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Summary 

The focus of this study is to investigate the potential of Magneto-Rheological fluids in crash
worthiness design. From a feasibility study on the application of field dependent fluids in an 
advanced crushable zone appeared the potential of the concept of 'smart' dampers with MR 
fluid. Systems based on MR technology have a high dynamic range, are efficient, durable and 
reliable, especially when they are applied in combination with permanent magnets. Too less 
is known about the fluid behaviour, especially consiclering the influence of high shear rates 
and temperatures on the response time of MR fluids. Specific measurements are necessary to 
make concise statements on the potential of these fluids. The behàviour of the fluid is stuclied 
on the discussion points mentioned above. To characterize the rheological behaviour of the 
MRF-132AD fluid, a new capillary is made with an integrated electromagnetic circuit to ac
tivate the fluid. To measure the fluid response, a piezoelectric pressure cell is used combined 
with a custom-made application in Labview. The different activation levels are executed with 
a programmabie power supply which is also controlled by a Labview application. From the 
results foliowed the potential of MR fluids. The MR effect is less sensitive for high shear 
rates and temperatures. The effect of partiele separation and the influence of temperature 
and shear rateon the properties of the carrier liquid are of importance for future research. 
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Samenvatting 

Het doel van deze studie is om onderzoek te verrichten naar de potentie van magnetorhe
ologische vloeistoffen in de ontwikkeling naar botsveiligheid. Vanuit een voorgaande haal
baarheidsstudie naar de toepassing van veldafhankelijke vloeistoffen, bleek het concept van 
'smart' dempers met MR vloeistofpotentie te hebben. Systemen gebaseerd op MR technologie 
hebben een groot dynamisch bereik, zijn efficiënt, duurzaam en betrouwbaar, zeker wanneer 
ze in combinatie worden gebruikt met permanente magneten. Echter te weinig is bekend over 
het vloeistof gedrag met name de invloed van hoge afschuifsnelheden en temperaturen op de 
responsietijd van de vloeistof. Specifieke metingen zijn noodzakelijk om bondige uitspraken 
te doen over de potentie van deze vloeistoffen. Het gedrag van de vloeistof is onderzocht op 
bovenstaande discussiepunten. Om het reologische gedrag van de MRF-132AD vloeistof te 
karakteriseren, is een nieuw capillair gemaakt met een geïntegreerd elektromagnetisch circuit 
om de vloeistof te activeren. De vloeistof responsie is gemeten met een piezoelektrisch druk
sensor in combinatie met een geprogrammeerde applicatie in Labview. De verschillende acti
vatieniveaus zijn uitgevoerd met een programmeerbare voeding welke ook aangestuurd wordt 
door een Labview applicatie. Uit de resultaten volgde de potentie van de MR vloeistoffen, 
met name de ongevoeligheid van het MR effect voor hoge afschuifsnelheden en temperaturen. 
Het effect van deeltjes afscheiding en de invloed van temperatuur en de afschuifsnelheid op 
de eigenschappen van de draagvloeistof zijn van belang in verder onderzoek. 
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Chapter 1 

Introduetion 

In spite of significant improvements in vehicle safety during the last 25 years, the number 
of deaths ( 42.000) , injured (1.600.000) and the related social and economical costs (160-250 
billion Euro) in the European Union remain unacceptable. Fig.(1.1) shows the number of 
casualties by accident type for the year 2001. The high number of casualties caused by 
frontal impact attracts attention. 1 in 80 European citizens willend their lives on average 40 
years too earlyin a road accident and 1 in 3 will need hospital treatment during their lifetime 
as a result of a road accident. 

AcCidentType Percentage No. Casualties 

Frontallmpact 28 11 ,760 
Side Impact 25 10,50Ö 
Rear l mpact 1 420 
Rollover 4 1,680 
Pedestrians .. 20 8,400 
Motorcycles 16 6,720 
Other 6 2,520 

10 15 20 25 30 

TOT AL 100 42,000 Percentage 

Figure 1.1: Number of casualties by accident type for the year 2001 [38]. 

