
chaines de particules sont rompues a haute vitesse de cisaillement et ont de la difficulté a se
reformer a plus haute vitesse de cisaillement, qui est souvent plus grande que la vitesse de
reformation, appelée temps de relaxation. Par conséquent, la viscosité apparente diminue au
fur et mesure que la vitesse de cisaillement augmente jusqu’a ce qu’elle s’approche de la

valeur obtenue 1’absence d’un champ électrique.
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Particle cleining between clectrodes on
application of an electrical field
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Figure 2.1 Formation des chaines de particules.

Tirée de (Parthasarathy et J.Kingenberg 1996)

La viscosité apparente du fluide ER croit ou décroit lorsqu’un champ ¢lectrique est appliqué.
L’effet ¢lectrorhéologique, qui est réversible, est établi en quelques dizaines de millisecondes
a plusieurs dizaines de minutes, selon la composition du fluide. L’effet de transition d'un état
liquide a un état quasi-solide est réversible, ce qui permet de développer des applications en

controle.

2.14 Propriétés diélectriques des fluides ER

Beaucoup d’études qui présentent des calculs théoriques ou des simulations expérimentales
ont été publiées récemment, basées sur des modeles diélectriques ou des modeles de conduc-
tion (Gast et Zukoski 1989; Conrad et Sprecher 1991; See et Doi 1992; Tamura et Doi 1992;
Tao, Jiang et al. 1995; Ma, Wen et al. 1996; Davis 1997; Hao 2002). Selon la théorie de la
polarisation de concentration (aussi appelé « Bulk polarisation » de Marshall, Zukoski et al.
1989), la polarisabilité des particules dépend de la permittivité du matériau dispersé, et aussi
de I’¢état de la surface des particules. Cette derni¢re peut jouer un role trés important pour les
propriétés ER. Tenant compte de la limite de température, de 1’usure de 1’appareil, de
I’évaporation de I’eau et de 1’instabilité¢ de la dispersion, certains fluides ER anhydres ont été

développés et surtout étudiés du point de vue de leurs propriétés diélectriques (Cho, Choi et
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al. 2004; Sung, Park et al. 2005; Hong et Choi 2007). La conductivité et la permittivité gou-
vernent la performance ER (Atten, Foulc et al. 2002). Certaines études montrent que le seuil
d’écoulement ne change pas de facon lin€aire avec la permittivité. Différentes préparations,
en tenant compte par exemple de la température de déshydratation, entrainent des change-
ments des propriétés ER puisque la conductivité du fluide ER est différente. La conductivité
est aussi importante que la permittivité (Hao 1998). Etant donné que les composites organi-
ques ou inorganiques possédent des avantages qui peuvent conduire a la combinaison des
propriétés de chaque matériau du composite, les composites de PANI/TiO, (Polyaniline et
titanium dioxide) qui sont synthétisés par une polymérisation oxydante ont été étudiés dans
les années récentes. L’étude de Sung et al indique que les particules de PANI/TiO, présentent
une polarisation plus haute que celle des particules de PANI. Leur relaxation est aussi plus
rapide. Les composites de PANI/ TiO, donnent une meilleure performance ER due a la haute
polarisation. La rapidité de la relaxation est proportionnelle a la concentration de TiO, Cette
rapidité pourrait augmenter la force électrostatique qui crée la force de cisaillement hydrody-
namique. La performance ER du point de vue du comportement au cisaillement est donc net-
tement améliorée. Mais il existe une concentration critique de TiO, dans le composite de

PANI/TiO, (Sung, Lee et al. 2005).

Un systéeme hétérogene peut contenir quatre types de polarisation tels que : polarisation élec-
tronique, atomique, dipolaire et interfaciale dite de Maxwell-Wagner, on doit déterminer
I’effet prédominant sur I’efficacité ER. Les propriétés diélectriques des composites ETSERF
ont ¢été observées expérimentalement et a partir des résultats, le type de polarisation dominant
a été déterminé. Les performances de différents fluides ER ont été comparées. Les relations
entre la permittivité et le temps de la relaxation du fluide ETSERF avec la taille des particu-
les, la concentration de particules, I’humidité, 1’addition de surfactant ont été étudiées expé-
rimentalement. En particulier, I’influence du temps de relaxation sur I’effet ER a été analysée

en observant le vieillissement du fluide ER.
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2.1.5 Types des fluides ER

En général, les fluides ER sont classés en deux groupes : les suspensions hétérogénes, et
homogenes. La plupart des fluides ER sont des suspensions hétérogenes sont composées de
particules polarisables solides en suspension dans des fluides non polarisables. La figure 2.2

montre la classification des fluides ER (Hao 2002).

Fluide ER
Phase liquide Phase Dispersé Additif
% /\
Liquide Solide L’eau Anhydre
\
Fluide homogeéne Fluide hétérogene

[ O\ SN

. e Emulsion . Organique et
Cristallin liquide Inorganique Folyamerique
Oxyde Non-oxyde (aluminosilicate)

Figure 2.2 Classification de matériaux ER.

Tirée de Hao ( 2002)

Certains fluides ER sont composés d’émulsions, ils sont classés dans la catégorie des
suspensions homogenes. Les fluides ER homogénes ont ét¢ développés au début les années
1990, dont les fluides LC («Low molecular liquid crystalline materials») qui sont étudiés
comme les fluides ER (Inoue et Maniwa 1992; Yang et Shine 1992; Negita 1996; Tajiri, Ohta
et al. 1997; Yao et Jamieson 1997). L’émulsion de 1’huile de paraffine chlorée dans le 1’huile
de silicone (Pan et McKinley 1997) et I’émulsion de glycol polymérique dans le I’huile de
silicone (Kimura, Aikawa et al. 1998) présentent un effet ER. Le mécanisme de la réponse

rhéologique pour un systeme d’émulsion de 1’huile-dans-1’huile a ¢été étudié¢ par Ha (Ha et
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Yang 2000). Il est possible que le fluide homogéne puisse étre prometteur. Certains
problémes nuisent par contre a leurs applications, comme par exemple la haute viscosité en
I’absence du champ ¢électrique (alors qu’on désire une faible valeur pour bénéficier de 1’effet

réversible) et la stabilisation de 1’émulsion, etc. (Hao 2002).

Les fluides ER sont classés en fluide positif et négatif. Les plupart des fluides ER présentent
un effet positif, c'est-a-dire que la viscosité apparente du fluide ER croit quand un champ
électrique est appliqué. Cependant, un phénomeéne opposé a été rapporté par Boissy en 1995
(Boissy, Atten et al. 1995). Ils ont observé une diminution de la viscosité apparente d’un
fluide ER composé de particules de polymethylmethacrylate (PMMA) dispersées dans 1’huile
de silicone, lorsqu’un champ ¢lectrique est appliqué. Ce phénoméne est opposé a 1’effet ER
dont on parle souvent. Dans les années suivantes, certains fluides négatifs ont été développés,
le couple téflon/I’huile de silicone (Wu et Conrad 1997) et hydroxyde magnésium/I’huile de
silicone (Trlica, Quadrat et al. 1996), etc. Le processus d’électrophorése présente souvent un
effet négatif. L’effet ER négatif pourrait donc étre utilisé¢ dans une application industrielle de

controle des vibrations (Bouzidane et Thomas 2007).

2.1.6 Mélanges usuels

Un fluide ER performant devrait posséder les propriétés suivantes :

1.  Un changement remarquable de la contrainte de cisaillement dés que le champ
¢lectrique est appliqué;

Une réponse rapide;

Une basse densité de courant de fuite dans le fluide ER;

Une grande gamme de température de travail;

A

Une grande stabilité chimique et physique.

Pour atteindre les objectifs ci-dessus, de nombreux fluides ER ont été développés depuis les
années 50. Nous pouvons trouver certaines compositions de ce genre de fluides ER dans le

tableau 2.1.
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Les oxydes métalliques et les matériaux céramiques frittés de plusieurs oxydes peuvent
fournir un bon effet ER. Les fluides ER inorganiques non-oxydes ont ét¢ aussi étudiés a la
fin des années 1980 et au début des années 1990. Les résultats de ces travaux ont montré que
ce type de fluide déshydraté posséde un trés fort effet ER que l’eau pourrait encore
augmenter. On peut citer les aluminosilicates et les matériaux de la famille des zéolites.
Certains fluides ER non-oxydés inorganiques sont présentés dans le tableau 2.1. Etant donné
que la conductivité des fluides ER non-oxydés inorganiques est trés haute, particuliérement a
haute température, et que la densité de particules est souvent plus élevée que celle des
liquides, les suspensions ne sont pas stables. D’autre part, les particules sont trés dures et

donc usent rapidement les équipements.

Les matériaux organiques et polymériques ont donc été préférés par les chercheurs surtout
dans les dernicres années. Certains de ces fluides sont montrés dans le tableau 2.1. En général
I’effet ER des fluides organiques est faible en comparaison de celui des matériaux non-
oxydés inorganiques, malgré que les fluides organiques procedent beaucoup d’avantages. Les
fluides ER homogenes ont été étudiés, surtout parce qu’ils sont peu sensibles a la
sédimentation. Certains fluides donnent un effet ER négatif, ce qui peut étre trés utile dans
certains cas. Par exemple, Bouzidane et Thomas (2007) ont besoin de la diminution de la
viscosité du lubrifiant afin de diminuer 1’amortissement du palier opérant a trés haute vitesse
afin de réduire la vibration, en utilisant un négatif fluide ER. Cependant, ces types de fluides
ne donnent pas un effet ER trés fort, et les deux phases se séparent tres facilement. La
viscosité pour un champ électrique nul est tres élevée, ce qui, en général, n’est pas recherché.
Dans tableau 2.1, nous pouvons trouver quelques informations sur les fluides ER homogénes

(Hao 2002).
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Types de particules | Fluide support | Additif | Référence
Fluides ER
eau ou glycérol (Petrzhik,
Piézoélectrique céramique huile minérale 1 ou £y Chertkova et al.
oléates 1980)
Oxyde de fer (II/I1I) pétrole ou dibutyl sébacate eau ou surfactant (Winslow 1953)
. Kéroséne ou dibutyl sébagate, cau et savo? (Winslow 1953;
Silice eau et glycérol

huile minérale, huile de silicone

oléates

Winslow 1962)

Oxyde d’étain (I)

pétrole

eau ou surfactant

(Winslow 1953)

huile minérale ou p-xyléne ou eau et glycérol (Petrzhik,
Dioxyde de titane p-xy uct gly Chertkova et al.
polyphenylmethysiloxane oléates 1980)
Al, O3, Cu,0, ZnO, La,03, ZrO,, . ., - (Kanbara et
Ta,05MnO,, CoO, NbyOs, etc. huile minérale Polybutylsuccimide Tomizawa 1990)
Aluminosilicate (Si/Al ratio de . . (Gillies, Sutcliffe
8:14175:1) huile de silicone ou hydrocarbure Surfactant et al. 1989)
Cristalline zéolite huile de silicone ou haute (Filisko et
(Mxm[AlO,](Si0,),]. wH,0 constante diélectrique Armstrong 1989)
M est cation métal hydrocarbure £
o . . (Filisko et
Zéolite huile de silicone ou hydrocarbure Armstrong 1988)
Perles de Micro-verre huile de transformateur (Bytt 1987)
Aluminosilicate avec 1-25% eau (Goossens et
cristallisé, Si/Al ratio de 0.15 a huile de silicone Polyhydroxylsiloxane
0.80 Oppermann 1987)
huile minérale, polyalkylene Sulfonaes .
. . , (Tomizawa,
e - . huile minéralet Paraffine Phénates
Silice, silice-alumia . . Kanbara et al.
Polyphenyl, phosphorique acide Phosphonates, 1989)

ester.

succinique acide

LiN,HsSO, huile de silicone Polymeére noir (Carlson 1988)
huile de silicone Succimide (Kanbara et
BN, AIN, B,C Tomizawa 1990)
Acetgmide modiﬁed nanometer huile de silicone (Zhao 2006)
titanium oxide
Fluides ER organiques et polymériques
Polymeére acene-quinone radicals | Hydrocarbure Chlorinaté (Block et Kelley
1987)
Polyvinylsilane crosslinked huile de silicone fluorinate Electrolytes (Uejima 1972;
Matériaux cellulosiques huile de transformateur, huile eau ou autre Podszum,
végétale électrolytes Bloodworth et al.
1996)
Polyphenyl huile de mixture basée carbone Hydroxyl aromatique | (Pialet 1996)
Polyvinylideneshalides composé
Polypyrroles huile de transformateur, huile (Bryant, Lal et al.
végétale, paraffine chloré, etc. 1995)
Polyanilines huile silicone (Gow et Zukoski

1990; Pialet,
Bryant et al. 1997)

Polymeére acene-quinone radicals | Hydrocarbure Chlorinaté (Block et Kelley
1987)
Polyvinylsilane crosslinked huile de silicone fluorinate Electrolytes (Uejima 1972;
Matériaux cellulosiques huile de transformateur, huile eau ou autre Podszum,
végétale ¢électrolytes Bloodworth et al.

1996)
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Types de particules

Fluide support

| Additif

| Référence

Fluides ER organiques et polymériques

Polyphenyl huile de mixture basée carbone Hydroxyl aromatique | (Pialet 1996)

Polyvinylideneshalides composé

Polypyrroles huile de transformateur, huile (Bryant, Lal et al.
végétale, paraffine chloré, etc. 1995)

Polyanilines huile silicone (Gow et Zukoski

1990; Pialet,
Bryant et al. 1997)

Matériaux de teintures ioniques

huile minérale, huile de silicone,
huile blanche, etc.

Molécule contenu
hydroxyle carboxyle

(Carlson, Weiss et
al. 1993)

Carboxylmethyl de sodium
Dextrane

Polychlorinated biphenyls or o-
dichlorobenzene, etc.

Sorbitan monooleate

(Stangroom 1980)

Polymethehacrylic acide cross Hydrycarbones eau (Stangroom 1980)
linked avec divinylbenzene
Amidon huile minérale, huile de eau (Winslow 1947;
transformateur, huile hydrocarbure Westhaver 1976)
Oxyde de polyacrylonitrile huile de silicone eau (Xu et Liang
1991)

Carbonated aromatic sulfonic
acid or a salt

huile de fluorosilicone ou autre
I’huile de silicone modifiée

(Endo 1999)

Silicon dioxide- water
polyurethane nanometer

Dimethicone

(ZHU 2007)

Fluides ER homogénes

Savon d’aluminium

huile minérale, huile de silicone ou
polyalpha-olefine, etc.

2,6-Ditertbuthyl

(Prick, Grasshoff
et al. 1998)

Poly (y-glutamate)

Ketone cyclique

(Haji, Sasaki et al.
1997)

Poly (n-hexyl isocyanate) p-Xylene (Yang et Shine
1992)

LC polysiloxanes huile de silicone (Yao et Jamieson
1997)

LC polysiloxanes 4’-(Pentyloxy)-4-bipheny (Yao et Jamieson

carbonitrile

1997)

4-n-Pentyl-4’-cyanobiphenyl

(Negita 1996)

Emulsion de paraffine
chlorée/I’huile de silicone

(Pen and
McKinley 1997)

Emulsion de polypropylene

(Kimura, Aikawa

urethane-modifié /huile de et al. 1998)
silicone
Emulsion de I’huile de (Ha et Yang 2000)

roulette/huile de silicone
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2.2 Les modeles rhéologiques du fluides ER

Plusieurs modeles ont été proposés afin d’expliquer le phénoméne ER. Dans cette thése, nous
nous sommes concentrés sur les mécanismes physiques qui expliquent les propriétés
mécaniques macroscopiques. Quelques modeles connus, résumés dans [’article de M.
Parthasarathy et al (Parthasarathy et J.Kingenberg 1996), seront utilisés, tels que le modele
de Bingham, le mod¢le de Casson, le modele de la perte di¢lectrique (Hao 2002) et le modele

viscoélastique (Kamath et Wereley 1997).

2.2.1 Nombre de Mason Mn

Le nombre de Mason Mn a été proposé par Marshall et al (Marshall, Zukoski et al. 1989)
pour proposer une relation entre la force électrostatique et la force mécanique. L’ importance
des interactions des particules a ét¢ déterminée par Marshall et al (Marshall, Zukoski et al.
1989). Ces auteurs ont proposé de s’appuyer sur la théorie du Nombre de Mason Mn afin de
décrire cet effet. Le nombre de Mason (Mn) est le rapport entre les amplitudes des forces
hydrodynamiques et celles ¢électrostatiques. Il est aussi possible de décrire 1’évolution de la
microstructure et des propriétés rhéologiques. Dans ’expression de Mn (équation 2.1), la

force hydrodynamique est au numérateur, et la force €lectrostatique au dénominateur.

n.y
Mn = c 2.1
" 2‘90‘9{3182E§ ( )
avec B=(a-1)/(a+2) (2.2)
et a=¢,/e, (2.3)
M our Mn>0) (2.4)
n. Mn
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Le nombre de Mason peut étre interprété comme une vitesse de cisaillement non-
dimensionnelle. Selon cette équation, on pourrait faire une analyse quantitative de la
rhéologie du fluide ER en combinant les modeles développés. Mn* est une constante de

matériau.

2.2.2 Modéele de Bingham

L’hypotheése de Newton est valable pour de nombreux fluides, comme par exemple ’air et
I’eau, mais la plupart de fluides doivent supporter une certaine contrainte de cisaillement
(seuil d’écoulement) avant de commencer a s’écouler. Cette catégorie de fluides est
dénommeée fluides de Bingham. Pour expliquer les propriétés mécaniques des fluides ER, le

modele de Bingham est certainement le plus utilis¢ (Park et Park 2001).

Contrainte de cisaillement (Pa)

v

Vitesse de cisaillement (1/s)

Figure 2.3 Rhéogramme d’un fluide de Bingham.

L’équation rhéologique des liquides de Bingham est :

T=T,,+ny" (2.5)
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ou test la contrainte de cisaillement; T s est le seuil d’écoulement; 7 est la vitesse de

cisaillement; m est un parameétre de puissance pour la vitesse de cisaillement, quand m=1, n
est la viscosité, appelée parfois viscosité plastique. Le rhéogramme d’un fluide de Bingham

est une droite ne passant pas par 1’origine donc qui présente un seuil d’écoulement (figure

2.3).

2.2.3 Modeéle de Casson

Certains résultats montrent que la relation entre la contrainte de cisaillement et la vitesse de
cisaillement ne peut pas étre décrite parfaitement par le modele de Bingham. Parfois, la
transition est graduelle dans les zones ou la vitesse de cisaillement est ou trés faible ou tres
grande, comme dans le cas des observations de Marshall et al. (Marshall, Zukoski et al.
1989). Bonnecaze et Brady (Bonnecaze et Brady 1992) ont suggéré qu’un modéle de
Bingham-modifié avec une viscosité plastique qui dépend de Mn peut étre utilis€ pour
décrire ce phénomene. Melrose et Heyes (Melrose et Heyes 1993) ont montré que le modele
de Casson est mieux adapté pour représenter leurs données expérimentales. Le comportement
non-Bingham est associé¢ a une rupture graduelle des structures qui est produite par le champ
¢lectrique (Marshall, Zukoski et al. 1989; Bonnecaze et Brady 1992; Martin, Odinek et al.
1992). Ce phénomene est observé expérimentalement (Jordan et Shaw 1989; Klingenberg et
Zukoski 1990). L’équation de Casson est décrite par :

=1+ ()" 2.6)

2.2.4 Modzéle de Cross

Le succeés du modele de Bingham-modifié vérifie la plupart des effets rhéologiques produits
par le champ ¢électrique pour de faibles vitesses de cisaillement (Parthasarathy et
J.Kingenberg 1996). Beaucoup d’efforts pour la modélisation du fluide ER a basse vitesse,
tels que les modeles de Casson et de Cross, ont été couronnés de succes. Dans 1’article de W.

Goodwin et al (Goodwin, Markham et al. 1997), plusieurs mode¢les ont été proposés pour
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bien décrire D’effet ER. Ils ont observé que, lorsque la conductivité des particules est
diminuée, 1’effet ER est aussi diminué, et qu'un changement significatif du comportement de
plastique a pseudoplastique, se produit quand la conductivité¢ du fluide ER diminue. Cela
implique que les équations simples constitutives de Bingham ou de Casson ne sont pas
complétement adéquates pour décrire la réponse ER. Néanmoins, 1’équation de Cross donne
une bonne corrélation avec les données expérimentales, malgré que cette équation ne procede
pas de terme de seuil d’écoulement (Goodwin, Markham et al. 1997). L’équation de Cross

s’écrit:

/4

=17+, —Um)W

(2.7)

ou 7 est la contrainte de cisaillement (Pa), 7 est la vitesse de cisaillement (1/s), 1o est la
viscosité pour la vitesse z€ro, N, est la viscosité a la vitesse infinie avec la méme définition
de m qui apparait dans I’équation de Bingham (2.5). Les parameétres n et t sont
caractéristiques du fluide ER. La constante "n" est connu comme la " constante de Cross".
Cross a suggéré que n = 1 pour un systéme monodispersé et diminue a 2/3 avec un systéme
polydispersité. C’est un parametre nondimensionnel qui dépend de la viscosité du fluide. Le

parametre "t" est défini comme une constante de temps.
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CHAPITRE 3

ARTICLE #1 «A QUASI-BINGHAM MODEL FOR PREDICTING
ELECTRORHEOLOGICAL FLUID BEHAVIOUR»

Yulan Sun, Marc Thomas* and Jacques Masounave

Department of Mechanical Engineering, Ecole de technologie supérieure,
1100, Notre-Dame Street West, Montreal, Quebec, (H3C 1K3) CANADA

marc.thomas@etsmtl.ca

This paper is submitted as an article in Measurement science and Technology (MST) Journal

Résumé

L’objet principal de cet article est consacré au développement d’un nouveau fluide
¢lectrorhéologique (ER), appelé ETSERF et a I’étude de ses caractéristiques rhéologiques.
Le nouveau fluide ER est composé d’une suspension de poudres de diatomées dispersées
dans I’huile de silicone avec le surfactant TWEENSO (Polyethylene glycol sorbitan
monooleate). Ce fluide ER appartient a la classe des fluides controlables (smart materials),
dont le comportement rhéologique peut étre commandé par 1’application d’un champ
¢lectrique. Ces fluides peuvent étre employés dans le domaine du contrdle, mais beaucoup de
problémes techniques sont a surmonter pour les appliquer convenablement. La méthode des
plans d’expériences a ¢té choisie. Le banc d’essai est décrit a I’annexe 1. Dans cet article,
nous nous sommes concentrés sur les effets du champ électrique, de la vitesse de
cisaillement, de la concentration de particules, de la taille des particules et du surfactant en
lien avec la contrainte de cisaillement de ce nouveau fluide. Cette méthode est
particulierement efficace quand les interactions entre divers paramétres indépendants sont
recherchées. C’est donc un outil trés puissant pour comprendre et prédire les effets de
parametres indépendants sur les comportements rhéologiques. Pour bien décrire le
comportement du fluide ER, deux modeles empiriques sont proposés basés sur les résultats
d’une analyse de variance (ANOVA). Basée sur modéle de Bingham, une relation

quantitative entre la contrainte de cisaillement et les variables indépendantes est développée.
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Cette relation fournit une explication des contributions de chaque parameétre indépendant sur
la viscosité et le seuil d’écoulement. Un autre modéle empirique, appelé modele de Quasi-
Bingham, a été proposé pour décrire le fluide ER. C’est une équation universelle qui peut
étre employée pour tous les fluides ER qui possédent un comportement rhéofluidifiant. Les
paramétres de cette équation peuvent €tre obtenus par régression. Ce modele empirique
permet de prédire I’influence des facteurs sur le seuil de cisaillement et la viscosité. Les
résultats obtenus par les deux modeles sont proches des résultats expérimentaux. Cet article a
été soumis a ‘Measurement science and Technology (MST)’, et est présenté intégralement

dans la section suivante.
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Abstract

This paper presents experimental research on the behaviour of a new electrorheological fluid
(ETSERF). The ETSERF is a suspension based on diatomite powders dispersed in silicon oil
with a surfactant. A design of experiments is conducted to investigate the effects of electric
field strength, particle concentration, surfactant percentage, particle size and shear rate on the
efficiency of electro-rheological fluids. The influence of the interactions on shear stresses is
analyzed by varying all the combinations of the independent variables. The dielectric
properties of the ETSERF are investigated in order to explain the interactions between these
independent variables. Furthermore, a quantitative relationship between the dynamic shear
stresses and the independent variables is developed. The relationship provides a very useful
explanation for the contributions of each independent variable to the viscosity and yield
stress. A new empirical model is proposed to explain the rheological behaviour of the ER

fluids with a shear-thinning behaviour.