Specialists in the field of vehicle safety have the apinion that significant reduction in casual
ties can be achieved as a result of, for instance, the use of new energy absorbing materials, 
improvements of the efficiency of passive safety systems by advanced control and the intro
duetion of new vehicle crash tests which take the compatibility between vehicles and other 
road users under account (fig.1.2). The trend in fig.(1.3) illustrates what can be achieved in 
future if continuous research is being clone in the field of passive safety systems. 
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2 Chapter 1. Introduetion 

Figure 1.2: Left: Frontal (offset) impact accidents have been the focus of the majority of research carried out 
in the field of passive safety[7]. Top right: Rollover accidents are not very common in daily traffic, still they 
are responsible for over 1600 deaths a year[38]. Bottom right: Collisions with poles or trees have a high risk 
of fatal injury[38]. 

Compatibility has been a research issue for many years now. The definition of compatibility 
can be described as a combination of self -and partner proteetion in such a way that optimum 
overall safety is achieved. Compatibility seeks to minimize the number of fatalities and 
injuries, regardless of the vehicle in which the injuries or fatalities occur. The amount of 
self-proteetion is mainly determined by the crushable zone and safety cage. A high level 
of self-protection is one of the main causes of incompatibility. Collisions between different 
sort of vehicles, including both trucks and passenger cars are of high statistkal significance. 
Research has to focus on the definition of a suitable area for optimal structural interaction to 
obtain maximal crash energy absorption for every crash configuration. These developments, 
which are very desirabie in the field of compatibility, are established by the European Vehicle 
Passive Safety Network[38]. 
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Figure 1.3: The trend in road casualty figures based on actual figures to date (blue line) , and the additional 
savings that can be realized through continued research into passive safety measures (green line)[38] . 

In aso-called 'roadmap', a step-by-step plan is described which has the purpose to achieve 
improvements in compatibility. Furthermore, there is a large potential for so-called 'advanced 
materials ' , materials which have the possibility to change mechanica! properties on the basis of 
changes in their environment. In the field of compatibility, high priority must be given to the 
optimization of crash response and energy absorbing capabilities of light-weight and other 
new materials ( composites, metallic foams , polymerie foams, multi-materials, sandwiches, 
ferrofiuids, Electro-Rheological (ER) and Magneto-Rheological (MR) fiuids)(see fig.1.4). 

Figure 1.4: Examples of Advanced Materials. Left: Foam materials are often used in interiors of vehicles[l]. 
Right: MR ftuids are very suitable for use in damper systems, shock absorbers and high torque clutches[5]. 
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The application of advanced materials in automotive constructions requires a different under
standing because complete new strategies have to be developed to realize the application of 
such materials. 

1.1 The Need for Compatibility 

The stiffness of the crushable zone of vehicles determines for a great part the amount of 
energy absorbed during a collision. Nearly 50 per cent of the total crash energy is absorbed 
by the longitudinals[51]. To this day, great contrast exists between the constructions of the 
front structure of vehicles. Also, collisions take place within a broad range of different circum
stances. Two important parameters are here important: the various types of collisions (full 
frontal, offset or oblique) and the differences in initial speed between two crashing vehicles. 
The same holcis for the driver and passengers, because differences exist between the human 
boclies of the occupants. 

Figure 1.5: Front car structure built with the FEM (Finite Element Method). Left: Total front structure with 
the longitudinals in red . Top right: A more detai led model of one of the two longitudinals. Bottom right: 
Typical folding behaviour of a crash column[52]. 
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Looking at these great differences in crash configurations, it is obvious that more intelligent 
systems have to be developed to optimize and minimize the injury level of occupants. In 
previous work of Witteman[51], a mechanica! solution was found for the variety in crash 
configurations with regard to full frontal , offset and oblique collisions. The system consisted 
of optimized crash columns combined with a cable system with which it became possible to 
create a suflident energy level for three different crash configurations at three different speeds 
(see fig .l.6). The collisions were carried out against a rigid wall by means of a FEM model 
of the front structure including t he crash columns with cable system. 

Figure 1.6: Bottom right: A three-dimensional view of the cable-supported longitudinal structure. Top right : 
The complete frontal vehicle system with cable supported structure. Left: Simulation results for three different 
crash configurations (frontal, offset and oblique)[51]. 
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In previous work was found that the injury level of accupants could be minimized during a 
collision[51]. This can be achieved by a controllable variation in the stiffness of the longitu
dinals in the car front structure. This variation has to take place within three phases of the 
collision. For each phase, a different stiffness is required to control the energy absorbed by the 
crash columns and by this the deceleration forces on the human body of the occupants. Such 
behaviour could be achieved by means of a semi-active system, which has adaption possibili
ties in his unique properties, but don't has the ability to put energy in the controlled system. 
Frequently, such devices are referred to passive controllable dampers. This in contrast to 
passive systems, which are only able to alleviate energy dissipation demand on the car front 
structure by reflecting or absorbing part of the input energy by the crash columns. These 
systems are limited in that way that they cannot deal with the change of either external 
loading conditions or usage patterns. Active control systems have the ability to adapt to 
different loading situations and to control the desired acceleration of the vehicle. Semi-active 
control systems offer the same adaptability as active control systems without requiring large 
power sources. Because of this reason, these systems have attracted a great deal of attention 
in recent years. Fig.(1.7) clearly gives the differences between active control systems and 
semi-control systems for front structures with stiffness variation. 

SEMI-ACTIVE SYSTEM 

----------1 
I 
I 

ACTIVE SYSTEM 

----------1 
I 
I 

Figure 1.7: Left: A schematic diagram of a semi-active system. Right: A schematic diagram of an active 
system[25]. 

On the behalf of the crashworthiness of the vehicle and especially for improvements of the 
compatibility, several semi-active control systems are described in previous work. Witteman 
presented an addition to the cable supported frontal car in the form of pressure driven pis
tons on the backwarcis moving cable rod. In this way, it is possible to regulate the energy 
absorption during a collision. Besides the description of the energy absorption by friction, 
a hydraulic system with controllable flow restrictions is also proposed. Other examples of 
semi-active systems including variabie friction dampers, adjustable tuned liquid dampers and 
controllable fluid dampers. Controllable fluid dampers form another class of semi-active de
vices (fig.1.8), consisting of a controllable fiuid in a fixed orifice damper. Unlike the semi-active 
control devices mentioned previously, which employ electrically controlled valves or mecha
nisms, controllable fiuid dampers contain no moving parts other than the damper piston. 
This feature makes them inherently more reliable and maintainable. Besides that, the system 
will be more compact when the electronic circuit, needed to activate the magnetic or electric 
field, is integrated inside the piston. 
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MR Fluid Reservoir 

Accumulator Piston 

Compressed Gas·Reservoir 

Figure 1.8: Monotube MR damper section view[40]. 

1.2 Previous Work 

The ability of ER and MR fluids to change viscosity in the presence of an electric and mag
netic field and their high performance, makes them advantageous in interfacing electric signals 
and fluid power without the need of mechanica! moving parts such as servo valves, dampers, 
clutches et cetera. Especially MR fluids are very suitable for use in damper systems, shock 
absorbers and high torque clutches. In contrast to ER fluids, MR fluids have a high yield 
stress, there are usabie within a broad range of temperature and the energy to activate is 
limited to a minimum. A recent example of the evolving nature of these materials is the de
velopment of a MR restrietion valve. These valves are much more uncomplicated and reliable 
than the conventional valves[44, 53]. At the university of Roehester a study has beendoneon 
a MR fluid system for polishing and finishing optical elements. The study of Kavlicoglu et al. 
was focused on the design and characterization of a radial double-plate magnetorheological 
fluid clutch[29], therefore an electromagnetic finite element analysis (FEA) was performed to 
design and optimize the clutch (fig.1.9). 