Key words: Electrorheological fluid, experimental design, ANOVA, Quasi-Bingham model,

dielectric properties.
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3.1 Introduction

An electrorheological (ER) fluid consists of a suspension of micron-sized polarizable
particles (such as silica gel, cornstarch, cacao, cellulose, alumina powder, polymer, etc.)
dispersed in a dielectric liquid (such as silicone oil, olive oil, mineral oil, etc.) [1]. When ER
fluids are subjected to an electric field, their rheological properties are changed due to the
formation of particle chains between the electrodes. These chains cause a resistance to flow
(flow mode), to the shearing motion of electrodes (shear mode) or to squeeze (squeeze
mode). ER fluids can be changed from a liquid to a quasi-solid state under an electric field,
and can return to their initial state when the electric field is withdrawn, with the effect being
reversible in milliseconds. The ER phenomenon was first described by Winslow in 1949 [2].
ER fluids are notably characterized by a high shear stress, a fast response, and a very low
electric current. Their properties [1, 3, 4] are dependent on certain important variables, such
as shear rate, electric field, frequency, fluid composition, temperature, addition of additives,

etc.

Over the last two decades, ER fluids have fascinated many scientists, engineers, and
inventors because they can be used to control vibration [3, 4] and damping [5, 6] through the
application of high electric fields; they can also be used as an interface between mechanical
and electronic systems to produce an automatic control process in real time. Certain
industrial products have been developed using ER fluids, such as clutches and brakes,
vibration insulators, shock absorbers [7], etc. However, the presence of many technical
problems such as particle sedimentation, fluid heating [8] and the need for high electric
fields, has tended to limit their industrial application [9, 10]. Researchers [11, 12] are trying
to overcome all these problems, but they are facing great difficulty owing to the fact that the
ER fluid performance depends not only on the mixture of fluids and particles, but also on
many other factors, such as shear rate, electric field strength, electric field frequency [13-15],
humidity, temperature, particle concentration [16, 17], particle size, particle geometry [18],

density ratio between the particles and fluid, surfactant [19], etc.
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To study the effect of certain independent variables on the shear stress and viscosity, an
experimental design has been developed with a view to enabling a quantitative statistical
analysis and to identifying the significant parameters that affect the dependent variable. This
method is particularly efficient when interactions between various independent parameters
can affect dependent variables [20-22]. Therefore, it is a powerful tool in understanding and
predicting the effects of certain factors on the application of rheological behaviors. In this
paper, we focus on observing the influence of particle concentrations, particle sizes,
surfactants, electric fields and shear rates on ER fluid shear stress, and thus on developing an
efficient ER fluid by the experimental design. A series of home-made ER fluids called
ETSEREF are developed, and consist in a suspension of diatomite powders dispersed in silicon
oil with a surfactant TWEENS8O (Polyethylene glycol sorbitan monooleate). This study
describes the results of analyses of variance (ANOVA) of the rheological behavior of the
ETSERF fluids. A quantitative relationship between the dynamic shear stress and the
independent variables is established. This relationship is based on the Bingham model, and
provides an explanation for the contributions made by each independent parameter on the
viscosity and yield stress of the ETSERF fluids. An empirical model, named the Quasi-
Bingham model, is proposed, and is a universal equation obtained through a regression
method that may be applied to all kinds of ER fluids with a shear-thinning behavior. The
empirical model enables the prediction of the influence of dependent variable parameters on

yield stress and viscosity.

3.2 Rheological Behaviour of ETSERF

A cylindrical rotary viscometer (Couette), designed and manufactured according to ISO 3219
[23], is used for shear stress measurement. It combines a speed control system and an
amplifier/supply high-voltage system (10 kV) allowing it to establish an automatic
measurement of shear stress versus shear rate. Figure 3.1 presents a diagram of the Couette

viscometer.
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The investigated fluid is filled between the two coaxial cylinders, and the shearing laminar
motion of the ER fluid is obtained through the rotation of the inner cylinder, which may have
various uniform rotational speeds. The outer cylinder is free to rotate, and will apply a force
on a flexible beam instrumented with a strain gauge during the shear motion of the ER fluid,

after which the shear stress is computed from the strain gauge reading.

Acnoy our

Motor

"::9'“ Torque
voltage
load

ER Fluid ic v

Strain gauge
Inner cylinder

Bearing

Outer cylinder

out

Figure 3.1 Couette viscometer.

3.2.1 Rheological Behaviour of Various ER Fluids

To allow an investigation of the particle effect, seven ER compositions have been analyzed
and compared. Five of them were prepared in the laboratory: 28% of TiO, particles dispersed
in silicon oil [24], 28% of Al,O; particles [25, 26] dispersed in silicon oil, 25% of cacao
particles dispersed in olive oil, ETSERF20 and ETSERF40. Among these ER fluids, the
ETSERF20 and ETSERF40 are home-made ER fluids composed of diatomite: 20 and 40 in
the fluid names indicate the particle sizes in micrometers. The two other fluids tested were
commercial products: Rheobay TP Al 3565 from Bayer-Silicone [27] and VersaFlo ER 100
from Lord Corporation [28]. Figures 3.2(a), (b) and (c) show the comparative rheograms for
the investigated mixtures under DC electric field strengths of 0 kV/mm, 1 kV/mm and 2

kV/mm, respectively.
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Figure 3.2 Rheograms of ER fluids for various ER fluids.

Figure 3.2 shows that all these mixtures, except VersaFlo ER-100, present a quasi-Newtonian
behaviour without the electric field applied. These ER fluids all exhibit non-Newtonian
characteristics with different rheological responses under high electric fields. The Al,O3; ER
fluid with silicon oil and the cacao-ER fluid with olive oil present weak ER effects, while the
RheoBay fluid and VersaFlo ER-100 present good ER performances at low shear rates.
However, the ETSERF mixtures show great improvement in ER performance for a wide
shear rate range, especially at a high shear rate. Based on these results, we concentrated our

research efforts in this study on the development of the ETSERF fluids composed of

diatomite particles.
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3.2.2 Preparation of ETSERF Fluids
3.2.2.1 Diatomite Particles

The ETSEREF is a new mixture in which diatomite particles are immersed into silicon oil with
a surfactant TWEEN 80 (Polyethylene glycol sorbitan monooleate). The diatomite powder
was selected because of its honeycomb structure, and due to the fact that it has certain useful
characteristics, such as a high absorptive capacity, a large surface area, a high chemical
stability, and a low bulky density. The density of the diatomite powder is 2.1 g/cm’ [29].

Figure 3.3 presents the microstructure of diatomite.

The diatomite particles selected were divided into two categories, according to their mean
sizes. One batch, called crunched, was crunched, while the other, called uncrunched, was
kept as received; the particle sizes were inspected using an optical microscope, and the
uncrunched batch, called ETSERF40, had an average diameter of 40 um, while the crunched
batch, called ETSERF20, had an average diameter of 20 pum. The particle geometry of the
ETSERF20 changes because some honeycomb structures break down as the particle size is

reduced. The particle size distributions are illustrated in Figure 3.4.

The dielectric fluid is silicone oil S159 from Fisher Scientific, which has a viscosity of 1
mPa.s (at 25°C), a density of 0.96 g/cm3, a relative dielectric constant of 2.76, and an electric
conductivity of 1.47x10™°S/m. The moist diatomite powder was initially chosen with a mass
concentration of water of 0.3%. The dielectric characteristics can be modified by varying the
humidity of the diatomite powder in order to obtain a good ER suspension. A comparison of
the ER effects of moist and dry particles under different electric fields is illustrated in Figure
3.5. These rheological curves show the obvious effect of the humidity of the particles when
an electric field is applied. This study focuses on the ETSERF with moist diatomite particles

because it clearly ensures better ER efficiency.
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Figure 3.3 Microstructure of diatomite particles under electric microscope.
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Figure 3.4 Particle size distributions.
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3.2.2.2 Optical observation of chain formation

The chain formation of ETSERF fluids under an electric field was visualized using an optical
microscope. The experimental set-up is presented in Figure 3.6. The ER fluid was filled in
the space between two electrodes, and electric fields of 0 kV/mm, 1 kV/mm and 2 kV/mm

were applied, respectively.

Microscoms

oy 1 65

D¢ Hizh Voltage

Figure 3.6 Observation of ER fluids using optical microscope.

In Figure 3.7, when the electric field is applied, many chain formations can be observed,
resulting from the interaction between the polarized particles induced by the electric field.
Under an electric field, an agglomerative phenomenon appears at the surface of the positive
electrode. It can be also seen in Figure 3.7 that the chain formation strongly depends on the

electric field strength.
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Figure 3.7 ETSEREF chains under various electric fields.
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3.2.3 Measurement of dielectric and dynamic properties of ETSERF

The ER characteristics are not only related to the electric field, the shear rate, the particle
concentration, the particle size, but rather are linked to other factors, such as dielectric

properties, electric field frequency, time response, etc.

3.23.1  Electrorheological response under AC electric field in ER fluid

ER fluids produce different effects under different frequencies of alternative electric field
[13-15, 25]. In the present work, the electrorheological responses of the ER fluids excited by
alternative electric fields were studied. The measurements were conducted under 0-300 Hz
for both the ETSERF20 and ETSERF40. Figures 3.8(a) and (b) show the frequency

dependence of the ETSERF on the shear stress at various shear rates.

B —+— Shear rte=92.5(1's) 350 —+— Shear rate=92.5(1's)
—x— Shear rate=277.5 (L/s) l —sx— Shear rate=277.5 (1/s)
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AC Electric field frequency (Hz) AC Electric field frequency (Hz)
(a) ETSERF20 with 28% particles (b) ETSERF40 with 23% particles

Figure 3.8 Frequency dependence of shear stresses at different shear rates under 2
kV/mm electric field strength.

Figure 8(a) describes the behavior of the ETSERF20 with a high particle mass concentration
(28%), while Figure 8(b) presents those of the ETSEFR40, with a low particle mass

concentration (23%). In Figure 3.8, the maximum shear stress values occur at low
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frequencies (0-10Hz). It can be observed that the shear stresses decrease as the electric field
frequency increases beyond 10 Hz, and reach a minimum point at close to 100 Hz. Note that
a similar phenomenon was observed by Jones et al [30], and that it may be explained by the
fact that the rotation of particles could reduce dynamic ER effects. When the electric field is
applied, the particle chain structure is created as a result of polarization, the particles
orientate in the direction of the electric field, but this quiescent structure restricts
hydrodynamic flow. When the structure experiences larger boundary movements or high
shear rates, the particles undergo a rotational motion with structural rearrangement, thus
causing the dynamic ER effect to decrease in most cases. This result suggests that an
automatic control for adapting the shear stress could be established by varying the electric

field frequency between 10 and 100 Hz.

3.2.3.2 Transient response of ER fluids

The transient response of ER fluids is another important factor used to describe their ER
behaviour. The transient responses of the ETSERF20 fluids were observed under both a
square-wave and a step-wave electric field excitation. Measurements were carried out under

various electric field strengths.

Figures 3.9(a) and (b) describe the transient responses of the ETSERF20 with a 28% particle
concentration under conditions of a square-wave electric field and a step-wave excitation at a
low shear rate of 185 (1/s). In Figure 3.9, two electric field strengths of 1 kV/mm and 2
kV/mm are applied. The results from the square-wave test (Figure 3.9(a)) show that the
ETSERF20 responds to an electric stimulation 1.2 seconds after the transient response is
damped, and then retrieves its initial value in 0.2 seconds. The results from the step-wave test

(Figure 3.9(b)) show that the higher the electric field, the faster a stable response is obtained.
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Figure 3.9 Transient responses of ETSERF20 with 28 Wt% at shear rate of 185 (1/s).
3.2.3.3 Dielectric proprieties of ETSERF fluids

The complex dielectric constant £ is usually written as [31]:

e =€ —-ie” =€ (1-itan9) (3.1)

where & is dielectric constant, £”is dielectric loss, and tand is the loss tangent (or loss

factor).

The relaxation frequency is defined by a local peak of dielectric loss. Block et al [32]
indicated that the relaxation frequency of ER fluids is proportional to their rate of
polarization, and that a good ER fluid must exhibit a relaxation frequency in the range of 10°-
10° Hz [33]. The dielectric property of the ER suspension was measured using a Novocontrol
broadband dielectric spectrometer with a frequency range of 10" to 10° Hz. The fluid was
filled in a coaxial cylinder sample container, the electric champ is applied to the inner and
outer cylinder, and the dielectric constant £” and dielectric loss £” of the ETSERF fluid were
measured at 23°C according to standard test methods [34]. The dielectric constant £” and

dielectric loss €” of the ETSERF were measured with and without a surfactant, respectively,
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using combinations of two mass concentrations (23 and 28%) and two particle sizes : 20 and

40 um (Figure 3.10 (a) and (b)).
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Figure 3.10 Dielectric constant (£") and dielectric loss (£”) for ETSERF fluids with

different particle sizes.

The effect of of the particle sizes on dielectric behaviour can clearly be observed in Figure

3.10(a). The dielectric constant of the ER fluids increases as the particle sizes increases,

especially at low frequencies. The results also show that the relaxation frequency peak is
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around 500 Hz for the ETSERF20, and at about 300Hz for the ETSERF40. When a
surfactant is added, the two peaks decrease to around 300 Hz and 200Hz, respectively.

An ER fluid with large particles exhibits a higher £” than one with small size particles. This
implies that ER fluids using large particles will dissipate more power when polarized,
because dielectric loss represents the dissipation energy, and the greater the dielectric loss,
then the higher the energy dissipated by the material. The dielectric parameters decrease
somewhat with the addition of a surfactant, but it is recommended for use in slowing down

sedimentation as it can stabilize the ER fluid.
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Figure 3.11 Dielectric constant (£") and dielectric loss (£”) for ETSERF fluids with
different particle concentrations.

Figure 3.11 shows the results of the dielectric properties under different mass concentrations
for the ER fluids with dry particles. It can be seen that the dielectric constant depends on the
particle concentration, and significantly increases with an increase in particle concentration at
low frequencies. The relaxation frequency, observed from the peak in Figure 3.11(b), also
changes with the particle concentrations. That is especially the case for a 28% particle
concentration, where the conductivity increases more rapidly at low frequencies than with a

23% concentration. Thus, due to the ER fluid interfacial polarization under an electric field, a



41

large particle concentration (in this considered range) may be recommended in designing the

ETSERF.

3.2.3.4  Relation between the ageing of ETSERF and dielectric loss

The ER and dielectric properties of an ETSERF40 suspension, with a concentration of 23%
of dry particles, were observed for more than 72 hours in order to study the effect of fluid
ageing. Figure 3.12 shows the rheograms of the ETSERF at various electric fields. It can be
seen in Figure 3.12 that the ageing duration has no significant effect on shear stress when no
electric field is applied. However, this effect becomes significant after ageing when the
electric field is applied, especially with a relatively high electric field (2 kV/mm). For
example, the shear stress decreases from 394Pa to 193Pa at a 462 (1/s) shear rate under a 2
kV/mm electric field strength during ageing. If we define this phenomenon as the ageing of
ER fluids, then the ER properties and the dielectric properties (mainly the dielectric loss) are
strongly dependent on the duration of ageing. This ageing phenomenon may be due to the

fact that the particles agglomerate into bigger particles.

It can be seen in Figure 3.13 that there are significant variations in the dielectric constant,
particularly in the relaxation frequency range. The relaxation frequency decreases from 30
Hz to 0.2 Hz for ageing taking place over 72 hours. In theory, the smaller the relaxation
frequency, the slower the response for establishing a polarization, thus indicating that the ER
system needs a longer time to form particle chains. In shear mode, there will not be enough
time to form particle chains at a relative high shear rate, and therefore, the ER efficiency will

be reduced.

All these results suggest that better ER performances will be obtained at low frequencies, and

consequently, the experimental design should be conducted under a DC electric field.
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33 Experimental Design and Procedure

3.3.1 Design of Experiment

The experimental design method is a powerful tool for analyzing interactions between
parameters that cannot be detected by studying one parameter at a time. The ER fluid
behaviour depends mainly on the particle concentration in the liquid [16, 17], the electric
field [13-15, 24], the shear rate, the surfactant [19, 25, 26], particle sizes, and the particle
geometry [18]. A ‘Complete Multilevel Factorial’ design was selected in order to allow all
interactions between the independent variables to be investigated effectively. We chose
different levels for each independent variable: two-level for the particle size and surfactant,
three-level for the particle concentration and the electric field, and four-level for the shear
rate. The particle mass concentration was limited to around 28% in order to avoid a
saturation of the mixture. The levels of the independent variables are shown in Table 1 and
the shear stress (Pa) was selected as a dependent variable. The tests were repeated twice in
order to increase result confidence, and a total of 288 tests were conducted in order to obtain

all possible combinations of the variables.

Table 3.1 Levels of independent variables
Variable Unit Level 1 | Level 2 | Level 3 | Level 4
Particle mass concentration % 18 23 28
Mean size of particles um 20 40
Surfactant ppm 0 90
Electric field kV/mm 0 1 2
Shear rate 1/s 93 278 463 648
Repeat 1 2
3.3.2 Statistical Results Analysis

An analysis of variance (ANOVA) was used to analyze the collected data. A 1% confidence

level was selected to test the significance of the main effects and the three level interaction
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effects. The computed ANOVA output and the calculated F ratios are shown in Table 3.2 for

each significant effect.

All F ratios were calculated based on the residual mean square error. The ANOVA table
decomposes the variability of the shear stress into the contributions of various factors. Type
IIT sums of squares were chosen, and the contribution of each factor was measured following
the removal of the effects of all other factors. A P-value is used to test the statistical
significance of each of these factors. When a P-value is less than 0.01, the factor has a

statistical significant effect on shear stress at the 99.0% confidence level.

The results in Table 3.2 are classified by the order of the Fisher significance. The main effect
analysis shows that the significant parameters, classified from the most to the least important,
are particle concentration, electric field, particle size, shear rate, and surfactant. The ANOVA
analysis reveals that apart from for the shear rate-concentration-surfactant and shear rate-
surfactant-size, all three-level interactions are significant. To analyze the three-level
interactions, one parameter was kept constant, and the effects of the two others were plotted.
The analyses are classified by order of significance, in accordance with the Fischer indices.
All significant three-level interactions are illustrated in Figures 3.14 to 3.21, along with their

respective confidence intervals.
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Table 3.2 Analysis of variance for shear stress
Source Sum of Squares | DOF | Mean Squares | F-Ratio | P-Value
Main Effects
C: Concentration 1936490 2 968243 3151 | 0.0000
B: Electric field 1456430 2 728216 2370 | 0.0000
E: Size 643324 1 643324 2094 | 0.0000
A: Shear rate 891983 3 297328 969 0.0000
D: Surfactant 4826 1 4826 16 0.0001
Three-Level Interactions
CDE 12669 2 6334 21 0.0000
ACE 34721 6 5787 19 0.0000
BDE 11046 2 5523 18 0.0000
BCE 10833 4 2708 9 0.0000
ABE 15567 6 2594 8 0.0000
BCD 7756 4 1939 6 0.0001
ABD 8232 6 1372 5 0.0003
ABC 12163 12 1014 3 0.0002
ADE 3206 3 1069 4 0.0170
ACD 1825 6 304 1 0.4333
Residual 60223 196 307 0.0000
Total 5781340 287
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3.3.2.1 Shear stress induced by particle sizes and surfactant under different
concentrations (CDE)

Figure 3.14 describes the effects of particle concentrations and particle sizes on shear stress
with and without a surfactant. It can be seen that increasing the particle concentration (to a
maximum level which is lower than the saturation level) and particle size have a beneficial
effect on the shear stress. The surfactant has no significant effect, and has a negative effect

on ER performance when the fluid mixes with a high concentration of uncrunched particles

(see Figure 3.14 (b)).
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Figure 3.14 Effect of particle concentration and size on shear stress.

3.3.2.2 Shear stress effect induced by shear rate, particle concentration and size
(ACE)

Figure 3.15 shows the effects of the interaction of the shear rate and particle mass
concentration on the shear stress, using two particle sizes: (a) a large (uncrunched) size (40
um), and (b) a small (crunched) size (20 um). The shear stress increases with increases in the
particle size, particle concentration, and shear rate. This effect is more pronounced when a

high concentration (28%) is combined with large particles (40 um).
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Figure 3.15 Effect of shear rate and particle concentration on shear stress.

3.3.23 Shear stress induced by electric field strength, the surfactant and particle
size (BDE)

Figure 3.16 shows that increase in the electric field and particle sizes lead to a high shear
stress. As expected, the increase in the shear stress is along with the electric field following a
2-order polynomial function. The surfactant induces a small negative effect (40 Pa) for

uncrunched particles when an electric field is applied.
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Figure 3.16 Effect of electric field strength and particle size on shear stress.
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3.3.24 Shear stress effect induced by the size and electric field strength under
different concentrations (BCE)

Figure 3.17 shows the effects of the interactions of the electric field and particle mass
concentrations on the shear stress for (a) uncrunched particle sizes, and (b) crunched particle
sizes. It can be seen that the shear stress increases with increases in the particle
concentration, particle size, and electric field strength. However, the stress variation does not
have a significant effect when the fluid is composed of uncrunched particles and a high

concentration under a low electric field strength (1 kV/mm) (Figure 17 (a)).
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Figure 3.17 Effect of electric field strength, particle mass concentration and size on
shear stress.

3.3.25 Shear stress effect induced by the electric field strength and the shear rate
under different sizes (ABE)

The experiment curves in Figure 3.18 (a) and (b) show that the shear stress increases along
with increases in the shear rate, electric field, and particle size. However, when uncrunched
particles are used and a weak electric field (1kV/mm) is applied, decent ER performance is
only obtained at low shear rates. The electric field must exceed 1 kV/mm for a significant

effect (Figure (3.18 (b)) to be observed at a high shear rate.
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Figure 3.18 Effect of shear rate and electric field strength on shear stress under
different particle sizes.

3.3.2.6 Shear stress induced by electric field strength and the surfactant under
different concentrations (BCD)

Figure 3.19 illustrates the effects of the electric field and particle concentration on the shear

stress with and without a surfactant.
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Figure 3.19 Effect of electric field strength, mass concentration and surfactant
on shear stress.

Generally, the mixtures with a surfactant exhibit a small decrease in shear stress (50 Pa),

except when the fluid works under a condition involving a low particle concentration and a
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high electric field. In this study, however, the use of a surfactant may be recommended in

order to slow down the sedimentation of particles in the ER fluid.

3.3.2.7 Shear stress effect induced by the electric field strength, the shear rate and
surfactant (ABD)

Figures 3.20 show the effects of the electric field and shear rate on the shear stress (a)
without a surfactant and (b) with a surfactant. It can be seen that the shear stress increases
with increases in the electric field and shear rate. Adding a surfactant produces a small
negative effect, especially when a large electric field (greater than 1 kV/mm) is applied at a
high shear rate. However, it may also be noticed that the effect of a surfactant is beneficial at

low shear rates when a high electric field is applied.
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Figure 3.20 Effect of shear rate and electric field strength on shear stress.

3.3.2.8 Shear stress effect induced by the electric field and shear rate under different
concentrations (ABC)

The curves in Figures 3.21 (a), (b) and (c¢) show the influence of interactions between the
electric field and shear rate on the shear stress under different mass concentrations (18%,
23% and 28%, respectively). It can be seen that the shear stress increases for all fluids with

increases in the shear rate and particle concentration, especially when a high electric field is
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applied. However, the ER effect is only efficient at low shear rates when a weak electric field
(1 kV/mm) is applied to a 28% particle concentration (see Figure 3.21 (c)). The electric field

strength must exceed 1 kV/mm when the fluid is working at a high shear rate.
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Figure 3.21 Effect of electric field, shear rate and mass concentrations
on shear stress.

34 Empirical Model for Shear Stress

3.4.1 Quantitative relationship between the dynamic shear stress and the
independent variables

The Bingham model is a simple model that has been used for many experimental ER

investigations. The viscosity and the yield stress can be modeled as:

T(E)=17,,(E)+17 (32)
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where, 7 is the shear stress (Pa), T, is the yield stress, 1 is the dynamic viscosity(Pa.s), 7 is

the shear rate (1/s), and E is the electric field strength (kV/mm).

Unfortunately, this relation does not take into account mixture parameters, such as particle
concentration, particle size, and concentration of surfactant, etc. However, the ANOVA
analysis allows us to develop an empirical model to satisfy these requirements. Based on the
Bingham model and the results obtained from the ANOVA analysis, an empirical
relationship can be developed to predict the shear stress as a function of the shear rate,
electric field, particle size, and particle concentration, by applying a multiple linear

regression method.