A FEM model was built by Aouar to analyse and examine a 2D axisymmetric MR damper[20]. 
Hitchcock et al. conducted experiments with a novel external by-pass, fail safe, MR damper 
for the purpose of vibration control applications[26]. The application of MR fluid in shock 
absorbers can be found in the work of Sirnon et al. who investigated the effect of MR suspen
sions on the performance of a heavy truck[43], the workof Paré whostuclied the application 
of MR dampers to vehicle primary suspensions[39] and the work of Poynor who conducted 
experiments with a monotube damper, twin tube damper, a valve mode damper and a squeeze 
mode damper(fig.1.9)[40]. The LORD Corporation is world leader in the field of MR fluid 
technology and its main activities are mainly focused on the development and commercializa
tion of MR dampers that can be used on behalf of vibration and shock control, seismie control 
and vehicle seat isolation. The application of such damper systems can be found in the work 
of Yang et al. who reported the modelling, design and experimental verification of a large
scale MR damper for the purpose of natural hazard mitigation in large-scale structures[25] 
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Flow Paths 

Gompression 
Valve 

Figure 1.9: Bottom left: A three-dimensional view of the double-plate prototype MR fl.uid clutch[29]. Top: 
Twin tube MR damper[40]. Bottom right: Detail of foot valve[40]. 

and the work of Dowd who stuclied the proteetion to truss structures during severe loading 
events. He developed a new control algorithm for use in an MR damper with reverse power 
requirements(fig.l.10)[19]. Lederer et al. used the technique of parameter estimation to de
termine the parameters of three different MR models, a spring damper model, a Bingham 
model and a Casson model. Experiments with a shear mode MR damper were conducted and 
compared with the simulation results[33]. Wereley et al. developed nonlinear quasi-steady ER 
and MR damper models using an idealized Bingham plastic shear flow mechanism. Dampers 
with cylindrical geometry were investigated, where damping forces were developed in an an
nular bypass via Couette ( shear mode), Poiseuille (flow mode) mode or combined Couette 
and Poiseuille flow (mixed mode)[50]. A hysteresis model for the field-dependent damping 
force of MR dampers was proposed by Choi et al. Several damper models have been proposed 
to predict the field-dependent hysteresis behaviour of ER or MR dampers. These include the 
Bouc-Wen model, the non-linear hysteretic biviscous modeland a modified Bingham plastic 
model[16]. The research of Spencer was mainly focused on the usefulness of MR systems 
in the development of new architectmal systems on behalf of response reduction. The dy
namic behaviour of a fixed orifice MR damper of LORD Corporation (VersaFlo MRX-135GD) 
was investigated for a number of prescribed displacements (wave forms including sine, step, 
triangle and pseudo random)[45]. A schematic of this damper and the experimental setup 
with actuator are shown in (fig.l.ll). The design and experimental testing of a low-force ER 
damper and high force MR damper was described by Liu et al. 
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Critica! Member 
Critica! Member 
with MR Damper 
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Figure 1.10: Bottom left: Experimental setup of a 20-ton large-scale MR fluid damper[25] . At the top and in 
the right: Research on the proteetion to truss memhers during severe loading events by use of a model[19]. 

Dynamic characteristics of the ER damper were tested at different electric field strengths and 
varying displacement amplitudes[35]. Keslo also conducted experiments with MR dampers, in 
this study special attention was given to the design of the electromagnetic circuit[30]. Gavin 
et al. investigated high force multi-ducts ER dampers and developed an optimal design proce
dure for MR dampers where the electromagnetic components of the circuit were characterized 
by multiple design variables[22]. 