The equation of the fitted model is:

7=(42.86E> +0.8955°E+0.22pdE—37.830 E+36967E)+0.001(1.5¢d —0.12¢> —=22d —0.049d +1.1&)7  (3.3)

where, 7 is the shear stress (Pa), E is the electrical field strength (kV/mm), 7is the shear rate

(1/s), ¢ 1s the mass concentration of particles (%), d is the particle size (um), and C is the

surfactant volume concentration (ppm).

This empirical model shows that the shear stress depends not only on the shear rate and the
electric field, but also on the particle concentration, particle size, and surfactant. The R?
statistic indicates that the model accounts for 97.85% of the variability in the shear stress.
The adjusted R” statistic, which is more suitable for comparing models with different
numbers of independent variables, is 97.78%. In determining whether the model can be
simplified, we note that the highest P-value of the independent variables is 0.0176. Since the
P-value is less than 0.02, the highest order term is statistically significant at the 98%
confidence level. Therefore, no variables can be removed from the model. Figure 3.22 shows

the predicted values based on our new model versus the observed data.
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Figure 3.22 Observed data versus predicted values.

Figure 3.23 describes the measured curves and the predicted curves for the shear stress of the
ETSERF20 with a particle concentration of 28% under various electric field strengths. The
results show that the proposed empirical model may correctly predict the electrorheological
property of the ETSERF fluids. It can directly provide a quantitative relationship (Equation
3.3) between the dynamic shear stress and the independent variables, except when working at
low shear rates combined with a high electric field. This relationship can thus provide a
reasonable explanation for the contributions of each independent variable to the viscosity and
yield stress. Therefore, this model will be very useful for the development of ER fluids and

their applications.
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Figure 3.23 Predicted values vs. measured values for ETSERF20 with
concentration of 28 Wt% under various electric field strengths.

Based on the Equation (3.2), the yield stress and the viscosity can be modeled as:

7., =42.86E° +(0.895¢° +0.22¢d —37.83¢+369.67)E (3.4)

7 =0.001(1.5¢d —0.12¢> —22d — 0.049E d +1.1&) (3.5)

where Ty is the yield stress and 1 is the dynamic viscosity.

It can be seen that the surfactant affects only the viscosity and not the yield stress, the
surfactant thus has no a significant effect on ER efficiency. Figure 3.23 shows that the error
of the predicted shear stress increases at low shear rates when the applied electric field

Increases.

3.4.2 A new Quasi-Bingham Model

The Bingham empiric model is suitable for describing ER behaviour at high shear rates, but it

fails when modeling the ER fluid rheology at very low shear rates. Many studies indicate that
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most ER fluids exhibit yield stress and shear-thinning properties. When the electric field is
removed, they present a Newtonian behaviour or a weak pseudoplastic behaviour.
Nevertheless, when an electric field is applied, they present strong pseudoplastic behaviours
which are often accompanied by a static yield stress. This is due to the fact that the
suspension microstructure depends on the relationship between the rate of the formation of
particle links and the rate of breakdown by shear effects. Cross [35] proposed a suitable four-
parameter equation (3.6) to describe the pseudoplastic behaviour of suspensions whose

viscosity depends on the shear rate.

Y

T=1n.y+(1, —Uw)m

(3.6)

Unfortunately, this equation (3.6) could not describe the behavior of the pre-yield stress of
ER fluids under a relative high electric field.

The results of our experimental design reveal that the dependence of shear stresses on the
independent variables (electric field, shear rate, particle concentration and particle size etc.)
is non-linear. Based on the Cross equation and the results obtained from the ANOVA
analysis, we propose a new empirical model as shown in equation (3.7), which is named the

Quasi-Bingham model.

T=T oz +1.7 or T=I_} when E=0
T=7,,,(E)+1,(E)y when E#0, y<y

; 3.7
7, when E#0, S
1+ ()"

T=TyQB(E)+77w;'/ when E#0, y=7,

T=T,05(E) 7.7+ (1, (E) = 11..)
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where, 7 (E) is the shear stress (Pa), Tyqris the yield stress (Pa) in Quasi-Bingham, which is
dependent on shear deformation, ¥ is the shear rate (1/s), no is the zero shear viscosity, 1. is

the infinite shear viscosity. The 1. has the same definition as the 1 in the equation (3.2).

The parameter "n" is known as the (Cross) Rate Constant; it is dimensionless and is a
measure of the degree of the dependence of viscosity on the shear rate in the shear-thinning
region, while the parameter "t" is known as the Cross time constant and has a dimension of
time. Its reciprocal, 1/t, gives us a critical shear rate that has been proven to be a useful

indicator of the onset shear rate for shear thinning [35] . 7, and }, are two additional critical

shear rates.

We can obtain two relationships from the equations (3.7):

1+(t7) =1 58)
12 3ea %
The values of Tygs, Mo, Mw, t and n in equation (3.7) depend on the characteristics of
electrorheological fluids when the electric field strength applied. In order to compute all
these parameters, two assumptions are proposed in this paper:
. The infinite viscosity of the ER fluid has approximated values under different electric
fields;
. According to the dielectric loss model of T. Hao [36], the yield stress Tyqpis a function
of E%.

These parameters above can be determined from experimental tests. Table 3.3 presents the
fitting values for the ETSERF with different compositions. Table 3.3 shows that the yield
stress (Tyo) is a function of the electric field strength and particle size, and the zero shear
viscosity (1) is a function of the electric field strength, the particle size, and the particle mass

concentration, i.e.:
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Tyop = f(E*,d)

(3.9)
n=/(E.d.9)

Table 3.3 Fitting values of TygB, Mo, Nw, t and n

ER fluid E (kV/mm) t n| Tys | Mo Moo | No-Neo S R?
0 0064 | 1] 00 | 136 | 036 1.00 | 4458 | 0.9946
ETSERF40
] 0059 | 1|112| 418 | 030 | 388 | 3.7 |0.9999
$=23
2 0049 | 1449 | 871 | 031 | 840 | 49.1 |0.9995
0 0031 1] 00 | 022 | 018 0.04 | 044 | 1.000
ETSERF20
1 018 | 1112 595 |017| 578 | 0.90 | 1.000
$=23
2 0071 | 1]440 652 [021] 631 | 7.95 |0.9998
ETSERF40 0 0014 | 1] 00 | 1.72 | 070 | 1.02 | 1357.9 | 0.9962
¢=28 | 0.002 | 1 1694 | 0.57 | 1637 | 59.97 | 0.9997
265
2 0.002 | 11989 |67.28 | 0.64 | 66.64 | 246.88 | 0.9985
ETSERF20 0 0017 | 1] 00 | 048 | 031 0.17 | 187.87 | 0.9971
¢=28 1 0086 | 11205 530 | 028 | 5.02 | 32.64 | 0.9994
2 0.05 | 1|80.6| 697 |033| 6.64 | 82.04 | 0.9991

We may notice that the shear stress depends not only on the shear rate, the electric field, the
particle concentration, and the particle size, but also on the interactions of these parameters.
The coefficients of determination R indicate that the model accounts for 99% of the

variability in the shear stress. The viscosity 77, and the yield stress are 0.3315 Pa.s and 80.6

Pa, respectively for the ETSERF20, with a 28% particle concentration under 2kV/mm of
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electric field. The viscosity values from both the empirical and experimental models are very
similar. Furthermore, the yield stress values obtained from the new Quasi-Bingham model
are more accurate. In fact, according to recent research studies, it is difficult to obtain an
accurate yield stress value from experiments. We can thus say that the Quasi-Bingham
empirical expression is very appropriate for describing the dynamic behaviors of ER fluids,

and the model is suitable for all ER fluids with shear-thinning behaviors.

3.5 Conclusion

The ANOVA analysis is a useful tool for characterizing ER fluids and developing an
empirical model for predicting a variable dependent on multiple parameters. The
experimental design method is a powerful tool for analyzing the interactions between
parameters that cannot be revealed by examining one parameter at a time. The results of an
experimental design developed on 288 shear stress measurements, applied to a new ER fluid
called ETSERF and based on diatomite powders, are described in this paper. This home-
made ER fluid was chosen because it manifests good electrorheological performances versus
five other mixtures. The experimental results show that the shear stress increases with

particle concentration, particle size, and electric field increases in the studied range.

Based on the Bingham model, two empirical models for the ETSERF rheology have been
developed, which allow us to predict the yield stress and dynamic viscosity, respectively. The
viscosity values from both the empirical models and experimental measurements are very

similar, except at low shear rates.

A new Quasi-Bingham model has thus been developed from empirical experiments to
describe ER shear-thinning behaviors, especially at low shear rates. The new model
represents an improvement over the Bingham model, with very good coefficients of
determination. The yield stress values from the Quasi-Bingham model are more accurate than

those from the classical Bingham model.
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The main findings are summarized as follows:

L. Mass concentration: In order to avoid saturation of the mixture, the mass
concentration of particles must not exceed a given value which was found to be around 28%
for the ETSERF. If a high mass concentration is combined with large particles, the increase
in shear stress is more pronounced when an electric field is applied, but the electric field
strength must increase for the particle chains to be formed, and significant ER effect

produced.

IIL. Electric field: It is obvious that the electric field is an important and necessary factor
for ER fluids. As expected, the shear stress increases with increases in the electric field
following a 2-order polynomial function. Specifically, with the ER fluid composed of high
particle mass concentrations and large particles, the shear stress is more significant.
However, the electric field must be greater than a threshold value (1kV/mm) for good ER
efficiency to be obtained. This is particularly important when using an ER fluid with a high
particle concentration under a high shear rate. When a surfactant is added to the ER fluid
having a high mass concentration and large particles, the shear stress has a small negative
effect under a relative high electric field. The frequency of the electric field must be kept
between the DC value and 10 Hz in order to obtain a high dielectric constant. It is possible to
control the shear stress of the ER fluid by varying the electric field frequency between 10 and
100 Hz.

III.  Shear rate: As expected, the shear stress increases along with the shear rate. At a
high shear rate, the electric field strength must increase for the particles chains to be formed

and a significant ER effect obtained.

IV.  Particle size and shape: The particle size and shape are other very important factors
which influence the properties of ER fluids. The shear stress increases with an increase in the
particle size. The ETSERF20 produces a smaller ER effect than the ETSERF40 (with the
same particle mass concentration). Specifically, when the fluid is composed of high

uncrunched particles, the increase in shear stress is more significant with the electric field
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applied. However, this efficiency can be reduced if a surfactant is used. When adding a
surfactant to an ER fluid with uncrunched particles, the surfactant produces a negative ER
effect when the particle concentration, the electric field strength, or the shear rate is relatively

high.

V. Surfactant: The surfactant must be introduced in order to slow down the
sedimentation of particles in the ER fluid. However, using a surfactant is not beneficial for
the shear stress, especially when large particles are used; any adverse effect produced is not
that significant though, and it is recommended that it be used. Furthermore, the ER effect of
the surfactant is beneficial for ER fluids with small particles, and is only negative when

uncrunched particles are used under a relatively high electric field.
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Résumé

Afin de pouvoir comprendre la performance de nos fluides ER, nous avons étudié
expérimentalement leurs propriétés diélectriques en comparaison avec leurs propriétés ER.
Les études indiquent que la performance ER est un résultat des forces de la polarisation
électrique. Les interactions électrostatiques entre les dip6les polarisés créent des chaines qui
sont alignées avec le champ électrique appliqué, et par conséquent, la viscosité apparente de
la suspension augmente, particulierement a basse vitesse de cisaillement. Les arrangements
linéaires des particules sont détruits a haute vitesse de cisaillement, car il n’y a pas
suffisamment de temps pour reformer les chaines, donc la viscosité apparente approche la
valeur sans champ électrique. Beaucoup d’articles qui présentent des calculs théoriques et
des simulations numériques, basés sur le modele diélectrique ou le modéle de la conduction,
ont été publiés. Cependant, il est impossible de pouvoir expliquer certains effets en utilisant
ce genre de modeles. Par exemple, I’effet de 1’eau, un matériel possédant une grande
constante diélectrique, donne un faible effet ER. Il est essentiel que la conductivité et la
constante diélectrique qui gouvernent leurs performances ER puissent étre optimisées sous
certaines conditions. Un systéme hétérogéne posséde quatre mécanismes possibles de
polarisation tels que : polarisation électronique, atomique, dipolaire et interfaciale (Maxwell-

Wagner). La détermination du type de polarisation dans un fluide ER sous un champ
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¢lectrique est trés importante pour comprendre 1’effet ER du fluide ER. Le but principal de
cet article est d’expliquer les observations expérimentales. Les propriétés diélectriques des
composites ont ¢t¢ analysées afin de déterminer quel type de polarisation domine pour
expliquer I’effet ER. D’autre part, il n’existe pas de modele simple qui peut expliquer tous
les comportements statiques et dynamiques d’un fluide ER, particulicrement quand la
géométrie des particules est irréguliere. Donc, I’efficacité ER de différents fluides ER est
comparée et la dépendance de la constante di¢lectrique, de la perte diélectrique et du temps
de relaxation du fluide ER sont reliées a la taille de particules, a la concentration des
particules, a I’humidité et a I’addition d’un surfactant. L’influence du temps de relaxation sur
I’effet ER est étudiée particulierement en observant le vieillissement d’un fluide ER. Il est
¢vident que nos résultats nous aident a mieux comprendre le mécanisme ER et aident a la

conception d’un fluide ER a haute performance.

Cet article a été publi¢ dans ‘Smart materials and structures’ (2009, vol. 18), et est présenté

intégralement dans la section suivante.
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Abstract

A home-made electrorheological fluid, known as ETSERF, has been created with suspen-
sion-based powders dispersed in silicon oil. Because of the special structure of their particles,
ETSEREF suspensions present a complex behaviour. In absence of electric field, the ETSERF
fluid manifests a near Newtonian behaviour, but when the electric field is applied, it exhibits
a pseudoplastic behaviour with yield stress. The ER effect under DC electric fields has been
experimentally investigated using both hydrous and anhydrous ER fluids. ER properties are
strongly dependent on the dielectric properties of ETSERF suspensions and hydrous ER flu-
ids have a high dielectric constant and a high relaxation frequency which show a strong elec-
trorheological effect. The relationship between the electrorheological effect and the permit-
tivity of ER fluids has also been extensively studied. Experimental results show that the in-
terfacial polarization plays an important role in the electrorheological phenomenon. The age-
ing of ETSERF fluids was also studied and it was found that the dielectric properties (mainly
the dielectric loss tangent) and ER properties are strongly related to the duration of ageing. A
fresh ETSERF suspension exhibits high relaxation frequency and high dielectric constant.

These results are mainly explained by the effect of interfacial polarizations.

Keywords: Electrorheological fluid, pseudoplastic, permittivity, relaxation, interfacial po-

larization, ageing.
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4.1 Introduction

Over the last two decades, electrorheological (ER) fluids have fascinated many scientists,
engineers and inventors. The ER phenomenon was first described by Winslow in 1949 [1].
The ER fluids are notably characterized by a high shear stress and a fast response time. Their
properties [2-4] are related to important factors such as shear rate, electric field, electric field
frequency, fluid composition, temperature, addition of additives, etc. The ER fluids can
potentially be applied in many industrial areas. They may be used to control vibration [3-5]
and damping [6] through the application of high electric fields in real time. However, the
presence of many technical problems such as particle sedimentation, fluid heating [7], etc.,
limits the number of industrial applications using ER fluids [8, 9]. In addition, the ER devices
require high voltages to supply very high electric fields. Their rheological behaviour is
complex and non-linear and their mechanism of action is not very well understood.
Researchers are presently trying to develop ER fluid technologies [10, 11] that can overcome
these problems. However, the performances of ER fluids depend not only on the mixture, but
also on many other factors, such as shear rate, electric field, electric field frequency [12-14],
humidity, temperature, particle concentration [15, 16], particle size, particle geometry [17],
density ratio between the particles and the base liquid, surfactant effect [18, 19], etc. The ER
behaviour is a result of electric polarization forces. Under an electric field, the electrostatic
interaction between the induced dipoles creates particle clusters aligned with the electric field
and, consequently the apparent viscosity of the suspension especially at low shear rates
increases. The particle arrangement is destroyed at higher shear rates, and the chains
formation can not be reformed, therefore the apparent viscosity approaches to the value for
field-off state. Numerous papers have recently been published presenting theoretical
calculations and computer simulations based on the dielectric model or conduction model
[20-27]. According to the bulk polarization theory [28], the main factor controlling the
particle polarizability is the permittivity of dispersed material. However, a little modification
of the particle surface which influences the bulk particle permittivity may play an important
role in the ER phenomenon. Thus, a small amount of water [29-31] or another polar

compound (alcohol, ethylene glycol, dimethylformamide) [2] absorbed on the surface of
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particles induces the ER behaviour for many materials excepted for semiconducting polymer-
based suspensions [32]. Water absorbed onto the particulate phase has been observed to
dramatically enhance the performance of fluids compared to ‘dry’ particles at comparable
electric fields. However, because of the limit of the temperature, device corrosion, water
evaporation and dispersion instability, certain ‘dry’ ER fluids were developed and were
analyzed via the dielectric properties [33-35]. Essentially, the conductivity and dielectric
constant of ER materials have governing their ER performance which may be maximized
under an optimum set of conditions [36]. Some researchers have shown that the yield stress
does not change monotonically with the dielectric constant or the dielectric loss tangent even
for the same series of samples [37]. The study of Sung and al indicates that the fast relaxation
time of PANI/TiO, hybrid was considered to enhance electrostatic force over shear force
under a hydrodynamic flow, showing its improved ER performance [38]. According to recent
researches, the polarization controls the ER effect when it is introduced by an external
electric field. However, a heterogeneous system could exhibit four kinds of polarizations:
electronic, atomic, Debye and interfacial (Maxwell-Wagner), which may have a predominant
effect on ER fluid efficiency. The dielectric properties of particle-matrix composites are
analyzed. From the experiments, we may determine which type of polarization is dominant

for explaining ER effect.

There is no simple model which can explain all the steady and dynamic physical properties
of ER fluids, particularly, when the geometries of the particles are irregular. In this paper, the
ER behaviour of various ER fluids are compared and the dependence of the dielectric con-
stant, dielectric loss and relaxation time of the ER fluids on particle size, particle concentra-
tion, humidity and addition of the surfactant are experimentally studied. Particularly, the in-
fluence of the relaxation time on electrorheological effect is studied via the observations of
ageing of ER fluids. Our results help further understand the ER mechanism and also offer a

clear explication on how to design high performance ER fluids.
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4.2 Experimentation

The ER fluids are composed of home-made small solid particles suspended in silicone oil.
The average sizes of particles are approximately 20 pm and 40 um and the home-made fluids
are called ETSERF20 and ETSERF40, respectively. Two mass ratios, 23% and 28%, were
selected. The particles were prepared in two states: moist or dry. The ETSERF is a mixture
with diatomite particles which are immerged into silicone oil with a surfactant TWEEN 80
(Polyethylene glycol sorbitan monooleate). The diatomite powder was selected because of its
honeycomb structure. The particles were dried under 180 °C for two hours in order to prepare
ER fluids. The shear stress measurement of the ER fluid is carried out by a cylindrical rotary
viscometer (Couette). This viscometer was designed and manufactured according to ISO
3219 [39]. It combines a speed control system and an amplifier/supply high-voltage system
(10 kV) in order to perform an automatic measurement of the rheogram: shear stress versus
shear rate. The investigated fluid is filled between two coaxial cylinders and the shearing
laminar motion of ER fluid is obtained through the rotation of the inner cylinder, which may
have various uniform rotational speeds. The outer cylinder is free to rotate in order to meas-
ure the tangential force. This force is applied on a flexible beam instrumented. The shear
stress is then computed from the strain gauge signal. Dielectric properties were measured by
a Novocontrol broadband dielectric spectrometer inside a frequency range of 10" to 10° Hz.
The dielectric permittivity of the ETSERF fluid was measured at 23°C according to standard
test methods [40]. In order to determine the polarisable mechanisms of ER fluids, the parti-

cle-matrix composites were also measured and PMMA was selected for the matrix.

4.3 Basic concepts

4.3.1 Polarization mechanism of heterogeneous dielectrics

The complex dielectric constant £ and the loss tangent 1| are usually written as [41]:

g =& —ie"=€(1-itanJ)) (4.1)



70

where £, £” are the dielectric real part, the dielectric imaginary part and tand. the dielectric

loss factor ( or loss tangent), respectively.
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Figure 4.1 Relaxation spectrum of the ETSERF40 ER fluid.

Different types of polarization mechanisms are found in a heterogeneous system, they are
electronic, atomic, dipole (Debye) and interfacial polarization. Usually, the electronic and
atomic polarizations are classified as fast polarizations while the Debye and interfacial
polarizations are classified as slow polarizations. For the fast polarizations, the response time
is about 107'® to 107'* seconds while it is higher than 10™° seconds for slow polarizations.
According to recent research studies, the interfacial polarization should be responsible of ER
effect for most of the materials studied [42]. We will therefore focus mainly on the effect of
the interfacial polarization for the ER fluids considered in this study. Interfacial polarization
is mainly explained by a local accumulation of charges [43]. In the case of ER fluids, most of
dielectric phenomena occur at the particle surfaces. For example, if the particles are
hydrophobic, the local conductivity is modified due to the accumulation of charges at
surfaces. Therefore, when an electric field is applied, the interfacial polarization is observed.
For some materials, the dielectric response of the composite materials is mostly important at
low frequencies. The relaxation spectrum of ETSERF40 which contains no surfactant and

water at ambient temperature is shown in Figure 4.1.
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It is observed that both parts of complex dielectric constants, real and imaginary, are
increased at low frequencies. If we assume that the dielectric imaginary part are the
superposition of two parts: one part is the ‘Debye’ term, one is conductivity term like in
figure 4.1 (b), and we can approximately explain the dielectric properties of ER fluids by

using Maxwell-Wagner equation.

4.3.2 Theories of the slow polarization

Debey theory
The equation (4.2) is known as Debye equation and it describe the behavior of polar

dielectrics at various frequencies.

. E,—E, E, —E, [ (g, —€.)wr,
E =, +———=| &+ —1 (4.2)

1+ior, 1+ (wr,)’ 1+ (wr,)’

Maxwell-Wagner equation
The simplest model to calculate the complex permittivity which is produced by the interfacial

polarization is the Maxwell-Wagner model (equations 4.3 to 4.5).

8*28 _I_gs_goo_'o-dc

E —E., | 0. (& —E.)wT,
: 1 =€ t————= |1 + — 3 (4.3)
l+iwr, we, 1+ (wr,) WE, 1+ (wz,)
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where £_ represents the value of the permittivity when the frequency is infinite; &,
represents the value of the permittivity when the frequency is zero; o, is direct current
conductivity; @, 7,are respectively the frequency and the relaxation time and &, designates

the dielectric constant of vacuum.

4.3.3 The dependence on Relaxation of the ER effect

The relaxation frequency is defined by a local peak of dielectric imaginary part. Block et al
[44] indicated the relaxation frequency was very important for ER fluid because the relaxa-
tion frequency of ER fluid was proportional to the rate of polarization of ER fluid, but if the
polarization rate is too high or too low, the good ER effect can not be obtained. For obtaining
a good ERF effect, the relaxation frequency must be in the range 10” to 10° Hz and the dif-
ference of the dielectric constant below and above the relaxation frequency must be large. If
the frequency bandwidth is defined as the two frequencies at which there is a minimum di-
electric imaginary part surrounding the peak, then the difference in the amplitudes of dielec-
tric real part found within the frequency bandwidth must be large [45]. This suggests that the
ER effect may be correlated with the particles dielectric loss, because the particles move
within the particles as charges move under an electric field. These motions would be one of
the causes of dielectric loss [42]. Usually, the dielectric imaginary part can be explained by
two terms: the Debye and conductivity. The Maxwell-Wagner equation is often used with
success for describing the behavior related to frequency [43]. If we consider using the theory
of Dissado-Hill combined with the Maxwell-Wagner equation, we can thus obtain a good
explanation. The Cluster approach of Dissado-Hill [46] is based on a comprehensive model
of physical structures represented by an imperfectly ordered state and its consequences for
the dynamics of constituent molecules. This model assumes that the condensed substance is
composed of spatially limited regions which have a partially regular structural order of indi-
vidual units. These special regions are called clusters. The Dissado-Hill theory takes into
account the many-body interactions that exist between clusters. Based on the cluster model,
Dissado-Hill proposed two theories, one for dipolar relaxation, and the other for the QDC

(Quasi-DC) conduction process. For the dipolar case, the dipoles are not independent as they
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are in the Debye model. Two kinds of interactions, which can be represented as intra-cluster
motions and inter-cluster exchanges, are observed. Each of these processes will produce its
own characteristic contribution to the final susceptibility function. First, the dipoles relaxa-
tion process is predicted by the Debye model. This motion may be assumed to result from the
Debye polarization under the electric field. At the same time, the dipoles near the edge of the
cluster interconnect with their neighboring cluster. This effect will affect the field of dipoles
and therefore the overall effect will be an interaction between a process with an exponential
single dipole relaxation of the form ¢’* and a concomitant ! " behavior for the relaxation of
a cluster dipole moment. Because the motions of dipoles at the interconnection between the
neighboring clusters are behind the inter-cluster exchange, the relaxation of cluster dipole
moments will have a polarization time greater than in the intra-cluster motion [47]. The par-
ticles dispersed in the ER fluid can be considered as clusters. When the electric field is ap-
plied, two principal processes occur simultaneously: one is the polarization of molecules,
such as the Debye polarization (intra-cluster motion) and the other is the interfacial polariza-
tion between clusters. Of course, these two processes are not completely independent as it is
assumed in the cluster approach of Dissado-Hill. The question therefore becomes: which of
these two processes has the most significant influence on the ER effect, according to the fluid
mixture. In order to determine whether the Dipole or Maxwell-Wagner polarizations contri-
bute to the ER effect, we measured the dielectric properties of moist and dry par-
ticles/silicone oil. However, considering only these two tests is not enough because their dis-
persions appear in close frequency ranges. By adding the measurement of the interfacial po-
larization due to the dielectric constants and the conductivities of the fluid and particles, we
observed the dependence of the ageing of ER suspensions on their dielectric properties. Fur-
thermore, we observed the dielectric permittivity of particles-mixture composites in deter-
mining the polarization mechanism of ER. According to these results, it was possible to

demonstrate that the ER effect of ETSERF is based on the Maxwell-Wagner polarization.



74

4.4 Results and discussions

The ER system is a dielectric mixture and its electrical properties are wholly determined by
the properties of its constituents and their interactions. In this paper, the dielectric
permittivity of ER fluids is observed by considering different particle concentrations,
different particle sizes, dry or moist particles, with or without surfactants. It is observed that
all these parameters strongly influence the dielectric properties, and consequently, their ER
behaviour. The relationship between the ER effect and the relaxation frequency will now be

discussed.

4.4.1 ER effect

Figure 4.2 (a) and (b) show the effect of particle concentrations, sizes and shear rates on the
ER effect.

Shear stress (Pa)
Shear stress (Pa)

Shear rate (1/5) ¢ 2 Shear rate (1/s)

(a) ETSERF20 (b) ETSERF40

Figure 4.2 Dependence of shear stress on particle concentration and size under
E=2kV/mm.

An electric field of 2kV/mm was applied to the ETSERF not containing surfactant. It can be

seen that the shear stress increases for all fluids with shear rate and concentration (in the con-
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sidered range) when a high electric field strength is applied. This effect is more pronounced
for large particles (Figure 4.2 (b)). Figure 4.3 (a) and (b) show similar results for the ET-
SERF though it contains surfactants.

Shoear slress (Pa)
Shear stress (Pa)

53

Shear rate (1/s)

Shear rate (1/s)
(a) ETSERF20 with surfactant (b) ETSERF40 with surfactant

Figure 4.3 Dependence of shear stress on particle concentration and size with
surfactant under E=2kV/mm.

By comparing figure 4.2 and 4.3, even if the introduction of surfactant reduces the efficiency
of ETSERF40 at high shear rate and high mass concentration, it can be assumed that this
prejudicial effect is not significant enough and consequently it may be included in the design
of ETSERF for slowing its sedimentation. In Figure 4.4 (a), (b) and (c), the rheological
curves of the ETSERF show the effect of dry and moist particles under different electric
fields. The ETSERF with moist particles exhibits a better ER efficiency with shear rate. The
effect of humidity is more significant with the electric field. However, the humidity has no
effect when the electric field is not applied. From above rheological results of ER fluids, it is
observed that an ETSERF fluid manifests a near-Newtonian behaviour under the absence of
an electric field, but it exhibits a pseudo-plastic behaviour with yield stress when an electric

field is applied.
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Figure 4.4 The effects of humidity on ER behavior of ER fluids under
different electric fields.

4.4.2 The dielectric properties of ER suspensions

4.4.2.1 Influence of particle sizes, particle concentrations and surfactant on
dielectric properties of ER suspension

The permittivity of the ETSERF was measured without surfactant and with surfactant, with
two mass concentrations (23 and 28%) and two particle sizes (20 and 40 um). The results are
shown in Figure 4.5, 4.6 and 4.7. The permittivity curves of ETSERF20 and ETSERF40 with
a mass concentration of 23% are shown in Figure 4.5. From Figure 4.5 (a), the dependences
of particle size on the dielectric behavior are clearly observed. The dielectric real part of ER
fluids increases with the particle size, especially at low frequencies. The dielectric loss
tangent is shown in Figure 4.5 (b). The ER fluid with large particles exhibits high values

tand. and its relaxation frequency is lower comparing with the ER fluid made of small size
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particles. This implies that the ER fluids using large particles will dissipate more power when
it is polarized. The permittivity of ETSERF20 and ETSETF40 with surfactant using the same
mass concentration is shown in figure 4.6. Comparing with Figure 4.5, we can notice that the
dielectric parameters decrease a little bit with addition of surfactant, but the difference is not

enough significant to avoid it and it is recommended to use it for slowing the sedimentation.
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Figure 4.5 Influence of particle sizes on the dielectric proprieties of ETSERF
with no surfactant.

Figure 4.7 shows the results of the dielectric properties under different mass concentrations
for the ER fluids made with dry particles. It can be observed that the dielectric constant is
dependent on the particle concentrations. The dielectric constant significantly increases with
an increase in the particle concentration at low frequencies. The relaxation frequency,
observed from the peak in Figure 4.7(b), also changes with the particle concentrations. The
effect of particles on the conductivity is very significant. Based on these observations, a high

particle concentration (in the considered range) is recommended for designing the ETSERF.
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Figure 4.6 Influence of particle sizes on the dielectric proprieties of ETSERF
with surfactant.
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Figure 4.7 The effect of particle concentrations on the dielectric properties
of ER fluid.

In summary, these results show that the complex dielectric constants of ER fluids are
dependent on the particle concentration, the particle size and the addition of surfactants,
especially at low frequencies. From the results observed, the dielectric constant, the dielectric
loss factor and the conduction all affect the ER performance. These results suggest that better

ER performances will be obtained with low frequencies or DC electric fields.
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4.4.2.2 Influence of humidity on dielectric properties of ER suspension

Figure 4.8 shows the permittivity for ER fluids made with moist and dry particles,
respectively. The effect of humidity of particles is very significant on the dielectric properties
and an increase is observed in the dielectric constant. With moist particles, the relaxation
frequency moves up to a relative high value and simultaneously, the conductivity increases

very fast at low frequencies. All these characteristics will produce positive effects.
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Figure 4.8 Comparison of dielectric properties for ER fluids with dry particles
and moist particles with a concentration of 23%.

Another important factor is the conductivity of ER suspensions. In fact, the conductivity
arises from imperfect particle structures or from humidity. Figures 4.6 to 4.8 show that the
dielectric loss tangent increases at low frequencies. This result observed in the low frequency
range does not agree with the Debye theory. If the Debye model is replaced by an
explanation that combines the theory of Dissado-Hill with the Maxwell-Wagner equation, it

then becomes possible to qualitatively explain these phenomena.
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4.4.3 Polarization mechanisms in ER suspensions (Interfacial polarization)

In order to determine the polarizable mechanisms of ER fluids, the ETSERF40 particles are
prepared as particle-matrix composites; PMMA was selected as a matrix. PMMA was
selected as matrix because it can assure the mono-dispersity of ER particles [48, 49]. The
dielectric properties of the particle-matrix composites were measured and the experimental

results are described in Figure 4.9.
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Figure 4.9 Relative constant and dielectric loss tangent for the particles-matrix.

It can be observed that the dielectric constant and dielectric loss tangent of mixtures are very
low when the particle concentrations are very low (1.5 to 19.3 %). In this case, the relaxation
peak is very difficult to identify. Although the loss tangent increases in the low frequency
range by using a 19.3% mass concentration, only conductivity plays an important role. Ac-
cording to the theory of Dissado-Hill, the particles can be considered as clusters and then,
they can not move or vary their orientation under the electric field. But when the particle
concentration is relatively high (48.1%), a lot of surface charges of particles exchanges, and
an interfacial polarization occurs, thus leading to a relaxation peak (Figure 4.9 (b)). These
effects are due to the interfacial polarization that occurs at the boundaries separating the par-
ticles and matrix regions. As the frequency increases, the time available for the drift of

charge carriers is reduced, and the observed increase ing” and tand. is substantially affected.
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At low frequencies, charge polarization at electrodes is also considered to be a contributing
factor to the increase of dielectric constant and dielectric loss factor. These phenomena can
be explained by the special form and large surface of considered ETSERF particles. The in-
terfacial polarization plays a principal effect comparing with the three others kind of polari-
zations. The effects of interaction between the particles and interfacial polarization are very

important for designing ER fluids.

4.4.4 The relation between the ageing of ETSERF and dielectric loss

The ER properties and the dielectric properties of an ETSERF40 suspension, based on a con-
centration of 23% with dry particles, were observed for more than 72 hours. Figure 4.10

shows the rheograms of ETSERF.
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Figure 4.10 The observation of the ageing of ETSERF40 fluid.

It can be observed that duration has no effect on shear stress when electric field is not ap-
plied. However, this effect becomes significant when the electric field is applied, especially
when it is relatively high (2 kV/mm). For example, the shear stress decreases from 394 Pa to
193 Pa at a shear rate of 462 (1/s) under 2 kV/mm. If we define this phenomenon as the age-
ing of ER fluids, the ER properties and the dielectric properties (mainly the dielectric loss
factor) are seen to be strongly dependent on the duration of ageing. From Figure 4.11, it can
be seen that the dielectric constant variations are important in the relaxation frequency range.

On the other hand, the relaxation frequency decreases from 30 Hz to 0.2 Hz for an ageing
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over 72 hours. In theory, the smaller the relaxation frequency, the slower the response for
establishing a polarization is. Thus, the ER system needs a longer time to form particle
chains. In shear mode, it will not have enough time to form chains, and therefore, the ER
efficiency will be reduced. This ageing phenomenon may be due to the fact that particles

agglomerate into bigger particles or because the particle structures change.
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Figure 4.11 Dependence of dielectric properties on time for ETSERF with 23%
concentration and dry particles.

4.5 Conclusion

Because of the special structure of dispersed particles, ETSERF suspensions present a
complex behavior. In absence of electric field, the ETSERF fluid manifests a near Newtonian
behavior, but the fluids exhibit a pseudo-plastic behavior with yield stress when the electric
field is applied, especially for ETSERF40. The ETSEREF efficiency is strongly dependent on
dielectric properties and hydrous ER fluids have a high dielectric constant and a high
relaxation frequency which show a strong electrorheological effect. It was explained that
interfacial polarization contributes to the ER effect. The slow polarization is the preponderant
effect and an efficient ER effect will appear in the low-frequency or D.C. range. Although

the efficiency will be a little bit reduced, surfactant must be added in order to slow the
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sedimentation. However, the dielectric properties and ER performance are strongly related to
the duration of ageing. A fresh ETSERF suspension exhibits high relaxation frequency and
high dielectric constant. These results are mainly explained by the effect of interfacial
polarizations. The experimental results show that the complex dielectric constants of ER
fluids are dependent on the particle concentration, the particle size and the addition of
surfactants, especially at low frequencies. From the results observed, the dielectric constant,
the dielectric loss factor and the conduction all affect the ER performance. The observation
of the ageing of an ER fluid and of the dielectric of PMMA particle-matrix is a good method
for distinguishing between the Debye polarization and the Maxwell-Wagner polarization.
From experimental results, it is evident that the Debye dielectric relaxation cannot explain
the dielectric phenomena of our ETSERF fluids and that the Cluster approach of Dissado-
Hill may provide a better explanation of phenomena. By investigating the dielectric constant,
the conductivity and the relaxation frequencies, the dielectric properties studies allowed for
designing an efficient ETSERF fluid. It was shown that ER efficiency is increased by

designing a fluid with moist and large particles, with a 28% mass concentration.
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CHAPITRE 5

ARTICLE #3 «CONTROL OF ROTOR TORSIONAL VIBRATIONS BY USING AN
ELECTRORHEOLOGICAL FLUID DYNAMIC ABSORBER»

Y. Sun and M. Thomas
Department of Mechanical Engineering, Ecole de technologie supérieure, Quebec, Canada

(marc.thomas@etsmtl.ca )

This paper is accepted as an article to Journal of Vibration and Control (JVC), 37 pages.

Résumé

Le fonctionnement et la modélisation de fluide ER ont été étudiés dans les articles précédents
(chapitres 3 et 4). Le controle des vibrations d’un systéme mécanique est un sujet important
en pratique, d’une part a cause de ses applications et d’autre part a cause de la difficulté¢ du
controle des vibrations en torsion d’un rotor opérant a vitesse variable. Nous avons congu un
absorbeur qui utilise un fluide ER. Cet absorbeur est nommé ‘smart ER dynamic absorbeur’.
En comparaison avec un absorbeur dynamique normal, cet absorbeur est beaucoup plus
controlable, particulierement pour les systemes dont la vitesse est variable. L’analyse
théorique et la simulation d’absorption des vibrations ont été réalisées afin de comprendre
I’effet du champ électrique. En mode cisaillement, I’amortissement et la rigidité sont variés
quand le champ électrique est appliqué. Un modéele non-linéaire se fonde sur le modele de
Quasi-Bingham afin de décrire la performance dynamique du fluide ER. Les résultats
expérimentaux montrent que cet absorbeur est efficace ce qui permet un bon controle des

vibrations en torsion.

Cet article a été accepté par “Journal of vibration and control” et est présenté intégralement

dans la section suivante.
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Abstract

Torsional rotor vibrations are undesirable phenomena which are very difficult to control in
rotating systems. A common method for reducing vibrations involves the use of dynamic
absorbers. However, if their physical parameters are constant, the frequency range of
efficiency of dynamic absorbers is tight, making them unsuitable for systems with variable
speeds. The use of smart materials, due to their variable and controllable mechanical
properties, may be a powerful tool for increasing the frequency range. Electrorheological
(ER) fluids are attractive materials that undergo very fast reversible changes in their
rheological properties upon the application of an electric field. In this study, an
electrorheological dynamic torsional absorber, called the Smart ER Dynamic Absorber
(SERDA), has been designed in order to reduce torsional rotor vibrations. Under shear mode,
the ER absorber can exhibit various torsional damping and stiffness characteristics when an
electric field is applied. A non-linear empirical model of the dynamic behavior of ER
materials has been developed. An On-Off control strategy has been applied and absorber
efficiency measured. The results show that the ER dynamic absorber exhibits very good

performances.

Keywords: Electrorheological fluids, Torsional vibration, ER dynamic absorber, Smart
Materials
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5.1 Introduction

Electrorheological (ER) fluids are attractive materials that undergo very fast reversible
changes in their rheological properties upon the application of electric fields (Winslow,
1949). These fluids can potentially be applied in many industrial areas (Block and Kelly,
1988); they may be used to control vibrations (Stanway et al, 1996) and structural damping
or rotor squeeze film dampers , especially for active suspensions (Choi and Kim, 2000) or
seismic control (Symans and Constantinou, 1999), through the application of high electric
fields in real time. Certain industrial products have indeed been developed using ER fluids,

such as vibration insulators, clutches, brakes, shock absorbers, etc.

Torsional rotor vibrations are undesirable phenomena which are very difficult to control in
rotating systems. Many methods can be used to reduce such vibrations, and a common
method involves the use of dynamic absorbers (Den Hartog, 2008); however, because the
physical parameters of dynamic absorbers are constant, their frequency range of efficiency is
tight, and thus not really suitable for systems with variable speeds. To remedy this, a
damping could be added to the absorber, but this would lead to a loss of efficiency at the
main frequency. Thus, given their variable properties, smart materials may be used to

increase the frequency range in order to control vibration.

Previous studies have allowed the development of a new very efficient electrorheological
fluid (Sun et al, 2004). In shear mode, the ER absorber can exhibit various damping and
stiffness characteristics when an electric field is applied. In this study, the dynamical
behavior of ER fluids in shear mode is experimentally observed and a mathematical model of
the shear stress is developed from empirical analysis. This rheological model allows the
exploration of the suitability of ER fluids to control the torsional vibrations of rotors through
simulations. A new ER dynamic absorber working in torsion, and called the Smart ER
Dynamic Absorber (SERDA), is thus proposed to control the torsional vibrations of a rotor
system. Theoretical analyses and simulations of the smart ER dynamic absorber are

introduced in order to understand the effects of the electric field on torsional damping and
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stiffness. A non-linear empirical model is developed to describe the dynamic efficiency of
the ER fluid which will be used in the smart ER dynamic absorber. The measurements of the

absorber efficiency have been carried out based on an On-Off control strategy.

5.2 Modeling of the ER fluids in shear mode

5.2.1 Steady-state modeling of the ER fluids in shear mode (Quasi-Bingham model)

Generally, most ER fluids exhibit Bingham rheological behaviors and shear-thinning
properties. However, while the Bingham model is good enough for describing the ER
behavior at high shear speeds, it is nevertheless an approximated model, and obviously, the
shear-thinning effect cannot be exactly described by this linear relation. To explain the
complex phenomenon, a new model called the Quasi-Bingham model is developed in this
study, and can explain the rheological behavior of ER fluids very well. Quasi-Bingham

equations can be written in detail as follows:

T= TyQB + 77007/ or T= 7700}/ when E=0
T:Z‘yQB+770}7 when E#0, 7S 71
' 7 (5.1)
=7 .+ 7+, -1n.)—>—  when E=#0,
vop TNV + (0, =11.) 1+ (7)
T=T,, +1.7 when E#0, 727,
. 7 is the shear stress (Pa);
° E is the electric field (V/mm);
. Ty08 is the elastic yield stress (Pa) which is dependent on the strain and on the applied

electric field E; according to the dielectric loss model by Hao et al (2000), the yield
stress T,ppis a function of E*;

y is the shear rate (1/s) : y = %; ¥ 1is the strain;
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. o is the zero shear viscosity. It is defined as the value at a very low shear rate, and is

a function of E;
. 7. is the infinite shear viscosity. It is defined as the value at very high shear rates;

. The parameter ‘‘n’’ is known as the Cross Rate Constant (Cross, 1965); it is a
dimensionless factor and is a measurement of the degree of dependence of viscosity

on the shear rate in the shear-thinning region;

““t”” is known as the Cross Time variable and has a dimension of time; the reciprocal,

1/t, gives a critical shear rate that is a useful indicator of the onset shear rate for shear

thinning;
. % , 72 are two critical shear rates; the values can be obtained by using the two
equations:
1+(t77)" =1
. ( 11) (5.2)
n> Y
5.2.2 Rheological Behaviors of ER fluids

To study the effect of ER fluids on the dynamic absorber, a home made ER suspension
composed of diatomite, called ETSERF40-20, is used. The terms 40 and 20 indicate the
averaged size (um) of particles and the mass concentration of fluid, respectively. The
rheological properties of this ER fluid are measured with a Couette viscosimeter (Sun et al,
2009) under DC electric fields varying from 0 to 3500 V/mm (Figure 5.1), which allows the
for measurement of the torque induced by the ER fluid and the computing of the shear

stresses with the shear rates.
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Figure 5.1 Couette viscosimeter.

Based on these measurements, the parameters (Tyqs, Mo, Nw, t and n) of the equation (5.1) can
be estimated according the electric field strength. The Least Square method was used to con-
duct the regression analysis in order to determine these parameters. In Table 5.1, we give the
fitting values for the ETSERF40-20, as well as the coefficient of determination R’ and ad-
Jjusted R’, obtained under different electric field strengths. As R’ and adjusted R’ are closed,

the results may be considered as reliable.



Table 5.1 Fitting values of TyqB, Mo, Nw, t and n

94

E(V/mm) t T,08 Mo NoNeo o R? R’ad;j.
0 0.0116 | 0 0.1993 |0 0.1993 0.973 0.970
250 0.0214 | 3.4237 0.1845 | 0.0071 0.2064 0.995 0.995
500 0.735 | 2.3137 0.1752 | 8.7946 8.9939 0.995 0.994
750 0.7 4.5927 0.1595 | 19.9601 20.1594 0.989 0.988
1000 0.664 | 12.6967 0.1737 | 27.244 27.4433 0.983 0.982
1250 0.59 28.0251 0.1896 | 31.6035 31.8028 0.978 0.975
1500 0.604 | 51.5531 0.213 | 388105 39.0098 0.972 0.969
1750 0.572 | 66.4128 0.2406 | 53.7906 53.9899 0.973 0.969
2000 0.545 | 102.7807 02714 | 57.8874 58.0867 0.963 0.958
2250 0.505 | 125.2692 0.268 | 72.3545 72.5538 0.957 0.951
2500 0.484 | 171.1729 0.2593 | 80.3222 80.5215 0.978 0.975
2750 0.433 | 197.7744 0.2589 | 86.7181 86.9174 0.966 0.961
3000 0.43 250.4308 0.2271 | 93.2866 93.4859 0.983 0.981
3250 0.425 | 298.0804 0.1872 | 102.1746 | 1023739 | 0.979 0.976
3500 0.424 | 342.1745 0.2668 | 104.4536 | 104.6529 | 0.972 0.967
Average 27.04x10° E* | 0.218 29.4x10°E
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The predicted and measured rheograms of ETSERF40-20 are shown in Figure 5.2 under dif-
ferent electric fields. It can be seen that the regression results are very comparable with the

experimental results.

=== Prediction 0kV/mm
K Measure 0kV/imm

% Measure 1.0kV/mm

Prediction 1.0kV/mm

==='Prediction 2.0kV/mm

Y Measure 2.0kV/m

------ Prediction 3.0kV/mm

Shear stress (Pa)

O Measure 3.0kV/mm

Prediction 3.5kV/mm

B Measure 3.5kV/mm

260 460
Shear rate (1/s)

Figure 5.2  Predicted rheograms of the ETSERF40-20 fluid under
various electric fields.

An empirical equation (Equation 5.3) for the stresses has been developed for ETSERF40-20

from table 5.1, based on the three assumptions, where the Cross time parameter “t” is
function of electrical field, and depends on the visco-elasticity of material. From table 5.1,
we can see that the parameter ¢ decreases when the electrical field strength increases. As seen

in equation (5.2), the decrease of “t” parameter with the electric field implies an increase in

the shear rate range in the 7o viscosity region.

This equation is very useful for the design of the dynamic absorber and vibration control.
However, for very low values of electric field (E=0 and 250 V/mm), “t” is not reliable since

the fluid presents nearly a Newtonian behavior.
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_r
1+(t7)

T =27.04x107E*+0.218y+ 29.4><10‘3EL.
I+ty

T=7T,5+ n.y+
(5.3)

Equation (5.3) allows to identification of the following relationships:
_ 9 2
T,op =27.04x107E
n.=0.218
7, =29.4x10°E+0.218

n=1

(5.4)

The theoretical yield stresses and the zero shear viscosity are plotted in Figures 5.3 and 5.4,
respectively, and compared with the experimental results; the predicted and measured results

are very similar.
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-~ 300 - X
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Figure 5.3 Experimental and predicted Yield stresses with electric fields.
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Figure 5.4 Experimental and predicted zero shear viscosity with electric field.

5.2.3 Oscillatory dynamic model in shear mode (General Quasi-Bingham model in
shear mode)

The previous model (Equation 5.1) is based on steady-state shear assumption (Sun et al,
2006). It describes the rheological behaviors of ER fluids when the yield stress has been
exceeded, but it cannot accurately describe the fluid behavior when the ER fluid is subjected
to very small strain below the yield point. Consequently, it is hard to give an exact
explanation of the oscillatory dynamic phenomena of ER fluids using this model directly.
Many experimental results show that ER fluids exhibit a visco-elastic behavior under an
electric field. Providing an exact description of the material characteristics in the pre-yield
region is crucial in dynamic applications such as dampers, where the entire hysteresis cycle
needs to be predicted. Therefore, some modifications need to be brought to the Quasi-
Bingham model in describing the rheological behavior when the ER fluid is subjected to

oscillations.