Hydraulic Actuator 
Force Transducer 

MRDamper ( 

~ L 

Wires to Electromagnet Magnetic Choke A 
1 ccumu ator MR Fluid 

Figure 1.11: Top: The test setup for MR damper identification. Bottom left: A schematic of the MR damper. 
Bottom right: Experimental setup with actuator[45] . 
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Channels 

Pressure 
Transducer 

Figure 1.12: Left: Different structures are stuclied by Bossis et al.[12]. The thick neck between the spheres 
indicates the points of rupture when the structure begins to shear. Right: The experimental setup where the 
fluid is pushed through a spiral channel whose axis is that of the magnetic field. The sketch at the top shows 
the different orientations. 

Measurements on MR fluids were performed by Tang et al. and Lemaire et al. who experi
mentally investigated the influence of the partiele size on the rheology of MR fluids. These 
results of Lemaire et al. were discussed with the help of a structural model based on the 
deformation of simple chains of particles (see fig. 1.12)[47]. The use of a standard model 
for the structure based on a cubic network of infinite chains was also used in the study of 
Bossis et al. where analytica! predictions were given for the yield stress[ll]. In another study 
of Bossis, the yield stress of a MR suspension was calculated from two different approaches. 
The first one was based on a mesoscopic description of the structure, the second one was 
based on a microscopie approach[12]. Carletto et al. experimentally determined the param
eters characterizing the structures formed in a magnetic colloidal suspension subjected to a 
unidirectional magnetic field and a rotating field for different cell thicknesses[13]. 
Ulicny et al. reported an experimental investigation of the rheological response of MR suspen
sions subjected to step changes in applied magnetic field strength at a fixed shear rate[48], 
Vieira did a similar research for ER fluids[49] . The analysis of annular Poiseuille flow of 
ER/MR materials was stuclied by Gavin. A comparison was given for the salution of an
nular Poiseuille flow and the Poiseuille flow of Hingham materials through an appropriately 
defined rectangular duct[23]. The effect of the orientation of the magnetic field on the flow 
of MR fluid in a cylindrical channel and plane channel was described analytically by Kuzhir 
et al.[32, 31]. The paper of Dimock et al. describes the Hingham Hiplastic model to account 
for the shear thinning and shear thickening effect in damper systems[18]. Barnes and Ragha
van performed experiments on concentrated dispersions and described accurately the shear 
thickening effect[9, 41]. 
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1.3 Present Study 

To gain insight in the possibilities of field responsive fiuids, a good understanding of the 
working area of the fiuid within the application is necessary. The question is if field responsive 
fiuids, in particular MR fiuids, have potential in the development of an automotive crash 
energy absorber on behalf of the compatibility between vehicles. Knowledge on MR behaviour 
with regard to extreme environments, is stilllimited and will be the focus of this work. From 
a previous (literature) survey on the possibilities of field responsive fiuids in automotive 
applications was concluded that the development of vehicle crash safety devices often go 
hand in hand with severe requirements like high energy, speed and temperature levels[42]. 
The choice is made to experiment with a MR fiuid, because these fiuids are very useful within 
the field of high force fiuid damping. This also wastheresult of a previously literary survey 
on this subject[17]. In this project, a rheometer (Rheograph 6000) was used to measure the 
rheological response of the fiuid within a broad range of shear rates and temperatures. This 
apparatus made it possible to investigate the relationship between initial fiuid conditions, such 
as the shear ra te and the temperature, and the response time of the fiuid. The capillary of the 
rheometer in this study is custom-made. For the experimental investigation of the rheological 
response, a silicone-based MR fiuid is used from LORD Corporation. The LORD MRF-132AD 
fiuid has been formulated for general use in controliable energy-dissipating applications. 