5.2.3.1 Introducing visco-elasticity in the pre-yield region

The shear stress must exceed the yield stress value for the material to be activated. Many

authors have used this characteristic to describe the observed boundary values for their
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experiments, and this is very useful when the ER material is subjected to a uni-directional
shear. However, when the fluid is submitted to vibrations, the equations (5.1) do not take into
account the fluid elasticity, and can thus not describe the material behavior at values below
the yield stress when the ER fluid is excited by dynamic oscillations. In order to compensate
this shortcoming, the following extension of the Quasi-Bingham model is proposed by

modifying the constitutive model proposed by Lee and Cheng (2000):

T:Goy(l—e (7'"/‘”))+77mj/ when E=0
T= G07(1 —e ) +1,7 when  E#0, y<y

. (5.5)
T= Goy(l ef(%’/M))+77wj/+ ™, —nm)—1+(:/|7|)n when E#0,
T:Goj/(l—e*(y’/m)+77wj/ when E#0, y=y,

where Gy denotes the material modulus when the material works at small shear rates below

the yield point and 7, is the yield strain.

The modification of the Quasi-Bingham model can thus allow the description of the elastic
behavior of the ER fluid under oscillation states. The yield stress is defined as the stress

which causes shear deformation at infinitesimal shear rate, hence:

T8 =}i1£T=G07y (5.6)
70

As expected for visco-elastic materials (Malkin, 1994), equation (5.5) presents two parts, the

elastic yield stress Goy(l —e_(y)'/ ﬂ)) and the viscous dissipation, which depends on shear rate.

In order to describe the visco-elaticity of ER fluids, the shear stress T and strain y are

introduced in a complex form:

r=[ G(O)+iG,(0) |y=G(O)y+iG,(O)y=1 +ir, (5.7)
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where G1, G2 respectively denote the real and imaginary parts of material modules and @is

the angular velocity.

If the ER material is subjected to a complex periodic strain:
y =y, (5.8)
then we have the shear rate as follows:
y = y,ibe” =ify (5.9)

Based on equation (5.5) and taking into consideration equations (5.7), (5.8) and (5.9), we

thus obtain the following equations:

7=[G(0)+iG,(9) |y =G,(O)y+iG,(O)y

T =G, (l—e_(y‘"/M))V"'ﬂm?""' (1, _ﬂm)w
_ . T 5.10
7 =G (1= ) yrniby+m, _77'”)—1+l(t|};/|)" o0

_ . o
T :GO (l_e (y‘r/ﬂ))7+i|:77w0+(770_nw)1+(t|}-/|)nj|7

Equation 5.10 shows a non-linear relationship between stress and strain. The complex

modulus can then be written as follows:

G =G, (1_ef<zv/m>)
(5.11)

- 6
GZ :ﬂw6+(770 —ﬂw)w

The loss factor 6 for ER material can be obtained as follows:



100

5=22 (5.12)

G; and G, are a function of the strain, the shear rate and the excitation frequency. G,
represents the storage of elastic energy and G, represents the dissipative loss, and is non-

linear.

5.2.3.2 Torsional damping and stiffness of ER Dynamic absorber

5.2.3.2.1 The ER dynamic absorber model

The vibration of a mechanical system may be described as a single degree of freedom
(S.D.O.F), composed of the rotational inertia J;, torsional stiffness K, and torsional damping
C,. If the torsional vibration of the system is high, it can be assumed that its damping is
negligible (C;=0) and that the system is vibrating close to its natural frequency. The vibration
control method in this system consists in adding another S.D.O.F. system, which is the
dynamic absorber. The smart ER dynamic absorber is composed of a rotational inertia J,
driven by the ER fluid, which can thus be modeled by a non-linear torsional spring (K;), a
linear viscous dashpot (C) and a non-linear viscous dashpot (Cgr). The resulting mechanical

system is a two degrees of freedom system which is illustrated in Figure 5.5.

=
y!
A

T I
— 1]
T T1
]
=

Figure 5.5 The ER torsional dynamic absorber.
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The linear viscous dashpot C represents the viscous damping when the electric field is not
applied, and the non-linear viscous dashpot Cgg represents the non-linear damping part which

is introduced by the applying an electric field.

5.2.3.2.2 Measurement of torsional damping and stiffness of ER fluids

In order to characterize the torsional stiffness and damping of ER fluids, a rotational system
has been designed (Figure 5.6). The two cylinders J; and J, serve as electrodes for the ER
effect. R represents the internal radius of the outer cylinder, Ry is the external radius of the
inner cylinder, H is the height of the inner cylinder and e (e= R- Ry) is the oil film thickness.
If the inner cylinder is fixed, the experimental mechanisms can be modeled as a S.D.O.F.
torsional system in order to compute the equivalent damping and stiffness based on equations
(5.5) of the General Quasi-Bingham model. Because the oil film e is very thin (1.4 mm), all
estimations can be achieved by calculating the torque of the outer cylinder resulting from the
effect of ER fluids by considering that the internal radius R of the outer cylinder is much

greater than the oil film e (R» e).

When the electric field is not applied, the damping C of ER fluids can be calculated from

equation (5.13). This damping is inherent, and it is not influenced by the electric field.

Co 2R HN_

;. E=0 5.13
R-R (5.13)

The torque Mgr which is due to the effect of the ER fluids, is composed of a non-linear
torsional stiffness torque and a non-linear viscous torque, which depend on the electric field.
It can be written as follows:

M, =K 0+(C+Cpp)0=K, ,0+CO+C,0=CO+M,, (5.14)

with M, =K ,0+C,.0 (5.15)
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where Kgr is the non-linear torsional stiffness and, Cgr is the torsional non-linear damping

coefficient.
Fixed FiX}Ed
Outer cylinder voltage
KER! CI‘IR
C
Strain gauge ER Fluid
Ki Inner cylinder
Bearing

Figure 5.6 Experimental set-up for dynamic characteristics of ER fluids.

With the assumption (R» e), the torque can be expressed from Equation (5.14) as:

M, =27rR*Ht =K ,,0+CO+C,,0 (5.16)

By introducing equation (5.5), we obtain:
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2ZR’HT = (ZERZH)[GOJ{I —e_[%]]+77w7+ 11, —77%)% (5.17)
1+(¢]71)

Since the two cylinders are closed, the thickness is therefore thin (R > ¢ ), and the shear rate

¥ may be simplified as follows:

0 (5.18)

In

& |

L,V
h

By substituting equation (5.18) into the equation (5.17), we obtain:

2R’ Ht = 27zR2HG0y[1 —e{ Aj}z;zszmw ko +2ZR°H(7, —nw)%(R—gJ
| gl

1+[ R
e
( {%}} 2ZRHn. - 27RH(7, —77)-

=27R’HG,| 1—e v+ =0+ 0 29 (5.19)

e| 1+t
e
U U U
=K_0 +C8 +C,0

Then, by analogy to Equation (5.13), we can obtain the damping and stiffness parameters of

ER fluids:

2TR°H (17,—1..) _c 1

(R-R,) 1{ ‘/ ] 1{”3‘9‘ j
R-R,) (R-R,)

Cir = (5.20)
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’_ 27[R3H(770 —Um)

here 5.21
w ER (R—R,) ( )

Kgr is a non-linear complex stiffness, and it can be expressed as:

K=K, [1 —e(%jJ (5.22)

By substituting equation (5.6) and y 259 into equation (5.19) and (5.22), the maximum
e

value Kggro can be calculated directly as follows:

_27R’HGy _2xR'HG, _27R’H7,,

Kiro = (5.23)

[ e ey,

5.3 Smart ER Dynamic Absorber (SERDA)

The ER dynamic absorber that we have designed in rotational shear mode is described in
Figures 5.5 and 5.6. Viscous damping and stiffness can be controlled by varying the electric
field. This method allows us to establish a semi-active control of torsional vibration for
rotating systems. The inertia, J, is free to rotate and spins through an angle 0, due to the

shearing effect of the ER fluids providing a torque Mgg.

If an external harmonic torque M = M cosat 1is applied, the equations of motion become:
‘]101 +K16{ +(C+CER)(él_é2)+KER(01 _‘%):M (5.24)
6, +(C+Cpy ) (6,-6) + Ky (6,-6) =0

The uncoupled undamped natural frequencies of the primary system (w;;) and of the absorber

(m27) can respectively be written as:
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K KERe
®,=|—" and @, = E (5.25)
: \f J, 2,

Hence, the amplitude of vibration of the primary inertia J; can be expressed as:

0K, _ Q'+ =B°) (5.26)
My A\ Q) (7 =1+ 1’y +[ 1y’ B =¥ =) = )]
with:
_ﬁ. _ﬂ.ﬂ_wzz. _C+Ceq
“ J, 7 @y, ’ @y, ' 2J,m, (5.27)

An optimum value can theoretically be found (Den Hartog, 2008) for the design of a damped

dynamic absorber accordingly with the inertia ratio p:

1
B, = [ﬁj

. E» (5.28)
NS+ )

If we consider an inertia ratio p of 0.25 as is usually applied, we obtain the optimum values

Bopt = 0.8 and ¢, =0.27. Figure 5.7 shows the influences of the parameters 3 on the

amplitude of vibration of the primary inertia for different damping ratios C.

However, the damping and stiffness of ER fluids are coupled and change at the same time as
a function of the electric field, thus making it impossible to independently control the optimal

damping and stiffness values.
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Figure 5.7 Normalized amplitude of the primary inertia.

5.4 Simulation and experimental results
54.1 Simulation of yield stress, strain and shear modulus

Based on the measurements carried out with ETSERF40-20, the yield strain y, and the shear

modulus Gy can be estimated by using the equations (5.6), (5.22) and (5.23) under different
electrical fields. Figure 5.8 shows the elastic yield stresses under different electric fields.
From these curves, it can be seen that the yield stress-strain relationship is non-linear. The

higher the electric field, the higher the yield stresses obtained.



107

150 - 1T - - - 1 - - - - - - - T - - - 1 - - - - - - - T - - 1 - - —
| | | | | | | |
—e—3.0kV/mm | | | ol
——==:2 0 kV/mm : : : : :

| | | | @ |

1007777 ..... PYTTTT) 10kV/mm 7777777777777 : 77777 r 7777: 77777 :77777
| | | |
| | l

50 ' - : 1

© ‘ | |
Q_/ | | |
@ ] | | |
e 0 4-~ : | |
® | |
e | |
-q__) | |
> 50 Ny -
| |
| |
| |
| |
-100 4 L
| | |
| | |
| | |
| | |
_150 | | | | | | | | |
-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025
Strain

Figure 5.8  Non-linear yield stress-strain under different electric fields.

The curves for 7y and Gy are described in Figures 5.9 and 5.10, respectively, with their re-
gression curves. The yield strain and shear modulus increase with the electric field, but the

yield strain presents an asymptotic behavior at high electric fields.

The hysteresis loop of viscoelastic materials can be obtained in the stress-strain diagram by

simulations of the aforementioned General Quasi-Bingham model. By substituting 7 and

y =7, cos2z T into equation (5.5), the hysteresis loop can be plotted. Figure 5.11 illustrates

the hysteresis loop of ER fluids under different electric fields by considering the fitting val-
ues (see Table 5.1) of all of parameters for the ETSERF40-20 fluid. We can see that the

damping, defined by the area under the curves, increases with the electric field.
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Figure 5.11 Hysteresis loops of ER fluids under different electric fields.

5.4.2 Experimental identification of ERF dynamic parameters in shear mode
(S.D.O.F. system)

In order to identify the dynamic parameters of ER fluids, a device was designed as described
in Figure 5.6. The investigated fluid is filled between two coaxial cylinders, and the inner
cylinder has been fixed. An accelerometer is attached to the outer cylinder J; (4.25x107
kg.m?), which is linked to the support using a flexible beam. This flexible beam may be
modeled as a torsional spring measured to K;=11.03 N.m/rad, with no damping. The rotor

system is excited by a torque M, and the differential equation of motion for an S.D.O.F.

system in torsion is given as follows:

JO+(C+C, )0+ (K, +K)0=M (5.29)
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The mechanical system was excited in torsion by an impact hammer and the torsional
responses measured with an accelerometer in the tangential direction. The measurement of
the transfer function between the responses and force allows the extraction the modal
parameters under various electric fields. The Frequency Response Functions (FRF) of the
primary system was measured for each electric field from 0 to 3500 V/mm (Figure 5.12).
These curves allows the identification of natural frequencies (frequencies corresponding to a
maximum of the imaginary part of the FRF) and of damping rates (computed from the 3 dB
rule whose frequencies are extracted from the maximum and minimum of the real part of
FRF). It can be seen that the assumption of a S.D.O.F. system is appropriate, since only one
main frequency appears. Furthermore, it can be seen that the maximum amplitude of outer
cylinder vibration decreases as the electric field strength increases, and that the resonance
frequency increases as well. This means that the damping and torsional stiffness Kgr of the
rotor system both increase simultaneously with the electric field. The stiffness was computed

from the natural frequency identification, knowing the rotating inertia.

a0

Amplitude

Figure 5.12 FRF of ER fluids with electric fields.
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Figure 5.13 and 5.14 shows the evolution of torsional stiffness and damping ratio with the
electric field, respectively. The torsional stiffness Kgg varies from 0.12 to 13.33 N.m/rad, and
the damping ratio varies from 4.8% to 31.16% as the electric field is varied from 0 to 3500

V/mm.

Similar results were obtained from simulations. From the simulation results shown in Figure
5.11, the equivalent damping ratio was computed to 26% for a 2000 V/mm electric field,

while the measurement gives 23% for the same excitation.

The continuous lines of Figures 5.13 and 5.14 represent the polynomial regressions. The
torsional stiffness (N.m/rad) was found to increase following a 2" order polynomial function
with the electric field (kV/mm). On the other hand, the damping ratio (%) saturates at very
high electric field strength with a 6™ order polynomial function. The following equations

have been extrapolated with a coefficient of determination R* of 0.986:

K., =0.9603E” +0.6586 E

6 5 3 2 R?=0.986 (5.30)
£ =0.5053E° —5.2716E° +20.634E° +36.873E> —7.1523E +5.187

Therefore, the design of a dynamic absorber must consider these variations of damping and

stiffness at the same time an electric field is applied.
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54.3 Design of Smart ER Dynamic Absorber (SERDA)

For the design of the ER dynamic absorber, the inner inertia J, is unblocked and set free to
spin as described in Figure 5.6. The outer cylinder works as a primary system with the
torsional stiffness K; (11.03 N.m/rad) and an inertia J; (4.25x10-3 kg.mz). The inner cylinder
(secondary system) acts as the absorber, and is modeled with an inertia of J, (1.06x107
kg.m?). Consequently, the value of inertia ratio p was designed close to 0.25, and the ER
fluid was filled between the two cylinders. The stiffness Kgr and damping Cgr are produced
when the electric field is applied to the system, and their values will change as the electric
field strength varies. The outer cylinder (primary system) was excited in torsion by an impact
hammer in order to excite the entire frequency range, and its vibratory response was
measured in the tangent direction under different electric fields. The FRF amplitudes of the
primary system are illustrated in Figure 5.15. Along with the increase in the electric field, the
secondary system creates two natural frequencies that vary with the ER stiffness. Similar
results have been obtained by simulation by using equations (5.26) and (5.30), as shown in

Figure 5.16.

420 |
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-
-

Ampliuce
T T
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red line (E=0V/mm), violet (E=250V/mm), light blue (E=500V/mm)... ... .blue (E=3500V/mm)

Figure 5.15 Efficiency of the absorber under different electric fields.
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Figure 5.16 Simulation of the SERDA absorber under different electric fields.

5.4.4 Control strategies

As expected for a two D.O.F. system, two natural frequencies are observed accordingly with
the variation of the electric field. While an ordinary dynamic absorber only works into a very
narrow-band frequency range, it can be seen from Figure 5.15 that the frequency range of
SERDA is enlarged when the electric field is applied, and that the FRF amplitudes of the
primary system show minimum values under a large frequency range, thus allowing the

operating speed range to be widened.

The maximum values of the FRF amplitudes of the primary system have been investigated
and the results show that they decrease as the electric field increases. Optimal values are
obtained as the electric field varies between 1250 V/mm and 2000 V/mm, which represents
an improvement (100 x (Max amplitude-Min amplitude/Min amplitude) greater than 150 %
in terms of controlling the vibrations. Because of the saturation of damping at very high

electric fields (Figure 5.14), the improvement is attenuated somewhat when the electric field
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varies between 2500V/mm and 3500V/mm. The experimental results are described in Figure
5.17 and are compared with the simulation results. Using equations (5.26) and (5.30), the
maximum amplitudes of the primary system are computed at each electric field. It can be
seen in Figure 5.17 that the results are comparable, with the greatest differences appearing at
low electric fields (£ <500)), since the absorber works like a Houdaille damper (Inman,
1994), due to its low stiffness. Equation (5.26) is thus not valid beyond this point and should
be modified.

In fact, the stiffness and damping of fluids are mutually dependent, and can therefore not be
individually controlled by applying the electric field. Consequently, optimal damping and
optimal stiffness cannot be achieved at the same time. In this paper, the control strategy
applied is the ON-OFF strategy, as can be seen in Figure 5.15 (broken line), at an electric
field of E=1750V/mm for example. In a future work, an adapatative strategy will be
developed, and the electric field will have to vary with the excitation frequency, as shown in

the red bold line in Figure 5.15.
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Figure 5.17 Maximum FRF amplitude of the primary system with electric fields.
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5.5 Conclusions

The aim of this paper is to develop and characterize a new electrorheological dynamic
torsional absorber, called the Smart Electrorheological Dynamic Absorber (SERDA) to be
used in reducing torsional rotor vibrations. When ER materials are subjected to strong
electric fields, they exhibit remarkable changes in material properties. A home made ER
fluid, called ETSERF40-20, is developed. Visco-elastic behavior is the dominant
characteristic of ER fluids at low strains, and a yielding mechanism dominates the ER
behavior at high shear rates. When the shear rate increases, the behavior of ER fluids
approaches what is seen in the Quasi-Bingham model and the applied shear stress must
overtake a yielding level. However, this assumption is violated when an oscillating shear
motion occurs. Therefore, a general constitutive Quasi-Bingham model is developed in order
to describe the material behavior. The dynamic characteristics of the ER material under
oscillating shear are investigated. Prediction equations for ETSERF40-20 are developed, and
are very useful for designing ER devices and vibration control. The shear modulus and yield
strain increase as the electric field increases. Numerical hysteresis loops of ER fluids under
different electric fields are then derived in order to determine the physical parameters used
for vibration control. The prediction results show excellent agreement with measured results.
A nonlinear empirical model of the dynamic behavior of electrorheological materials is
developed. The electric field’s dependence on the damping and stiffness of the absorber is
studied: the equivalent damping and stiffness increase quickly with the electric field, but
damping shows a tendency for saturation at very high electric fields. The control of vibration
is considered here in terms of the ON-OFF strategy. The absorber efficiency is measured, and
the results show that the ER dynamic absorber exhibits very good performances in terms of
reducing the torsional vibrations of rotor systems. The smart absorber allows a 150%
reduction in the vibration amplitude, and the minimum amplitude values can be reached
when the electric field is applied between 1250 V/mm and 2000V/mm. These experimental
results very closely approximate the simulation results. In fact, the results show that the
SERDA’s efficiency could be improved with an adaptive control strategy by varying the

electric field with the frequency of excitation. This will be the object of a future work.
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CHAPITRE 6

SYNTHESE, CONCLUSIONS ET RECOMMANDATIONS

6.1 Syntheése

Le but principal de ce travail a ét¢ de développer un nouveau fluide ER, et d’étudier ses

performances en faisant varier certains parameétres caractéristiques.

Dans la premiére partie (chapitres 3 et 4), un fluide ER qui a ét¢ nommé ETSERF, fabriqué
avec des particules de diatomées a ¢été développé. Les particules de diatomées ont été
sélectionnées en raison de leurs structures spécifiques — structure en nid d’abeille
cylindrique, ainsi que pour leurs autres caractéristiques — hautes capacités d’absorption,

grande surface, haute stabilité chimique et faible densité de masse.

A T’aide de plans d’expériences, 288 essais ont été réalisés pour mesurer la contrainte de
cisaillement. Le fluide ETSERF a été sélectionné, car il présente de trés bonnes performances
ER en comparaison avec les cinq autres fluides. Un surfactant peut étre ajouté pour ralentir la
sédimentation des particules du fluide malgré que 1’efficacité des particules soit réduite un
peu. De plus, les performances diélectriques et électro-rhéologiques sont fortement liées
avec la durée du vieillissement. Une suspension ETSERF « fraiche » posséde un haut taux de
relaxation et une grande constante dié¢lectrique, ce qui est du a I’effet de la polarisation inter-
faciale. Les résultats expérimentaux montrent que la permittivité complexe du fluide ER
dépend de la concentration de particules, de leur taille et de I’addition du surfactant,
particulierement dans le domaine des basses fréquences. L’étude des propriétés diélectriques
permet de concevoir un ETSERF fluide plus efficace (I’effet de la permittivité¢, de la
conductivité et de la fréquence de la relaxation). Il est montré que ’efficacité du fluide ER
considéré pourrait augmenter en concevant un fluide avec les grosses particules hydratées

avec une concentration en masse de particules inférieure a 28%.
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De plus, nous avons proposé un nouveau modele pour mieux décrire le comportement de ces
fluides en régime dynamique. Une application est proposée afin de valider les performances

et les modeéles.

Un absorbeur dynamique ER a été concu avec le fluide ER pour le contrdle des vibrations
d’un systéme en torsion. La dépendance de I’amortissement et de la rigidité de I’absorbeur
avec le champ électrique a été étudiée. Les valeurs minimums de 1’amplitude de vibration ont

été étudiées quand le champ électrique varie entre 1250 et 2000V/mm

6.2 Conclusions

Le plan d’expérience est un outil trés puissant pour analyser 1’interaction entre les parametres
qui ne sont pas connus en analysant un parameétre a la fois. L’analyse montre que la
contrainte de cisaillement croit avec I’augmentation de la concentration des particules, de la
taille des particules, et du champ ¢électrique, mais il y a certaines exceptions. Les résultats
obtenus montrent que :

1.  Concentration de masse : afin d’éviter la saturation du composite, la concentration de
masse ne peut pas dépasser une valeur critique qui est d’environ 28% pour ETSERF. Si
une haute concentration de masse (environ 28%) était combinée avec des particules de
grandes tailles (environ 40 um), 1’accroissement de la contrainte de cisaillement serait
trés ¢élevé au début de 1’application du champ électrique, et I’effet ER serait important

des que les chaines sont formées.

2. Champ électrique : la contrainte de cisaillement croit avec 1’augmentation du champ
¢lectrique et obéit a une loi polynomiale du deuxiéme ordre. En particulier, la réponse
de la contrainte de cisaillement est trés importante quand les fluides ER sont composés
d’une grande concentration de grosses particules. Cependant, le champ électrique doit
étre supérieur a certains seuils de 1kV/mm dans notre cas afin d’obtenir de bonnes
performances ER. C’est particuliérement important quand un fluide ER est utilisé a

haute vitesse de cisaillement avec une forte concentration de particules. Le surfactant
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affecte un peu les performances ER. Quand un surfactant est ajouté dans un fluide
composé de grosses particules en haute concentration, un faible effet négatif se produit
lorsque le champ électrique est €élevé. La fréquence du champ électrique doit étre
inférieure a 10 Hz afin d’obtenir une haute constante diélectrique. Il est possible de

contrdler la contrainte de cisaillement en variant la fréquence du champ électrique entre

10Hz et 100 Hz.

Vitesse de cisaillement : comme prévu, la contrainte de cisaillement croit avec la
vitesse de cisaillement. Le champ électrique doit étre élevé afin que les chaines des

particules se forment et obtiennent un effet significatif a haute vitesse de cisaillement.

Taille et forme de particules : la taille et la forme des particules sont d’autres facteurs
importants qui influencent les propriétés du fluide ER. La contrainte de cisaillement
augmente avec la taille des particules. Notamment, avec une grande concentration de
grosses particules, 1’accroissement de la contrainte de cisaillement est trés significatif.
Cet effet est augmenté quand le champ électrique est grand. Cependant, cette
performance pourrait étre légérement affectée si un surfactant est ajouté. Le surfactant
peut produire un effet négatif dans le cas ou le fluide ER est préparé avec une haute
concentration de grosses particules, un champ électrique ¢levé et une haute vitesse de
cisaillement. La forme des particules affecte la performance du fluide ETSERF. Le
fluide ETSERF20 (matériau obtenu par broyage) produit un faible effet ER en
comparaison avec le ETSERF40 (non broyé¢), malgré qu’ils aient la méme
concentration de particules. C’est I’effet de la forme des particules, puisque la forme de
particules de ETSERF20 a changé, certaines structures en nid d’abeilles sont brisées

apres avoir été broyées.