1.4 General Overview of the Project 

The advanced crushable zone or automotive crash energy absorber is evaluated in chapter 2. 
First, the background of the subject is described foliowed by a summary about the potential 
of MR fiuids in crash energy absorbers. Then the choice of the crash energy absorber based 
on 'smart' dampers is argued, foliowed by a description of its possibilities and difficulties. 
In chapter 3 a detailed description is given about the theory behind field responsive fiuids. 
First the working principle, material composition and magnetic properties are dealt with, 
foliowed by a description of a few important fiuid models, which are often used to characterize 
the behaviour in shear flow. The set-up of the measurements as weli as the design and 
construction of the capillary will be discussed in chapter four. The design of the magnet ie 
circuit is reviewed, as weli as the argumentation for specific material and constructive choices. 
Furthermore, a description is given of the total test apparatus, in which attention is given 
to the calibration and communication of the sensors and control of the electramagnet with a 
custom made Labview application. In chapter five, the results and discussion are given for 
the MR fiuid measurements. Finaliy, in chapter six the main conclusions will be drawn and 
recommendations for future work are given. 
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Chapter 2 

The Potential of Field-Dependent 
Fluids in Crashworthiness Design 

This chapter starts with the background of this master thesis. The target of an advanced 
crushable zone is explained by the term 'compatibility' foliowed by a discussion of its applica
tion area. Thereafter, an introduetion about field responsive fiuids is presented wherein the 
development through the years is reviewed. Attention is given to the pros and cons of ER 
and MR fiuids, also the material composition of the fiuids comes up to discussion. The choice 
of MR fiuid in combination with the concept of 'smart' dampers ( called the automotive crash 
energy absorber) was one of the main results of the literary survey executed before this master 
thesis. The arguments for these choices will be discussed in this chapter. Then attention is 
given to the critica! points of the automotive shock absorber. These points form the guideline 
for the designprocessof the custom-made capillary which is used in the experimental setup. 
The chapter will end with a short conclusion. 

2.1 Background 

Research on the variation of the stiffness in the front structure of vehicles has been a hot 
issue for years now. That's because it is related with one of the most important research 
areas of the vehicle safety: the compatibility problem. 'Compatibility' is a term, which is 
difficult to define. A definition cannot be given, a description on the other hand can. By way 
of illustration, the next description from publications of Mooi[37], Gielen[24], Gabler[21] and 
Summers[46] is given: 

'Compatibility is the behaviour of a car that determines in important matter the pro
teetion of all accupants during a crass '. 

Also this description is not completely satisfactory. For that reason, three core terms are 
added to the definition of compatibility: self-protection, aggression and proteetion of the oc
cupants. With self-protection is meant the measure of safety offered by the crashing vehicle to 
the driver and passengers. In this case, compatibility does not only deal with the proteetion 
of the driver, but also with the proteetion of all the occupants of both vehicles. 

13 
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It is possible that vehicle A offers enough proteetion for all the occupants, but what about 
the proteetion of the accupants of vehicle B? The question is whether the callision between 
the vehicles is compatible. Fig.(2.1) depiets the issue of incompatibility due to differences in 
vehicle 's geometrie designs. 

Figure 2.1: Changing vehicles' geometrie designscan mitigate incompatibility[7] . 

In the field of self-protection, research has been clone on the optimization of the injury level 
of the driver by use of FEM models[51] . The assumption was made that the driver was lo
cated in an simplified restraint system inside an undeformable cage where the steering wheel, 
dashboard and pedals could not intrude the body of the driver. The in jury level is than only 
influenced by the g-forces generated by the deceleration pulse of the front structure. Three 
optimal decelaration curves were found for three different crash veloeities by use of a FEM 
model of the front structure. In fig.(2.2) these three optimal deceleration curves are shown 
for three different crash velocities, namely 32 km/h, 56 km/h and 64 km/h. The deformation 
length together with the velocity of the vehicle determines the mean deceleration or g-value 
of the vehîcle. Legislation obliges car manufacturers totest their vehicles on their front struc
ture. This implies that the vehicle is campelled to two obligatory crash tests, a frontal crash 
at a speed of 50 km/h against a fixed rigid harrier and a 40 per cent offset crash at a speed 
of 56 km/h against a fixed deformable harrier. After the crash test, the deformation of the 
cage and the deceleration level of the dummy of the vehicle are analysed. Fig.(2.3) illus
trates the difference in construction of two vehicles campelled to a frontal crash test against 
a deformable harrier. It is clearly visible that the frontal structure of the left vehicle is too 
supple. In this case, accupants are exposed to a higher risk of intrusion by steering wheel, 
dashboard or pedals. On the other hand, when the construction is too stiff, the accupants 
will be exposed to unacceptable high deceleration levels resulting in higher risk of injury. 
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Figure 2.2: Three optima! decelerations curves in three phases[51]. 