Surfactant : en général, ’effet ER de surfactant est faible. Il est utilis¢ pour que la
sédimentation de particules soit ralentie. Il est recommandé pour contrer la
sédimentation des particules, malgré qu’il produise parfois un faible effet négatif. De

plus, I’effet ER du surfactant est positif pour les fluides ER avec les petites particules.
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Effet diélectrique : Afin de comprendre le mécanisme d’action des particules, nous
avons étudié les propriétés diclectriques des fluides ER avec leurs performances ER
(deuxiéme article). En absence du champ ¢lectrique, le fluide ETSERF présente un
comportement trés proche de la loi de Newton. Cependant, le fluide manifeste une
performance pseudo-plastique avec un seuil d’écoulement quand le champ électrique
augmente, particulicrement pour le fluide ETSERF40. L’efficacit¢ de I’ETSERF
dépend fortement du comportement diélectrique du fluide. Les fluides ER humides
possedent une grande constante diélectrique, et un haut degré de relaxation. Le fluide
contenant jusqu’a 0.3% d’eau (absorbée de I’air ambiant) montre un grand effet ER.
Cela peut étre expliqué par la polarisation inter-faciale qui contribue a I’augmentation
de I’effet ER de ce fluide. Pour ces matériaux humides, la polarisation lente est
prépondérante surtout pour des fréquences basses. L’analyse d’échantillons PMMA-
particules est un outil fort utile pour comprendre I’action des particules. Plusieurs types
de polarisations peuvent étre invoqués pour expliquer le comportement du composite
liquide (I’huile de silicone, particules de diatomées). On évoque souvent la polarisation
de Debye ou de Maxwell-Wagner. Pour pouvoir décrire le comportement aux basses
fréquences, il faut tenir compte de la conduction électrique des particules, ce que fait le
modele de Maxwell-Wagner. La relaxation di¢lectrique de Debye ne peut pas expliquer
le phénomeéne diélectrique de nos fluides surtout aux basses fréquences et le modéle de
Dissado-Hill introduit 1’effet des agglomérations de particules. Cet effet peut expliquer

le comportement diélectrique aux basses fréquences.

Modélisation du comportement rhéologique: basés sur le modele de Bingham, deux
modeles empiriques ont été développés pour modéliser nos fluides ETSERF. Afin de
déterminer les constantes de nos modéles, une analyse ANOVA a été utilisée. Un de
ces modeles est une fonction de multiples paramétres, il permet de prédire
respectivement les seuils d’écoulement et la viscosité. Les valeurs prévues de la
viscosité sont trés proches des résultats expérimentaux sauf pour les vitesses de
cisaillement tres faibles. L’autre modele, appelé Quasi-Bingham, est proposé afin de

décrire la performance rhéo-fluidifiant du fluide. Le nouveau mod¢le constitue un gros
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progrés par rapport au modele de Bingham, et il donne un grand coefficient de
corrélation. Le seuil d’écoulement obtenu avec modele de Quasi-Bingham est plus

raisonnable et précis en comparaison avec le modéle de Bingham.

Comportement dynamique : Etant donné que la performance viscoélastique du fluide
ER est surtout importante a faible déformation et que le mécanisme élastique domine
aux trés basses vitesses de cisaillement, il est impossible de décrire le comportement du
fluide sous une excitation mécanique en utilisant le modele de Bingham. Par
conséquent, afin de comprendre les performances dynamiques du fluide ER, un modele
plus général du type Quasi-Bingham est proposé dans le troisieéme article, basé sur le
modele qui est développé dans le deuxieme article. La solution numérique du cycle
d’hystérésis du fluide ER qui est obtenue en utilisant le « Général Quasi-Bingham »
sous différents champs ¢€lectriques montre un excellent accord avec les mesures. Une
équation prédictive a été obtenue pour I’ETSERF40-20. Cette équation est trés utile
dans la conception du fluide ER et pour le controle des vibrations. Les caractéristiques
dynamiques du fluide ER sous une excitation vibratoire sont analysées. Le module de
cisaillement et la déformation plastique augmentent avec le champ électrique.
L’amortissement et la rigidité équivalents (définie dans le domaine plastique)

augmentent rapidement avec le champ électrique jusqu’a une saturation.

Recommandations

On a utilisé seulement une stratégie simple de contrdle semi-actif ‘on-off” dans cette étude.

Il sera intéressant d’étudier la commande de 1’absorbeur SERDA pour réaliser un systéme de

controle adaptatif. Les perspectives de ce travail consistent donc d’abord a développer et

simuler un algorithme semi-actif du controle des vibrations d’un rotor basé sur le modele de

Général Quasi-Bingham. Ensuite, il faudrait valider les résultats numériques obtenus, et

autant que possible, re-modéliser le systeme pour améliorer 1’absorbeur. En plus, il sera

important de continuer a travailler sur la modélisation de fluide ER. Actuellement on n’a pas



124

encore trouvé un modele parfait pour décrire tous les fluides ER, malgré les fluides rhéo-

fluidifiants.
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ABSTRACT

An electrorheological (ER) fluid presents an apparent viscosity which increases when an
electric field is applied, and can restore its property when the field is removed. An ER fluid
consists of a suspension of micron-sized particles dispersed in a dielectric liquid. Subjected
to an electric field, many particle chains are formed between the electrodes, causing a resis-
tance to flow (flow mode) or to the shear movement of electrodes (shear mode). ER fluids
commonly behave like Bingham fluids under applied fields, but however exhibit the charac-
teristics of a quasi-Newtonian fluid when the applied electric field is turned off. Reversible
change of viscosity occurs in milliseconds with the fields applied. Therefore the fluids are
suitable for the real-time control of vibration, structural vibration damping, etc. However, its
applications are limited due to the sedimentation of the particles. Viscous performance can
vary with the shape, size, and the concentration of particles, as well as with the density ratio
of the fluid to the particles. To understand the effect of design parameters on viscosity, an
experimental design was performed on a home-made ER fluid, using as independent vari-
ables electric field strength, particle concentration, surfactant content, particle size, and shear
rate. The influence of the shear rate on shear stress was analysed with the electric field
strength applied and particle concentration imposed. The results of this study can be used to
develop an optimized ER fluid for vibration control.
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INTRODUCTION

The electrorheological(ER) fluid is a type of liquid composed of polarisable particles
suspended in the liquid dielectric, and whose rheological properties change when an electric
field is applied. These behaviours are sensitive to the electric field applied. Under a suitable
external electric field, ER fluids can transform between the liquid and quasi-solid states. This
reversible effect happens within milliseconds [1]. The ER phenomenon was first described
by Winslow in 1949[2]. Particularly, ER fluids are characterised by a high shear stress, a fast
response time (in milliseconds), and a low current component. ER fluids can be used to con-
trol the force in minimized products through the application of a high electric field. It can be
used as an interface between a mechanical and an electronic system to realize an automatic
control process.

In the last two decades, ER fluids have fascinated many scientists, engineers, and inven-
tors. Many industrial products have been developed using ER fluids, such as, vibration insu-
lators, shock absorbers, clutches and damping devices [3-6]. However, ER-fluid applications
and corresponding marketing have remained limited mainly because: 1) their behaviours are
complex and non-linear; 2) devices using ER fluids need high voltages to supply the very
high electric fields within them; and 3) particle sedimentation is a severe problem in ER flu-
ids. Currently, researchers and engineers are trying to find an ER fluid that can overcome all
these problems, but that is very difficult to realize since the performances of the fluids ER
depend not only on the combination of fluid and particles in the ER fluid but also on many
factors such as the shear rate, the electric field, and the surfactant content. The experimental
design can provide a statistical analysis for use in evaluating the parametric effect in a system
using a series of experiments. In addition, this method can also determine the interactions
within various parameters [7].

In this article, we use the Design of Experiment to study and observe the influences of
particle concentration, particle size, surfactants, the electric field, and shear rate on ER fluid
properties, with a view to finding an optimal ER fluid and an empirical model for predicting
the dynamic behaviours of ER fluids.

EXPERIMENTAL DESIGN

ER fluid behaviours depend mainly on the concentration of particles in liquid, electric
field, shear rate, surfactant, and particle size factors. A ‘Multilevel factorial’ design was se-
lected to determine two-level interactions between the independent variables, as is indicated
above. For rheological measurements of ER fluids, a cylindrical rotary viscometer (Couette)
was developed and used in these tests. This viscometer was designed and manufactured ac-
cording to ISO 3219. It combines the speed control system and TREK high-voltage Ampli-
fier/Supply. The studied fluid is filled between the two coaxial cylinders. The laminar
movement of shearing of the ER fluid is obtained by the rotation of the inner cylinders,
which has various uniform rotational angular velocities, and with the outer cylinder remain-
ing motionless. The design parameters of the twelve studied ER fluids are shown in Table 1.
For this design, 144 tests were required. We carried out 2 repetitions (288 trials) in order to
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increase the confidence. An analysis of variance (ANOVA) is used to analyse the data col-
lected for investigating the main effects of particle concentration, particle size, surfactant,
electric flied, and the shear rate, as well as their corresponding two-level interaction effects
on the dependent variables. The STATGRAPHICS Plus 5.0 software application was used to
perform the ANOVA analysis.

Table 1 Levels of independent variables

Variable Unit level 1 | level 2 | level 3 | Level 4
Design parameters

Particle mass Concentration | % 15 20 25

Mean size of particles um 41 68

Surfactant PPM 0 90

Operational parameters

Electric flied kV/mm | 0 1 2

Shear rate 1/s 92 277 462 647

RESULTS AND DISCUSSIONS

We observed the main effects and interactions of independent variables on the shear
stress (Pa). The results are shown in Fig. 1.
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Fig 1. Standardized Pareto chart for shear stress

The Pareto diagram shows that the electric field (B), the concentration (E), the surfactant
(C), the shear rate (A), the particle size (D), the interactions of DE, BD, AE, BE, CD, AD,
BC, and CE are significant at the 99% confidence level. Based on the results here, we can
eliminate the AA, AB and AC effects. Therefore, to simplify the study, we consider only the
parameters which strongly influence the ER fluid properties.
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Effect of parameters on shear stress

The shear stress (Pa) was considered as the dependent variable. For the data analysis, we
selected the 0.01 confidence level for testing the significance of the main effects and two-
level interaction effects. An analysis of variance (ANOVA) was applied to investigate the
main effects of particle concentration, particle size, surfactant, electric flied, shear rate, and
their corresponding two-level interaction effects on shear stress. The computer ANOVA out-
put and the calculated F ratios are shown in Table 2 for each significant effect. All F ratios
are based on the residual mean square error. The ANOVA table decomposes the variability
of shear stress into contributions due to various factors. Type III sums of squares were cho-
sen. 13 P values are less than 0.01, and these factors have a statistically significant effect on
shear stress at the 99 % confidence level.

Table 2 Analysis of Variance for Shear stress

Source Sum of Squares Df Mean Square F-Ratio P-Value
MAIN EFFECTS
A:Shear rate 96252 3 32084 256  0,0000
B:Electric field 105393 2 52696 420  0,0000
C:Surfactant 2545 1 2545 20 0,0000
D:Size 112232 1 12232 894 0,0000
E:Concentration 213565 2 106782 851 0,0000
INTERACTIONS
AD 3824 3 1274 10 0,0000
AE 15293 6 2548 20 0,0000
BC 2031 2 1015 8 0,0004
BD 29333 2 14666 117 0,0000
BE 13639 4 3410 27 0,0000
CD 11065 1 11065 88 0,0000
CE 2100 2 1050 8 0,0003
DE 44855 2 22427 179 0,0000
RESIDUAL 32123 256 125
TOTAL (CORRECTED) 684249 287

Shear stress effect induced by the interaction between the particle concentrations and
shear rate/electric field/surfactant/particle size

Figures 2, 3, 4, and 5 show the results for the shear stress affected by the interactions of the
concentration and the shear rate, the concentration and the electric field, the concentration
and the surfactant, and the concentration and the particle size, respectively. In these figures, it
can be seen that the shear stress increases with an increase in particle concentration. The in-
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creasing effect is more significant with high shear rates, high electric fields, and large particle
sizes. However, the shear stress decreases with an increase in the amount of surfactant added
to an ER fluid.
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Fig 3. Interaction effect of concentration and electric field on shear stress
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Shear stress effect induced by the interaction between particle size and surfac-

tant/electric field/shear rate

Figures 6, 7, and 8 show the shear stress results affected by the interactions of the parti-
cle size and the surfactant, the particle size and the shear rate, and the particle size and the
electric field, respectively. The shear stress increases with an increase in particle size for all
cases. The increasing effect is more significant at high shear rates and high electric fields.
However, the shear stress increases a little slowly when the surfactant is added to the ER
fluid. In addition, the shear stress becomes larger when a surfactant is added to the ER fluid
using small particles.
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Shear stress effect induced by the interaction between surfactant and electric field

Fig 9 shows the result for the shear stress induced by the interaction of the electric field
and the surfactant. The shear stress decreases with an increase in the amount of surfactant
added to the ER fluid when the electric field is applied. The decreasing effect is more signifi-
cant with a high electric field.
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Fig 9. Interaction effect of surfactant and electric field on shear stress

Experimental model for shear stress

Based on the results in this study, an optimal ER fluid can be chosen to meet specific
needs. For example, we chose large particles and no surfactant for a high shear stress, in
which case, the ER behaviour depends mainly on the particle concentration, electric field,
and shear rate.

Applying a regression to these data and considering the significant variables, we can ob-
tain an experimental model of the shear stress for our case. In order to develop a model, we
have conducted a multiple regression analysis. Results are shown in Table 3.

The output shows the results of fitting a multiple linear regression model to describe the rela-
tionship between the shear stress and 6 independent variables. The equation of the fitted
model is:

7=(16.2E"—41.9E +0.25¢" —4.9¢ + 2.6 E¢) + 0.0064 (1)
T=T Y

Here, t is the shear stress, 1. is the yield, n is the dynamic viscosity, ¢ is the mass concentra-
tion of particles, and E is the electrical field.
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The values of the variables are specified in their original units, as is indicated in Table 1.

If we consider an approximate Bingham-model, the viscosity and the yield stress can be
modeled as:

7. =162E>—41.9E +0.25¢*> —4.9¢ + 2.6 E» 2)
1= 0.006¢ (3)

Since the P-value in the ANOVA table is less than 0.01, there is a statistically significant
relationship between the variables at the 99% confidence level.

Table 3 Multiple Regression Analysis

Dependent variable: Shear stress

Standard T
Parameter Estimate Error  Statistic P-Value
Electricfield -41,9 10,6 -3,9 0,0002
Concentration -4,9 0,65 -7,5 0,0000
Electricfield"2 16,2 3 53 0,0000
Concentration”2 0,25 0,03 8,6 0,0000
Shearrate*Concent 0,006 0,0003 17,6 0,0000
Electricfield*Con 25 04 6 0,0000

Analysis of Variance

Source Sum of Squares Df Mean Square ~ F-Ratio P-Value

Model 787599 6 131267 876 0,0000
Residual 9888,7 66 150

Total 797488 72
R-squared = 98,76 percent

R-squared (adjusted for d.f.) = 98,67 percent
Standard Error of Est. = 12,24

Mean absolute error = 9,48
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The R-squared statistic indicates that the model as fitted explains 98.76% of the variability in
shear stress. The adjusted R-squared statistic, which is more suitable for comparing models
with different numbers of independent variables, is 98.67 %. The standard error of the
estimate shows the standard deviation of the residuals to be 12.2. The mean absolute error
(MAE) of 9.4 is the average value for residuals.

In determining whether the model can be simplified, we note that the highest P-value of the
independent variables is 0.0002, falling under Electric field. Since the P-value is less than
0.01, the highest order term is statistically significant at the 99% confidence level. Conse-
quently, we do not have to remove any variables from the model. Fig 10 shows the predicted
values from our new model with the observed data.

Plot of Shearstress
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Fig 10.  Observed data versus predicted values

Conclusion

This work shows the results of an experimental design conducted on 288 shear stress
measurements, and an experimental model for a specific ER fluid was developed. The ex-
perimental design results show that shear stress increases with an increase in particle concen-
tration, particle size and electric field in the studied range. As expected, shear stress will in-
crease with a high electric field, but the increase is less effective when a surfactant combined
with a very high electric field are added. Our results also show that the experimental design
method is a powerful tool for analysing interactions between parameters that cannot be seen
by analyzing one parameter at a time. It is a useful tool for optimizing an ER fluid and for
obtaining useful experimental models for practical usage, as well as for gaining multi-
parameter influences and interaction between parameters.
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AMORTISSEMENT DES VIBRATIONS DE TORSION DE ROTORS A L’AIDE DE
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RESUME :

Les fluides électro-rhéologiques (ER) sont composés de fines particules solides en suspensions dans
un liquide diélectrique isolant. Leur comportement rhéologique est fortement influencé par le champ
¢lectrique appliqué qui produit un alignement des particules et la formation de chaines. On a pu ainsi
observer une trés forte augmentation de la viscosité apparente. Le changement de viscosité est rapide
et réversible sous I’influence d’un champ électrique. Les applications potentielles sont nombreuses,
surtout dans le domaine de contrdle des vibrations. Le contrdle semi-actif des vibrations de structures
en utilisant les fluides ER a suscité un grand intérét pour les chercheurs car il combine les avantages
des systémes passifs avec les avantages du contrdle actif. Introduit judicieusement dans une structure,
le fluide ER peut jouer un réle d’amortisseur. Son amortissement peut varier selon le champ élec-
trique appliqué. L'utilisation de fluides ER dans le contréle de vibrations des arbres en torsion est
observée dans cette étude. Pour réduire la transmissibilité des vibrations de rotors flexibles excités
harmoniquement en torsion, on doit introduire de I'amortissement lorsque le rotor opére proche des
fréquences naturelles comme lors de montées (ou descente) en vitesse. Par contre 1’amortissement
s’avere préjudiciable lorsque le rotor opére au-dela de la fréquence naturelle (rotors flexibles). En
conséquence, il est nécessaire d'employer un amortissement qui varie afin d'optimiser la transmissibi-
lité. Le systéme ER peut fournir un amortissement de torsion variable en réponse a un champ électri-
que. Une simple stratégie on-off de contréle d’amortissement basé sur le rapport de fréquence
d’excitation/ fréquence naturelle est utilisé dans un contréle en boucle ouverte. Des simulations théo-
riques sont conduites afin d'étudier les effets de la force du champ électrique sur l'amortissement. Un
mode¢le est proposé afin de simuler par Matlab, un systéme semi-actif et le contréle de la transmissibi-
lité est optimisé sur une grande gamme de fréquence.
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1.0 INTRODUCTION

L’effet ¢lectrorhéologique (ER), décrit pour la premicre fois par Winslow en 1949 (Winslow
1949) , correspond au phénomeéne de modification de la viscosité d’un fluide lorsqu’on lui
applique un champ électrique. Les fluides ER sont souvent des suspensions de fines particu-
les diélectriques dans un liquide isolant. Leur comportement rhéologique est fortement in-
fluencé par le champ électrique appliqué qui produit un alignement des particules et la forma-
tion de chaines. On a pu ainsi observer une trés forte augmentation de la viscosité apparente.

Depuis les 50 dernieres années, des fluides qui répondent mécaniquement a la stimulation
¢lectrique ont été développés. Ces fluides ER montrent un effet rapide, et réversible et se
manifestent par la transition d'un d’état liquide a un état quasi-solide sous un champ électri-
que extérieur (Phule and Ginder 1998). Des propriétés particuliéres des fluides ER sont leur
haute contrainte de cisaillement, la basse densité du courant et un temps de réponse qui est de
I’ordre de la milliseconde. Le fluide ER peut étre utilisé pour contrdler une force par un
champ électrique important. On peut utiliser ces fluides dans des conditions extrémes grace a
leur durée de vie élevée et leur capacité pour fonctionner dans un grand intervalle de tempé-
rature.

Les applications potentielles des fluides ER sont nombreuses. Ils peuvent étre employés pour
le controle et I’atténuation de vibrations, sous 1’application d’un haut champ électrique. Ils
peuvent étre employés comme un interface entre les systemes mécaniques et ¢lectroniques
pour réaliser un procédé de controle automatique en temps réel (Block and Kelly 1988; Stan-
way, Sprostonz et al. 1996; Choi and Kim 2000) . Certains produits ont été développés comme
isolateur de vibrations et absorbeur de choc (Sassi, Chérif et al. 2003), embrayages, freins (Fu-
rusho, Sakacuchi et al. 2001; Oualla, Thomas et al. 2003), amortissement structural (Choi SB, Bang JH
et al. 2002), amortissement sismique [11], etc.

La nécessité de systemes de controle a la fois, fiables et robustes, comme le contrdle passif
et, efficaces et commandables, comme le controle actif, a motivé récemment le
développement de systémes de controle semi-actifs, utilisant dans le méme traitement les
matériaux passifs et actifs. Le premier assure la fiabilit¢ et la robustesse du systéme
puisqu’en cas de mauvais fonctionnement du controle actif, le systéme reste amorti. Le
second améliore les performances sans affecter la sécurité. Depuis les années derniéres, le
contrdle semi-actif des vibrations de structures par 'utilisation de fluides ER a suscité un
grand intérét pour les ingénieurs et les chercheurs, car il combine les avantages des appareils
passifs avec les avantages du contrdle actif et il n’a pas besoin de grande énergie externe
comme le systeme du controle actif. Choi et al [4] ont proposé un type d’amortisseur ER
cylindrique. Kamath et al [12] ont proposé un modele analytique pour la prédiction de la
force d’amortissement dépendant du champ électrique. Comme le fluide ER est considéré de
type intelligent, de par ses capacités d’adaptation rapide facilement controlables, il peut aussi
étre utilisé dans le controle des vibrations de rotors.
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Dans cette étude, nous avons développé un amortisseur ER qui travaille en mode de
cisaillement pour réaliser le controle semi actif des vibrations de torsion d’un rotor.

2.0 Transmissibilité des vibrations de torsion

Dans cette étude, nous avons étudié I’amortissement de vibrations de torsion de rotors. Si on
modélise le rotor comme un systeéme a un seul degré de liberté de torsion, il peut €tre repré-
senté par une inertie de rotation J, un ressort de torsion K; et un amortisseur de torsion C;
(généralement trés faible). Le module de la transmissibilité des rotations peut s’écrire comme
suit :

b _ V1+(26p)° (1)

6 -7 +Q2gp)

et la phase entre la rotation transmise 0 et la rotation émise 0, est égale a :
2
w =tan"'(2¢y)—tan”' 57 (2)
-7
ou y=ajw,
o est le fréquence d’excitation,

o, est le fréquence naturel du systéme,
C est le taux d’amortissement.

La figure 1 montre ’amplitude de la transmissibilité (équation 1) en fonction du taux
d’amortissement de la fréquence.
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On peut constater que I’amortissement n’est avantageux que proche des résonances, mais
qu’il est néfaste pour des fréquences d’excitation nettement supérieures a la fréquence de
résonance (structures flexibles) [13]. En fait, la figure 2 montre qu’il faudrait faire varier
I’amortissement de maximal proche des résonances a minimal pour des fréquences
d’excitation supérieures a 1.4 fois la résonance.

Amortisement op-

Transmissihilité

D 1 1 1
a 0.5 1 1.5 2 2.5 3

Rapport des fréquences

Figure 2 Amortissement optimal

Un amortissement passif n’est pas capable de réaliser cet objectif et on doit faire appel a un
amortissement adaptable, comme peut le faire le fluide ER.

Voici donc le principe de contrdle semi-actif on-off des vibrations que 1’on propose. Quand la
fréquence de la force d’excitation est proche de la fréquence naturelle du systéme,
I’amortissement du systeme est augmenté en appliquant un champ électrique. Par contre,
lorsque le systéme fonctionne dans la zone y = @w/@, > 1.41, ’amortissement du systéme mis

au minimum en n’activant pas le champ électrique.

3.0 COMPORTEMENT RHEOLOGIQUE DU FLUIDE ER EN MODE DE CISAIL-
LEMENT

En général, les comportements rhéologiques de la plupart des fluides ER répondent au mode-
le de Binhgam quand le champ électrique est appliqué [14].