Offset and oblique collisions are more life-threatening, because in most of the cases only one 
longitudinal will crumple during the collision. For both situations, the energy absorption of 
the frontal structure is reduced and the passenger cage is exposed to a much higher level of 
crash energy. 

Figure 2.3: The Toyota Yaris (in the right) received a four out of five star rating and emerged as the best car 
in class . In contrary to the Fiat Seicento (in the left) which only received two stars with the indication that 
there is a concern that there is a serious risk of injury in at least one vulnerable body region [2]. 
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2.2 Field Responsive Fluids 

This section describes the development of field responsive fluids through the years. Attention 
is given to the basic properties of the two most important fluids foliowed by their advantages 
and disadvantages. Same theory about the combined action between the magnetic and Brow
nian farces of the particles will come up for discussion. And finally, this section will end with 
a camparisou based on the efficiency of bath fluids. 

2.2. 1 General 

MR and ER fluids are the most promising fluids for use in controllable fluid dampers. They 
fall under the field responsive fluids and this group also consists of ferrofluids, magnetic 
powders and magnetorheological elastomers. The most important advantage of t hese fluids 
over conventional mechanica! interfaces is their ability to achieve a wide range of viscosity 
in a fraction of milliseconds. They exhibit a change in rheological behaviour under influence 
of magnetic or electric fields. The group of field responsive fluids has its origins in 1940 in 
America. Rabinow and Winslow were t he first who described the rheological behaviour of 
a MR fluid in 1940. Nowadays, these materials have great potential in applications such as 
dampers[25, 40, 39, 22], brake systems, shock absorbers and clutches [29] . The response t ime 
of the fluid is limited by the rising timeT= L/ R (with L the inductance and R the resistance 
of the coils) of the magnetic field which in practice is about w- 1 - w- 2 sec. MR fluids were 
nat very popular, because the t hought was that t he weight and space of the coils limited the 
efficiency of the fluid in practical applications. Another problem was the poor redispersibility 
of the particles. Till a few years ago this problem is solved by several additives and that's 
why MR fluids have gained much more popularity the last ten years. The required ac tivation 
power needed to achieve the ER effect 1 is high, the fluid can only be used within a narrow 
temperature range and the yield stress of the most commercial ER fluids is limited which 
means that it 's very difficult to achieve high dynamic ranges in for example damper systems 
and shock absorbers. Just camparing the magnetostatic energy density J..loH2 for H =3000 Oe 
and the electrastatic energy density EoE 2 for a field E=3 kV / mm, it appears that the farmer 
is larger by an order of magnitude [11]. A direct camparisou of the Joule losses in ER and 
MR fluid devices is difficult. In ER fluid devices such losses are due to electric conduction 
through the fluid while in MR fluid devices such losses are present in the coil used to produce 
the magnetic field. ER fluid losses can vary widely depending on the temperature of the fluid . 
Losses in the coil used to activate the MR fluid will vary widely depending on the specifications 
of how the coil is wound, i.e. wire material, gauge and coil geometry[15]. MR technology has 
found its possibilities in the field of high force fluid damping, because of the high yield stress 
of the fluid (Ty ~50- 100 kPa) which is increased significantly the last years. In contrast to 
mechanica! damping, MR damping has the ability to change damping charaderistics within 
a few milliseconds. Also, the possibility to apply simple, silent and fast-response interfaces 
between electronk controllers and mechanica! systems plays an important role. 