T=T.+1.Y €)

ou 7 est la contrainte de cisaillement résultante (Pa)
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7_est le seuil d’écoulement (Pa)
¥ est la vitesse de cisaillement (1/s)

7., est la viscosité dynamique réelle du mélange (Pa. s) a une vitesse infinie.

Le premier terme représente une force de friction, alors que le deuxiéme représente une force
visqueuse. Toutefois, ce modele n’est qu’approximatif, surtout pour de basses vitesses de
cisaillement.

Dans cet article, nous proposons un nouveau modele non-linéaire qui est appelé modele de
Quasi-Bingham. Ce mod¢le peut étre formulé comme suit :

_r
I+(@p)

ou 1 est la viscosité dynamique a basse vitesse.

T=7, 477+, -1.) 4)

t est un parametre temporel relié au mélange

n est un exposant reli¢ au mélange.
Le mécanisme pseudo-¢lastique du fluide ER est bien décrit avec ce modéle.

4.0 MESURES DU COMPORTEMENT RHEOLOGIQUE
Systéme de mesure du fluide ER

Un viscosimeétre rotatif cylindrique Couette a été développé et modifié pour appliquer le
champ électrique (figure 3). Ce viscosimeétre est congu et fabriqué selon norme ISO 3219(1SO
1993). 11 combine un systéme de contrdle de vitesse et un systeme de génération d’un champ
¢lectrique de haut voltage (10kV) afin de réaliser une mesure automatique. Le fluide étudié
est rempli entre les deux cylindres coaxiaux. Le mouvement laminaire du fluide ER en cisail-
lement est obtenu par la rotation du cylindre intérieur a diverses vitesses angulaires de rota-
tion uniforme.

Il a d’abord été utilisé pour la mesure de la contrainte de cisaillement. Le cylindre externe est
libre de tourner, mais applique une force sur une poutre flexible équipée d’une jauge de
contrainte.
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Figure 3 Systeme de mesure

4.2 Réponses rhéologiques du fluide ER en mode de cisaillement

Le tableau 1 montre les résultats d’une simulation numérique du modele de Quasi-Bingham
montré a I’équation (4) et appliqué au fluide ETSERF 20-28, développé par nos soins.

Type de fluide E t n T, Mo Mo | MoMNw | S R’
ER (kV/mm)
0 0 4.851 03145 | 03145 | O 77.61 | 0.9987
ETSERF20-28 1 0.02 1.26 | 40.4775 1.3733 | 0.2947 | 1.0786 | (517 | 0.9997
2 0.015 | 0.97 1252249 | 1.9545 | 0.2982 1.6563 14.03 | 0.9999

Table 1. Paramétres théoriques du fluide ETSERF 20-28 en mode de cisaillement

La figure 4 montre les rhéogrammes théoriques superposés a ceux mesurés. La concordance
du modéle développé avec les valeurs a montré des coefficients de détermination R* supé-
rieurs a 99%.
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La mesure d’amortissement a été appliquée sur le viscosimetre de Couette modifi€ pour ap-

pliquer le champ ¢électrique (figure 5).

5.0 MESURE DE L’AMORTISSEMENT DU FLUIDE ER EN MODE DE CISAIL-

LEMENT
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ke, C,
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Outer cylinder —mMmMmMm

Strain gaug Kk \ ER Fluid
q\ Inner cylinder
~ —

Bearing

Figure 5 Systeme de mesure d’amortissement

Pour la mesure d’amortissement procuré par le fluide ER, nous avons fixé le cylindre inté-
rieur du rthéometre et mis un accélérometre sur le cylindre extérieur. La poutre flexible sur
laquelle appuie le cylindre externe peut €tre considérée équivalente a un ressort de torsion.
L’accélérometre a été positionné le long de la tangente du cylindre extérieur, pour mesurer la
composante de rotation. La mesure de la valeur du ressort de torsion k, a donné 7.73
N.m/rad.

L’amortissement du fluide ER est mesuré pour des fluides ETSERF20-28, développés par
nos soins [13]. Une excitation par impact a été appliquée en torsion et on a mesuré les répon-
ses transitoires. Les valeurs des fréquences naturelles et des taux d’amortissement pour 3
champs électriques (0, 1 et 2 kV/mm) ainsi que pour le systéme mécanique sans fluide, sont
montrés a la figure 6.

On peut constater avec surprise dans la figure 6 que la fréquence naturelle augmente avec le
champ ¢électrique. Ceci provient de 1’effet du champ électrique sur la rigidité du systéme. On
avait trouvé des résultats semblables dans une précédente étude [10]. Pour estimer la valeur
da la rigidité du fluide, nous avons considéré le systéme comme étant a un seul degré de

liberté. La figure 6-a montre que la pulsation naturelle du systeme sans fluide est de 42.7
rad/s.
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Figure 6 Mesure des amortissements du fluide ER en fonction du champs électrique

Ainsi I’inertie de rotation du syst



146

7.73 )
J=-—""=0.00424 (kg-m 5
07 (kg -m”) )

La rigidité du systéme comprenant la rigidité de la structure et celle du fluide peut s’exprimer
comme :
0.00424@> (E) = k,+k,

] (6)
k, =0.004240? (E)—k,

Le tableau 2 montre 1’évolution des fréquences naturelles, des taux d’amortissement et de la
rigidité procurés par le fluide ER en fonction du champ électrique qui varie de 0 a 4 kV/mm.

E (kV/mm) o, (Hz) k¢ (N.m/rad) «

Structure seule 42.7 0 0.048
0 45.39 0.92 0.055
1 47.43 1.72 0.193
2 50.34 291 0.278
3 57.78 6.29 0.381
4 60.01 7.40 0.404

La figure 7 montre que la rigidité de torsion k¢ du fluide ER croit rapidement avec le champ
¢lectrique.

Rigidité du fluide (N.m/rad)
N

0 1 2 3 4
Champ électrique (kKV/mm)

Figure 7 Variation de la rigidité du fluide en fonction du champ électrique
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Nous pouvons constater que la rigidité de torsion du fluide varie de 0.92 a 7.40 N.m/rad, ce
qui donne un accroissement de 1’ordre de 700%. On peut constater €galement une
augmentation importante de la rigidit¢ pour des champs électriques variant entre 2 et 3
kV/mm.

Tel qu’attendu, ces résultats (tableau 2) nous montrent que 1’amortissement du fluide ER
croit avec le champ ¢électrique. La variation du taux d’amortissement est montrée a la figure
8. Les taux d’amortissement varient de 5.5 % a 40.4 %, ce qui représente un accroissement
de I’ordre de 600 %. On peut constater que I’amortissement croit pratiquement linéairement
pour des champs ¢lectriques inférieurs a 3 kV/mm, aprés quoi on peut remarquer un
accroissement asymptotique, ce qui montre sa limite.

zéta (%)

E (kV/mm)

Figure 8 Variation du taux d’amortissement en fonction du champ électrique.

6.0 CONTROLE DES VIBRATIONS DE TORSION DU ROTOR

6.1 Modélisation d’un amortisseur ER cylindrique rotatif

Le systéme a été modélisé comme un systéme a 1 ddl de torsion (figure 9). Il comprend une
inertie de rotation J, un élément de friction (coulomb), un élément de rigidité ks du systéme
qui comprend la rigidité de la poutre et celle du fluide et un élément d’amortisseur visqueux
non-linéaire de torsion qui contient le fluide ER dont les propriétés sont définies selon le mo-
dele de quasi-Bingham (eq. 4).
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Figure 9. Mode¢le mécanique de controle semi-actif par fluide ER

L’équation de mouvement de systéme est :

JO+C(O-6)+K

sys

(9_60) =—M g, (7)

ou Mzgr est le couple généré par le champ électrique;

C est le coefficient d’amortissement qui produit de fluide ER quand le champ électrique
n’estpas appliqué et qui n’est pas controlable. Il peut étre considéré comme un amortissement
passif pour garder le systéme robuste.

_27R°H(n.)
~ R-R,

C (8)

Les parameétres d’amortissement peuvent étre obtenus en fonction de la géométrie de systéme
dans lequel R est le rayon du cylindre extérieur, Ry est le rayon du cylindre intérieur J et H
est la hauteur du cylindre intérieur. Le couple Mggr du au fluide ER est composé d’un couple
de friction Mc¢ et d’un couple visqueux qui dépendent du champ électrique. On a :

My =M, +C,(0-6,) 9)

ou Mcy est le couple de friction, Cgr est le coefficient d’amortissement non-linéaire en

torsion.

Le couple de friction dépend du seuil d’écoulement. On a :
2zR’Ht, Si (6—6,)~0

M, =27L’R2HTC Sgn(é—é’o)Z 0 Si (9—90)20 (10)
—27R*Hz, Si (0-6,)<0

En appliquant I’équation 4, on obtient le coefficient d’amortissement visqueux :
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3
Cep = 2R ;{(‘(9_770 ;7)700) P Clx tR(é (91) x (11)
t _ _
(R—Ro)l+( %_Ro)j 1+( %—Ro)j
ou ¢, = 2ZRA(m=1.) (12)

R-R,

Dans cet article, nous avons considéré un controle en boucle ouverte pour réaliser le controle
semi-actif. Le principe de contrdle consiste a obtenir une transmissibilité optimale. Quand le
systetme est soumis un couple d’excitation, 1’équation de mouvement du systéme est la
suivante :

JO+C(O—-6)+K(O-0)+M,, =M (13)

Pour avoir une minimum transmissibilité, il faut augmenter 1’amortissement du systéme
quand la fréquence d’excitation est proche de la fréquence naturelle du systeme (le champ
¢lectrique est mis a ‘ON’ pour avoir Mggr maximum), mais il faut minimiser I’amortissement
du systeme quand la fréquence d’excitation est supérieur 1.414 fois de la fréquence naturelle
(le champ électrique est alors mis a ‘OFF’ pour avoir Mgg nul).

6.2 Simulations de |’amortisseur ER avec Simulink

Une modélisation numérique a ’aide de Simulink a été appliquée en utilisant le modele de
quasi-Binham (eq 4). L’amortissement C du fluide lorsque le champ ¢électrique n’est pas acti-
vé a été calculé a 0.00924 ( eq 8). Le couple de friction a été estimé a 0.0365 N.m (eq 10).
Le coefficient C gr de I’équation (12) a été calculé a 0.0307 en considérant un champ électri-
que de 2 kV/mm. La figure 10 présente le modéle Simulink.

La figure 11 présente les résultats de transmissibilité des déplacements angulaires du systéme
sous excitation harmonique en fonction du rapport des fréquences. La figure 11-a présente la
transmissibilité quand un amortissement passif est appliqué, la courbe en bleu représente le
cas lorsque le champ électrique n’est pas appliqué et la courbe en rose présente le cas ou un
champ électrique de 2kV/mm est appliqué en permanence.
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Figure 10 Modéle Simulink du contrdle des vibrations de torsion
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La figure 12 présente le résultat du controle semi-actif en appliquant la loi de controle qui
consiste a appliquer le champ ¢électrique quand la fréquence d’excitation est inférieure a 1.4
fois de la fréquence naturelle et a ’enlever lorsqu’elle est supérieure.

5 7
20 |
-.E :
= ot
% 15 r
= [
10 1
=
s [ Amortisgement optunal
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - = o | 2l ]
0 0.5 1 1.5 2 2.5 3 3.5
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Figure 12 Résultats du controle semi-actif
7.0 CONCLUSION

Dans cet article, un nouveau modéle appelé Quasi-Bingham est présenté pour mieux décrire
le comportement rhéologique des fluides ER. Ce mod¢le s’est avéré bien représentatif des
essais expérimentaux pour prédire le rhéogramme. En appliquant ce nouveau modéle, nous
avons développé un nouveau modele d’amortisseur qui contient trois éléments, soit : un élé-
ment de rigidité, un élément dissipatif de friction et un €lément visqueux non-linéaire. Ce
modele d’amortisseur ER a été appliqué a un systéme simplifié¢ a un degré de liberté. Toute-
fois, ce modele nous a permis de réaliser numériquement un systéme du contréle semi-actif
des vibrations en torsion de rotors. La simulation a été faite par Simulink. Les travaux futurs
auront pour but de réaliser un prototype d’amortisseur ER pour vérifier le modele et élaborer
une stratégie de contrdle plus sophistiquée.

8. REFERENCE

1. Winslow, W.M., Induced vibration of suspensions. Journal of applied physics, 1949.
20(12): p. 1137-1140.

2. Phule, P. and J. Ginder, The materials science of field-responsive fluids. MRS Bulle-
tin, 1998: p. 19-20.



10.

1.

12.

13.

14.

152

Block, H. and J.P. Kelly, Review Article Electro-rheology. Journal of Physics D: Ap-
plied Physics, 1988. 21: p. 1661-1667.

Choi, S.-B. and W.-K. Kim, Vibration Control of a Semi-active Suspension Featuring
Electrorheological fluid Dampers. Journal of Sound and vibration, 2000. 234(3): p.
537-546.

Stanway, R., J.L. Sprostonz, and A.K. El-Wahedz, Applications of electro-
rheological fluids in vibration control: a survey. Smart Materals and Structures,
1996. 5: p. 464-482.

Sassi, S., Chérif K., and Thomas M, On the design and testing of a smart car damper
based on electro-rheology. International Journal of Smart Materials and Structures,
2003. 12(6): p. 873-880.

Choi SB, et al., Sliding mode control for anti-lock brake system of passenger vehicles
featuring electrorheological valves. Proceedings of The institution of Mechanical En-
gineers Part D-Journal of Automobile, 2002. 216(D11)(D11): p. 897-908.

Furusho, J., et al. Development of ER Brake and Its Application to Passive Force
Display. in Intenational conference: Electrorheological fluids and Magnetror-
heological Suspension. 2001. Nice, Frence.

Oualla, J., M. Thomas, and F. Lafleur. The possibilities and limitations of an MR
brake in the process of braking small wind turbines. in 6th international workshop on
smart materials and structures, Cansmart. 2003. Montreal.

Thomas M, Masounave J. and Jacotot L, 1997, Damping and stiffness properties of
electrorheological fluids, Fourth International conference on composites engineering,
Hawaii, pp 983-984.

Symans, M.D. and M.C. Constantinou, Semi-active control system for seismic protec-
tion of structure: a state-of-the-art review. Engineering Structures, 1999. 21: p. 469-
487.

Kamath G.M., Hurt M.K. and Wereley N.M., 1996, Analysis and testing of Bingham plastic
behaviour in semi-active electrorheological fluid dampers, Journal of smart materials and
structure, 5, pp 576-590.

Thomas M. et Laville F., Juin 2005, Simulation des vibrations mécaniques par Ma-
tlab, Simulink et Ansys, Editions ETS, ISBN 2-921145-52-9, 702 pages.

Sun Yulan, Thomas M. and Masounave J., October 2004, Investigation of Dynamic
Behavior of Electrorheological Fluids by Experimental Design, Proceedings of the 7t
Cansmart International workshop on Smart Materials and structures, Montreal, editor
G. Akhras: royal military college of Canada, pp 153-162



153

15.  ISO 3219. Plastics -- Polymers/resins in the liquid state, or as emulsions or disper-
sions -- Determination of viscosity using a rational viscometer with defined shear

rate. 1993. p. 1-8.

9. REMERCIEMENTS

Les auteurs remercient vivement les fonds octroyés par le conseil de recherche en sciences et
en génie du Canada (CRSNG) pour leur support financier.

10. BIOGRAPHIES

Yulan Sun est une étudiante de doctorat en génie a 1’école de technologie supérieure. Ses
axes de recherche sont le développement d’applications des fluides électro-rhéologiques au

controle des vibrations.

Marc Thomas est un professeur en génie mécanique de ’école de technologie supérieure
(Montréal), spécialisé en maintenance, fiabilité et vibrations. Il est mentor du chapitre Qué-
bec de I’association canadienne en vibration de machines (ACVM). Il est le directeur de

thése de Yulan Sun.

Jacques Masounave est un professeur en génie mécanique a I’école de technologie supérieure
(Montréal). Ses activités de recherche sont orientées vers les matériaux, les techniques de

mise en forme et I’'usinage propre. Il est le co-directeur de thése de Yulan Sun.



154

\

DIMENSIONNEMENT DES PIECES DE COUETTE VISCOSIMETRE

\

ANNEXE II

|
£002 YoLel /2 ASSY WA L [AD L Jo | 198ys
SZ1°0 : 8eos LINVINDIA 'V | Inajeuisseq —
wassy JYIINO3HY |  I1epon 55
v HIALIWOTHY | BUMBIT | g0 m0de ubu seovmrincy
€€004 18foig wuw ue suojsuswg
i.si.u....._ﬂu._.rs.u o108 s Jmpasde ae o0 sy enbjueoguws ejugb ep Juswepedeq
i xR

| IN0A0L 0€
| ZIW 331371473911 62
| IN3INITNOY ™ LYOddNS . 8¢
| NI1Vd™ 1¥0d4dNnS 12
| 300412313X3° L¥0ddNnsS 92
| 4NI1LIINNOD™ L U04dNS Gl
| WA™01 XSG OXEW MINIS™13S |24
I 6009LNIWITNOY €2
| 140ddNS™INOV 1d ¢
| NOLSId E |2
| LNVYH-NILVd 02
_ 403 LOK 6l
| NITINVI0S| 8l
| 300412373 INVT0S | Lo
e 0P 0SIHS | 9|
¥ WNOZ X WAE 31114009 Gl
4 343185119 Al
| JYANTTAD el
| NILYd " NITAD 21
| 4NILI3INNOD x4l
4 WA“GEXGZTIXBN " MIYIS YD || 0l
14 NAN9I™GZ  IXBW™MIYIS dV¥D |2 6
| NA“GZX8 OXSW MIYIS™dVD |/ ¢
9 WWOZ“G OXEW MIYIS~dVD | |
€ WA 91X8 0XSW MIFYIS™dYD 9
l 13NoVH4 L G
| 8 0XSW NOTNOEQ N
| STIXZIN™NOTINOY £
| sve ;2
| | Y1vd | .
K10  NOILd 142530 W31 i
| ) | )




155

€002 Yoren Jg oviy N L AlLD L JO I 183Ys
0S2°0 : 8feds 1INVYINDIA Y | inajeuisseqg v il
1dvd asva|  1epon Tor
v 38vd Bu Imelq segyioeds :w"..__uooocﬂw_wm_.
€200 eloid Wi ue suojsusulg
.u!.:lu_..! efued .ﬂ. __.% hm._-ﬂmn--q_._ohn.o‘n! one ned -z_ enbjueopw ejupb ep Juewepedeq
- - - i eunepgdns e|Bojouyoe; ep 6033
SUSRUBPLICa fee ofdoS a1 1S SYioeRId LOTULONILY 98Q9nD Np pUsIGAUN

0°¢ X

0°9
0°¢

(@[ @500 0] &]

=]
AR

4330 § X S&.wbm@w & ik
D g
("$7d 9 €0 EO\w
§ A 628 — V-Y NOILD3S
— = vl.m.lo_
P ¥ % ]
LT\ J;
Ny | o
WTK %V (@zs0z
L4_J %
—g— =1
-.f-a
WIUHL mm .\:w
S X ZIN dVl ==s =
551

\-—/




156

€002 YdIe\ ge orivy TN 4 ALD L JO | 188Yyg

005°0 : 8jedg LINVINDIA 'Y | 1nejeuissag s ol
1Hvd 13¥0vHE | [opow iy
v 1DIOVHE | BUMBIQ | sopuo0de ube seoummrs
£€00H 18f01d W ue suojsuswq

.zitxﬁh H_ﬂ._n.sh ﬁ uu n.ﬁgﬁpﬁﬁﬁ enbjueogw ejueb ep Jueweuedsg

. - i -ﬂﬂ.c_..uu._n eineygdns ajbojouyoe} ep ejoog

OUSRUBPLIOD 160 SKG0 o1 S oesgud uopeuLIojul, 98G8ND NP gsIAIUN

(XZ) d330 91 X SZ°1 X 8W d¥L

8682
[92]
02l
2¢]
02 —
= G 9 —e—

[¥[s00 o @] 5]

(X2) 4330 01 X €@ Wyly 0
2.?&&
8/

-




157

l
€002 Yoren g2 O'A'd 1N I ALD I JO | 1e8Ys
000’1 - 8[eag LINVINDIA 'V | Inejeulssag e i
1Hvd HNALOINNOD |  1epon T i
v HNILOINNOD | BUMEIT |  oouneds ub seoumon,
££00d 1eloig W ue suojsuewiq
.-_...Enh._"-u_ﬂﬂ_._ﬂ“ buﬁ P.nhleﬂai.ﬁﬁhdh o:u__aoﬁ___ ojugb ep jueweuedeq
91Bojouyoe) ep 6103, 8p gipHdord v einewsp 10 i SPRIARN - W)
slleRuSpPLUCS 10 9109 €10 INs elueseud UORBILIOIUL] 28G9ND NP gHSIBAUN

¥Y-¥ NOILD3S

\‘m.o X €N dVl

[¥]500 0[O

0
g0 00089

~=—-0'G

[




158

€00¢ Udie\ L2 ‘O'A'd LN 3 ALD I JO | 198YS
05270 : a|eag LINVINDIA vV | Inajeuissag - iy
ldvd | NILVd NITAD |  1epoW Tor o
v NILYd NITAD | BUMBIQ | gopu00ds ub sooumony.
£200H | 1eloig ww ve suojsusug
“eineygdns 8jBojouyoe) ep ej003,| ep eljIop UORBSLOLITY,)

‘suws ered ue N JeRUS Us Ynpaide] 61@ Ined BN enbjuesew ejusb ep Jueweyuedeq

. i i hﬁ.ﬁn._h eineygdns eibojouyos) ep ejoa3

e T 06Q9ND NP gHsIEAUA

0¢ -

A

¢

5P

0¢




159

£002 U2JeN /2 | IWOHHOOVLY | ILN | 2 | ALD 1 JO | 198YS |
000°L : 298 L1INVINDIA 'V | Inejeuisseq o
1yvd 343ISSIIO | 18POW bor ixc
v JYAISSITO | BUMBIQ | go0ds uby seousr.
££004 jeloid wi ve suojsuewIq
“einapgdns ejbojouyse) ep 9]005,] 8p 6)LI09 LoESHOYIMe,|

sues efred ue No JORuS Ue Jnpoides ene Ined eN

ejBojouyae} ep 1| Op Pigidaud By eunewep 18
e(19AUBpLLOO 158 iou_ﬂw"_ ins ejueseud UogeuLoU),T

‘einepgdns

enbjueogw ejueb ep Juewepedeq
einepgdns ejGojouyoe} ep 8|03
20G9ND NP gUSIGAIUN

"408d 0€ X G271 X 8W dVI

00§

¥2018 b&_&
a/s

L

N




160

€002 iy ¥z ANIOHJATO] TN [ + | ALD| 110 L 1eaus

00S°0 : sjeas 1INVINDIA Y | inajeuissaq - « By
1dvd 30Q0HLOF 13 INVIOSI|  Iepon Tor o
v 3QOHLOTTE LNVIOSI | BUMBIG | sapyoeds ube, seouermps.
£E00H jeloig ww ue suojsuewlq

s S 8 v e A enbjusoew ejugh op jusweiredgq

N N ‘sunepgdng einepgdns e|Bojouyoel ep ej0a3]

elISHUBPYLO 168 81500 B1IRS 0 Guespud ._oa-.Eas..._ 98G9ND Np gusIeAjur

("dkLl) 00°G¢
¥-¥ NOILJ3S
0°6¢

— 1879¢

)y
87 0XSH &E‘\R_

00°Gel

"] ==

SEL@




161

L 10 | 198ys

£002 Y2IBN 82 ‘O'A'd MwN| L | AD
000 : 829 | LINVINDIA 'V | Inejeuisseq i =
1dvd NI"INVIOSI|  ISPOWN bn ‘e
v NI LNV10SI| Bumeig SRR po—"_ |
££004 jeloid W ue suojsuew|q

“eine|igdns e)Bojouyse] Bp 80931,] 8P BILKIP UOHESHOLNR,|
Eaiﬁahhmruﬁgoiﬁﬂnz

‘aneppdne

9p 0/093,| Op

L] w
‘s|pepuspyuUo9 189 8{doa eyed ans eluese.d UogeULOJULT

enbjueogw ejueb ep jueweyedeq
einepgdns ejfiojouyds} ep 6j03
20qenyd Np gusIeAUN

0 :
00400219

e — 0§ —————=—

P @

[




162

£002 Yo1e L2 JHAIND TN I AlD 1 JO 1 198ys
0002 - efeas T L INVINDIA V- hejeuisssg— e Erlig _—-
14vd LNVH-NILV] | 18POW ror i
v LNVH NILvd | Bumeig S SR
£e004 1eloid W ue suojsuewiq
O e o e ood o e ahn e o enbjueopu ejuoB ep ueweyedsq
“anepigdne ainepgdns ejfojouyoel ep 8ol
s[iepuepyucd ise ejdoo aned un. 3i¥an.__§-§3=_ﬂ 9G9ND NP gusIeAln
(o
07 0:00°21®
008
0091 @




163

1 - _
€002 Ydie\ l2 TS_OEIO H310V| 11N L Jo | Je8ys

005°0 : ?jedg LTINVINDIA Y N —

1Hvd NOLSId Lor xWM

v NOLSId RS . .-

£eood W e suojsuew|q i 5y
O awe s o s s e el e e o enbueogus eugb op JueielBdeq .
op 81093} B| QNOWeP 19 b i s
elleRUBPLUOD 150 810D 86D NS 6lueseId UORBULOJUL,] 20G9N0 NP gUsIeAUN

g
%5z

00°08

00 ¢L —=—

00" 1Y

ED

¥201S 000 8v @

=




164

€002 Yorey L2 (484 LN

L | ALD 1 JO | 188y

TN p— Tf

10¥d™01XS ™ OXEW 5:\

(Xv) €@ z<m_m|/

00570 : @[eds AHANVY1 'H | Anajeulsseg g —_—

14Hvd 1HOddNS 3INdVid [SPON ew..ww 5 wa

v 1HOJdNS INOVId | BUMBIQ | sopyoeds ubs seoumierny

£€00H jefoig W ue suojsuswig
.2._-...1-=“h am..!ﬂ:n::u% huhasm?dgg enbjuesgw e|ueb ep juewenedeq
- . h.:..e_ﬂﬁ esneygdns ejfiojouyosl ep ejoo3
SUORUSPYICS 190 81000 91D e S0wed LOTEUL 28q9ND NP gusIBAN(

H ¥-¥ NOI123S
g @ pi Li
g-9 NOI123S 0

0
\‘nxmumo.o

AL

8k

o 00

>

®

101

621’0 31vaS

-




165

£002 AelN 60

H31ov TN | ALD LJo L 198ys
000°L : 8[eds LINVANDIA 'V | ineleuissaq o i
1HYd  |HN3LDO3INNOD 1HOddNS |  [9Pow boF XX
v HNILOINNOD 1HOJANS | BUMBIT | opoeds ubm seoueso
£e00d 1eloid Ww ue suojsuewq
.iaﬁhﬁﬂu.ﬂ ﬁ ,__naq_ﬁnﬁmﬂ_au_ﬂgﬁam aﬁ:cod_.n_ﬁu__ uo.ocmw_ % wewseyedsq
ISR 2 it e easno hp prsaAA

05

£
200407 529

070




166

£002 |14y 2 ﬁ oviv 11N L ALD I Jo | 188Ys
0050 : 9IS | 1INVIANDIA V| Jnajeulssag S
lHvd BOOHLOT1EXT L1HOdNS | 18PN L R
v | 300410T13XT LHOAdNS | BUIMBIO | gepyoeds uou seoueserol
£200d leloid wul ue suojsuew|q
..._._._.!_u_"--._ ﬁ“ﬁ% !-_H..m _“H_H-Fooa!i-ﬁﬂﬁ:ﬂ enbjueagw ejugb ep Jueweeded
-aneppdns eineugdns e|Bojouyjoe} ep 6|03
ejjeuepyuoo 186 z-nﬂsﬁ uhn.-.ﬁe!nﬂs%gm_ﬂ 20qgnD Np glsIeAUn

|<|
[v[1o o[ O] [-v] V-V NOILDIS CdAL) 021

4044 8! ms_w-oco?&

0 e .
¢ 0+05 69 0701
(S1d )0 &

lllll

0°9 - 8
00" || ———= T\ _\ﬁN
00°0¢
00°€¢ —
| [¥] 1070 O]
=087 —= g.mzo.oo_& _ 06 2¥

806 @ ("S1d €)
A\ £ MIYHL 870 X GW dYL
(s ..Tuﬂ.ﬂ-
YA 0011 @

ééél‘ﬂd‘.g




167

€002 YoI1eN 82 _ ‘O°Nd 11N I AlLD 1 JO | 1eaUsS
~{000'L - e[EOS | LINVANDIA 'V | inereuisseq | —
Hvd | NILVd LHOJdNS |  [9POW e
v | NILVd LHOJANS | BUMBIQ | qeqyonds ubs seoveser
£E00H 18loid W ue suojsuew|g
.E:-:-n_h“uu_oo_aﬁ_u! op n__-uw...h n-u ._-..._3 UOHESUOYINE,| b 8 eped
eped e o e e S | S imetigdns ofbofouo) op 6(oog
sjjepuapyuLod o0 .ﬂh_ww_uuw.a:ia-._siﬁe:_ﬂ 28qenD Np gusIeAlun
¥-¥ NOIL23S 12—
_ |
| ] i1
| i
| ) _
!
0°0L _

("$1d 2) 079 &Q\ %A.w: A ]
TEAT

('S7d 2) 0°€ —=

LS
A - Lzl

L I P | 1 —
+ D\ 0




168

€002 YoIreN /2 m oriy iy I ALD I JO | Joays
00S°0 - 8eoS LTNVYINDIA 'V | Indjeuissag -
1dvd INIWIINOY 1HOddNS |  18PON ror i
v INJWIINOH LHOddNS | Bumelg SN U, PR,
EE00H | laloid unu e suopsuew|g
.Eiiﬁiiﬂﬂ-z:ﬂﬁ ,_:a“._-Hﬂeﬁ._..._ﬂhﬁL enbjuesew e|ugb ep jueweyedeq
— - e.a_.i_ﬁ e.neligdns ejBojouyjoe) ep ejod3
-__%.hr___s 199 6{cloo 03160 Ins ejueseud UONBULIO,T 8GN0 NP GUSION U

S,m.g.mm&

08 Ly @ V-¥  NOTLOTS
_ 00°62
05 "6 —=—|
SINVLS1G10O3 :
j.m.l;fc @ 0070V @
|
. E.; 4
IATI
"408d 1702 X 01
00768 —e=— =— (0091
00 ¥ 02690
00765
(XS) "40¥d 01 X 8°0 X GW dVl : E3
mmm.maoo,ﬁ@
(X9) “40Hd 9 X §°0 X €M dVl
1




169

€002 YoIe 82 HIIOV TUW | L | ALD Lo L 109ys

000°L : 9[e9S LINVINDIA Y | Inejeuisseq —
14vd ZHN 3313714 391L|  19PON Tor
v ZLN 331374 3911 | Bumesg RO
£€00d | lelfoid W ve suojsuaung

.a:.taﬁﬁﬂ_h% h___ow.w__.d.u.!ﬂe ena jned ah enbjueagw ejueb ep Juewepedeq

" L. einepgdns ejfiojouydel ep ejoo3

ejjepuepyuca j30 ia_wwﬁi eluosgud UoFeULIOJL,] 9eGend NP gysIsAN

NJ0LS GE IXSIN 13714

<L

€16

-




170

|
€002 YoIle L2 |3IWOHHO Y310V | LN L ALD I Jo | 188ys
00S°0 - 8[eog 1TNVINDIA "V | Insjeuissaq e
Luvd JHANITAD | 19PoW Tor
€200 jeloid W ue suojsuew|q
e aR s o e sl a1 enbiusogu eyug op wewewedsa
——— h;:t_.sﬁ_“ eunepgdns e|fojouyoe) ep ejoaz
c=o==u_u==eu 180 sidoo o___L. ans ejuesgud uogeULIOU|, 98Q9NnD Np gUsIeAUN
[-v-]
¥J0LS 8706
V-¥  NOILD3S
P - B £ Y
| "GE1

Y2018 G €9




171

BIBLIOGRAPHIE

Atten, P., J. N. Foulc, et al. 2002. «Role and nature of high field conduction of the suspend-
ing liquid in electrorheological fluids». International Journal of Modern Physics B,
16, p. 2662-2668.

Block, H. and J. P. Kelley 1987. U.S. Brevet 1501635

Block, H. and J. P. Kelly 1988. «Review Article Electro-rheology». Journal of Physics D:
Applied Physics, 21, p. 1661-1667.

Boissy, C. 1999. «Experimental study of the yield stress of electrorhological suspensions
under AC field: Comparison with a theoretical model». Internation Journal of Mod-
ern Physics B, 13, p. 1775-1782.

Boissy, C., P. Atten, et al. 1995. «On a negative electrorheological effect» Journal Electros-
tatics, 35, p. 13-20.

Bonnecaze, R. T. and J. F. Brady 1992. «Dynamic simulation of an electrorheological flu-
id». Journal of Chemical Physics, 96, p. 2183.

Bose, H. 1999. «Investigation on Zeolite-Based ER Fluids Supported by Experimental De-
signy. International Journal of Modern Physics B, 13, p. 1878-1885.

Bossis, G., Ed. 2001. Electrorheological Fluids and Magnetorheological Suspensions. /n The
Eighth International Conference Electrorheological Fluids and Magnetorhological
Suspensions. (Nice, France, 2001) World Scientific.

Bouzidane, A. and M. Thomas 2007. «An Electrorheological Hydrostatic Journal Bearing
for Controlling Rotor Vibration». International Journal of Computers and Structures,
Elsevier, 86(3-5), p 463-472.

Bouzidane, A. and M. Thomas 2007. «Equivalent Stiffness and Damping Investigation of
Hydrostatic Journal Bearing». Tribology Transations, 50 (2), p.257-267.

Bryant, C. P., K. Lal, et al. 1995. Electrorheological fluids containing eletronically conduc-
tive polymers. U.S. Brevet 5435932

Bullough, W. A. (1995). «Proceeding of the 5th Intenational Conference on Electro-
Rheological Fluids, Magneto-Rheological Suspensions and Associated Techology».
In The 5th Intenational Conference on Electro-Rheological Fluids, Magneto-
Rheological Suspensions and Associated Techology, Sheffield, UK.



172

Burchill, P. J. 1991. «Electrorheological fluids and their applications». Mater. Forum, 15-36,
p. 197-204.
Bytt, D. G. 1987. Electro-rheological fluids. GB Brevet 2189803

Carlson, J. D. 1988. Electrorheological fluids. U.S. Brevet 4772407

Carlson, J. D., K. D. Weiss, et al. 1993. lonic dye-based electrorheological materials. WO
Brevet 9312192

Cho, M. S., H. J. Choi, et al. 2004. «Enhanced Electrorheology of Conducting Polyaniline
Confined in MCM-41 Channels». Langmuir, 20, p. 202-207.

Choi, S.-B. and W.-K. Kim 2000. «Vibration Control of a Semi-active Suspension Featuring
Electrorheological fluid Dampers». Journal of Sound and vibration, 234(3), p. 537-
546.

Choi SB, Bang JH, et al. 2002. «Sliding mode control for anti-lock brake system of passen-
ger vehicles featuring electrorheological valves». In Proceedings of The institution of
Mechanical Engineers Part D-Journal of Automobile. 216(D11), p. 897-908.

Conrad, H. and A. F. Sprecher 1991. «Characteristics and mechanisms of the electrorheolog-
ical fluids». Journal of Statistical Physics, 64, p. 1073-1091.

Davis, L. C. 1997. «Time-dependent and nonlinear effects in electrorheological fluidsy.
Journal Application Physics, 81(4), p. 1985-1991.

Deshpande, R. G. 1997. «Isolation of a contact-dependent haemolysin from Mycobacterium
tuberculosis». Journal Med. Microbiol, 46, p. 233-238.

Endo, S. 1999. Electrorheological fluid. European Brevet 0964053

Filisko, F. E. and W. F. Armstrong 1988. Electric field dependent fluids. European Brevet
0265252

Filisko, F. E. and W. F. Armstrong 1989. Electric field dependent fluids. European Brevet
0313351

Furusho, J., M. Sakacuchi, et al. 2001 . «Development of ER Brake and Its Application to
Passive Force Display». In Intenational conference: Electrorheological fluids and
Magnetrorheological Suspension, (Nice, Frence).

Gast, A. P. and C. F. Zukoski 1989. «Electrorheological fluids as colloidal suspensionsy.
Advances in Colloid and Interface Science, 30(3-4), p. 153-202.



173

Gavin, H. P. 1997. «The effect of particle concentration inhomogeneities on the steady flow
of electro- and magneto-theological materialsy». Journal Non-Newtonian Fluid Me-
chanics, 71, p. 165-182.

Gillies, D., L. Sutcliffe, et al. 1989. Electrorheological Fluids Containing Silicates. GB Bre-
vet 2219598

Goodwin, J. W., G. M. Markham, et al. 1997. «Studies on Model ELectrorheological Flu-
ids». Journal of Physical Chemistry B, 101, p. 1961-1967.

Goossens, J. and G. Oppermann 1987. Electroviscous fluids. U.S. Brevet 4702855

Gow, G. J. and C. F. Zukoski 1990. «Electrorheological properties of polyaniline suspen-
sionsy». Journal of Colloid Interface Science, 126, p. 175.

Ha, J. and S. Yang 2000. «Rheological responses of iol-in-oil emulsions in an electric field».
Journal Rheology, 44, p. 235.

Haji, K., M. Sasaki, et al. 1997. Electrorheological fluid. European Brevet 0798368

Halsey, T. C. 1993. «Electrorheological Fluids-Structure and dynamics». Advanced Mate-
rials, 5 ,nl0, p. 711-718.

Hao, T. 1998. «Mechanism of the Electrorheological Effect: Evidence from the Conductive,
Dielectric, and Surface--Characteristics of Water-Free Electrorheological Fluidsy.
Langmuir, 14, p. 1256-1262.

Hao, T. 2002. «Electrorheological suspensions». Advances in Colloid and Interface Science,
97, p. 1-35.

Hong, C. H. and H. J. Choi 2007. «Shear stress and Dielectric Analysis of H3PO4 Doped
Polyaniline Based Electrorheological Fluid». Journal of Macromolecular Science,
Part B: Physics, 46, p. 683-692.

Hosseini-Sianaki, A. W. A. Bullough et al. Steady-state and transient models for the electric-
al response of an electrorheological catch system. IEEE Proceedings-Science, Mea-
surement and Technology, 145(3): pp. 94-100 (1998)

Inoue, A. and S. Maniwa 1992. European Brevet EP478034A
ISO 1993. ISO 3219 Plastics -- Polymers/resins in the liquid state, or as emulsions or disper-

sions -- Determination of viscosity using a rational viscometer with defined shear
rate, p. 1-8



174

Trlica, J., Q. Quadrat, et al. 1996. «An anomalous electrorheological behavior of magnesium
hydroxide suspensions in silicone oil». Journal Rheology, 40, p. 943-6.

Jordan, T. C. and M. T. Shaw 1989. «Electrorheology». IEEE Transactions on Electrical
Insulation, 24, p. 849.

Jordan, T. C. and M. T. Shaw 1991. «Electrorheology». MRS Bulletin, 16-8, p. 38-43.

Kamath, G. M. and N. M. Wereley 1997. «A nonlinearviscoelastic-plastic model for elec-
trorheleological fluidsy. Smart Materials and Structures, 6, p. 351-359.

Kanbara, M. and H. Tomizawa 1990. Non-aqueous electro-rheological fluid. European Bre-
vet 0361931

Kim, J., J.-Y. Kim, et al. 2003. «Material characterization of ER fluids at high frequency».
Journal of Sound and vibration, 267, p. 57-65.

Kimura, H., A. Aikawa, et al. 1998. «'Positive' and 'negative' electro-rheological effect of
liquid blends». Journal Non-Newtonian Fluid Mechanics, 76, p. 199.

Klingenberg, D. J. and C. F. Zukoski 1990. Langmuir, 6, p. 15.

Lan, Y., C. K. Huang, et al. 2004. «Experimental investigation of the frequency dependence
of the electrorheological effect». Physical Review E, 70: p. 0215071-0215076.

Lee, H.-J., B. D. Chin, et al. 1998. «Surfactant Effect on the Stability and Electrorheological
Properties of Polyaniline particle Suspension». Journal of Colloid and Interface
Science, 206, p. 424-438.

Lengalova, A., V. Pavlinek, et al. 2003. «Influence of particle concentration on the electror-
heological efficiency pf polyaniline suspension». European Polymer Journal, 39, p.
641-645.

Ma, H., W. Wen, et al. 1996. «Frequency Dependent Electrorheological Properties: Origin
and Bounds». Physical Review letters, 77(12), p. 2499-2502.

Marshall, L., C. F. Zukoski, et al. 1989. «Effects of electric fields on the rheology of non-
aqueous concentrated suspensions». Journal of the Chemical Society, Faraday
Transactions, 85: p. 2785-2795.

Martin, J. E., J. Odinek, et al. 1992. «Evolution of structure in a quiescent electrorheological
fluid». Physical Review letters, 69, n 10, p. 1524.



175

Melrose, J. R. and D. V. Heyes 1993. «Simulations of electrorheological and particle mix-
ture suspensions. Agglomerate and layer structures». Journal of Chemical Physics,
98, n7, p. 5873.

Nakano, M. and K. Koyama (1997). «Preceesings of the 6th International Conference on
Electro-Rheological Fluids, Magneto-Rheological Suspension and Their Applica-
tions». In The 6th International Conference on Electro-Rheological Fluids, Magneto-
Rheological Suspension and Their Applications, (Yonezawa, Japan), World Scientif-
ic.

Negita, K. 1996. «Electrorheological effect in the nematic phase of 4-n-pentyl-4'-
cranobiphenyl». Journal of Chemical Physics, 105, n 17, p. 7837-41.

Otsubo, Y., M. Sekine, et al. 1991. «Effect of surface modification of colloidal silica on the
electroheology of suspensionsy». Journal of Colloid and Interface Science, 146(2), p.
395-404.

Otsubo, Y., M. Sekine, et al. 1992. «Effect of adsorbed water on the electrorheology of silica
suspensionsy. Journal of colloid and interface science, 150, p. 324-330.

Pan, X. and G. H. McKinley 1997. «Characteristics of electrorheological responses in an
emulsion systemy». Journal of Colloid Interface Science, 195, p. 101.

Park, J. H. and O. O. Park 2001. «Electrorheleology and magnetroheology». Korea-
Australia Rheology Journal , 13(1), p. 13-17.

Parthasarathy, M. and D. J.Kingenberg 1996. «Electro-rheology: mechanisms and model».
Materials Science and Engineering, R17, p. 57-103.

Pavlinek, V., O. Quadrat, et al. 1999. «Electro-rheological behaviour of suspesions of vari-
ous surface-modified porous silica particles». Colloids and surfaces A: Physicochem-
ical and Engineering Aspects, 155, p. 241-247.

Petrzhik, G. G., O. A. Chertkova, et al. 1980. Doklady Akademii Nauk SSSR, 253, p. 173.

Phule, P. and J. Ginder 1998. «The materials science of field-responsive fluids». MRS Bulle-
tin, p. 19-20.

Pialet, J. W. 1996. Electrorheological fluids with hydrocarbyl aromatic hydroxy compounds,
U.S. Brevet 5558811

Pialet, J. W., C. P. Bryant, et al. 1997. Electrorheological fluids with hydrocarbyl aromatic
hydroxy compounds, European Brevet 056206

Podszum, W., R. Bloodworth, et al. 1996. Electroviscous liquid, U. S. Bervet 5503763



176

Prick, D., H. Grasshoff, et al. 1998. Homogeneous electroviscous fluids using aluminum
compounds, U.S. Brevet 5800731

Qi, Y. and W. Wen 2002. «Influences of geometry of particles on electrorheological fluidsy.
Journal of Physics D: Applied Physics, 35(17), p. 2231-2235.

Sassi, S., K. Chérif, et al. 2003. «On the design and testing of a smart car damper based on
electro-rheologigy». International Journal of Smart Materials and Structures, 12(6):
p. 873-880.

See, H. and M. Doi 1992. «Shear resistance of electrorheological fluids under time-varying
electric fields». Journal Rheology, 36(6), p. 1143-1163.

See, H., H. Tamura, et al. 1993. «The role of water capillary forces in electro-rheological
fluids». Journal Physics D: Applications Physics, 26: p. 746-752.

Stangroom, J. E. 1980. Electric field responsive fluids, GB Brevet 1570234

Stanway, R., J. L. Sprostonz, et al. 1996. «Applications of electro-rheological fluids in vibra-
tion control: a survey». Smart Materials and Structures, 5, p. 464-482.

Storrie, B. and E. A. Madden 1990. «Isolation of subcellular organelle». Meth. Enzymol,
182, p. 203-225.

Sun, Y., M. Thomas, et al. 2004. «Investigation of Dynamic Behavior of Electrorheological
Fluids by Experimental Design». In 7th Cansmart International workshop on Smart
Materials and structures, (Montreal, Canada).

Sun, Y., M. Thomas, et al. 2006. «Damping of rotor torsional vibrations vith electrorheologi-
cal fluids». In 24th machinery vibration seminar, (Montreal, Canada), Candian Ma-
chinery Vibration Association.

Sun, Y., M. Thomas, et al. 2007. «Experimental Investigation of Dielectric Properties on
Electrorheological Fluids». In International Conference on Smart Materials and Na-
notechnology in Engineering (SMN2007), (Harbin, Chine).

Sung, J. H., I. Lee, et al. 2005. «Electrorheological Response of Polyaniline-TiO2 Compo-
site Suspension». International Journal Modern. Physics B, 19, p. 1128-1134.

Sung, J. H., D. P. Park, et al. 2005. «Phosphorylation of Potato Starch and Its Electrorholog-
ical Suspension». Biomacromolecules, 6, p. 2182-2188.

Tajiri, K., K. Ohta, et al. 1997. «Electrorhological effect in immiscible polymer blends.».
Journal Rheology, 41, p. 335.



177

Tao, R. 1999. «Proceedings of the 7th International Conference on ER Fluids and MR Sus-
pension». In The 7th International Conference on Electro-rheological Fluids and
Magnetro-rheological Suspension, (Honolu, Hawaii), World Scientific Publishing
Company.

Tao, R., Q. Jiang, et al. 1995. «Finite-element analysis of electrostatic interactions in elec-
trorheological fluids». Physical Review E, 52(3), p. 2727-2735.

Thomas, M. and F. Laville 2005. Simulation of mechanical vibrations by using Matlab, Si-
mulink et Ansys, Presses de 1’Université du Québec.

Thomas, M., J. Masounave, et al. 1997. «Damping and stiffness properties of electrorheolog-
ical fluids». In Fourth International conference on composites engineering, (Hawaii).

Tomizawa, H., M. Kanbara, et al. 1989. Electro-rheological fluid. European Brevet 0342041

Uejima, H. 1972. «Dielectric mechanism and rheological properties of electro-fluids». Japa-
nese Journal of Applied Physics, 11, p. 319-326.

Westhaver, J. E. 1976. Electroviscous fluids. U.S. Brevet 3970573

Wikipédia, http:/fr.wikipedia.org/wiki/Electrophorése; http:/fr.wikipedia.org/wiki/Electro-
osmose

Winslow, W. M. 1947. Methods and means for transmitting electrical impulses into me-
chanical force. U.S. Brevet 2417850

Winslow, W. M. 1949. «Induced vibration of suspensions». Journal of applied physics
20(12), p. 1137-1140.

Winslow, W. M. 1953. Field controlled hydraulic device. U.S. Brevet 2661596

Winslow, W. M. 1962. Field response force transmitting compositions. U.S. Brevet
3047507

Wu, C. W. and H. Conrad 1997. «Negative electrorheological and electrical properties of a
Teflon/silicon oil suspension». Journal of Rheology, 41(2), p. 267-81.

Xu, Y. and R. Liang 1991. «Electrorheological properties of semiconducting polymer-based
suspensionsy. Journal of Rheology, 35, p. 1355.

Yang, I. K. and A. D. Shine 1992. «Electrorheology of a nematic poly(n-hexyl isocyanate)
solution». Journal Rheology, 36, p. 1079.



178

Yao, N. and A. M. Jamieson 1997. «Electrorheological behavior of side-chain liquid-
crystalline polysiloxanes in nematic solvents». Macromolecules, 30, p. 5822.

Zhao, X. 2006. Acetamide modified nanometer titanium oxide electrorheological fluid, CN
Brevet 1769403

Zheng, S., W. T. Winter, et al. 2005. «Water-activated cellulose-based electrorheological
fluids». Cellulose, 12, p. 135-144.

Zhu, Y. C. 2007. Silicon dioxide- aqueous polyurethane nano composite electrorheological
fluid preparation method, CN Brevet 101007978