1the ER effect is the magnitude of the electric force along the particles when the ftuid is activated by a 
electric field 
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Table 2.1: Initial Settling Rates 

Fluid Initial Settling Rate (%/day) 
MRX-126PD 1.0 
MRX-140ND 0.3 
MRX-242AS 0.2 
MRX-336AG 0 

2.2.2 Magnetorheological Fluids 

MR fluids are dispersions of particles made of a soft magnetic material in a non-magnetic 
carrier medium for example water, silicone oil, mineral oil or glycol. A commonly used MR 
fluid is made of particles of carbonyl iron in silicone oil. MR particles have a typical size of 
0.1 to 10 µm (fig.2.4). 
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Figure 2.4: Left: Particles in LORD MRF-132AD fluid (ESEM (Environmental Scanning Electron Microscope), 
magnification 800x) . Right : Particles forming chains due to the induced magnetic field (ESEM, magnification 
800x)[27]. 

The concentration of particles varies from 0.3-0.5. Higher concentrations are not used often 
because of the higher 'off'-state viscosity 2 . The efficiency of an MR fluid is firstly judged 
through its yield stress, Ty, which measures the strength of the structure formed by the 
application of the field. The yield stress represents the maximum of the stress versus strain, 
since the gel-like structure will break when the stress would have reached this maximum[ll]. 
One of the biggest disadvantages of MR fluids is the problem of sedimentation. Sedimentation 
occurs in the microstructure of the material and plays an important role when a density 
mismatch exists between the carrier liquid and the particles in the fluid. The rheological 
character of the carrier liquid, the surface properties of the particles and the presence of 
additives mainly determine this phenomenon. The mutual relationships between these factors 
are very complicated and therefore it is extremely important to develop methods to optimize 
the performance of the fluid for specific applications. A simple, non-application specific 
comparison of sedimentation has been summarized in table 2.1, which tabulates the initial 
rate of sedimentation as a percentage of total height of a fluid column. In this experiment, 
the fluids were placed in a glass graduated cylinder and left to settle for up to five weeks at 
room temperature (Note that settling results in a particle-free fluid on top of a particle-rich 
suspension, and as settling occurs, the settling rate slows. The initial settling rate is the most 
rapid period of settling[28]). 

2 the base viscosity of the fluid without activation 



18 Chapter 2. The Potential of Field-Dependent Fluids in Crashworthiness Design 

Up to the present, the problem of sedimentation is solved for a great part by additives like 
thixotropie agents and surfactauts such as xantham gum, silica gel, stearates and carboxylic 
acids. These additives are used to improve the stabilization properties of the particles in the 
carrier fluid. Because of these additives, the base viscosity of the carrier fluid will increase 
and in most of the cases the fluid will show non-linear effects. The problem of sedimentation 
is not solved permanently by use of these additives. In most of the cases the fluid will be 
stabie for only one or two years. The use of permanent magnets and also modifications in 
the orientation and geometry of active components ( dimensions of the gap, magnetic coils, 
et cetera.) are of vital importance to achieve longer stabilization periods. MR fluids are 
also abrasive for an important measure. This property is mainly dependent of factors like 
the composition of the fluid itself and the design of specific components. The problem of 
IUT (In Use Thickening) was especially in the early years of the break-through a serious 
problem. This phenomenon leads to a progressive increase of the base viscosity when the 
fluid is subjected to high stresses and shear rates[14]. The origin of this problem is attributed 
to the splitting of the brittie surface layer of the particles. These smaller, secondary particles 
have a great surface-volume ratio, through which even a small number of these particles have 
a great influence on the rheology of the MR fluid[9]. Nowadays, the IUT problem is solved for 
many MR fluids , however each MR fluid exhibits a certain measure of aging. A norm which 
can be used to estimate the expected life time of a MR fluid is as following: 

1 {LIFE 

LDE= V Jo Pdt (2.1) 

with P the total mechanica! energy dissipated per unit volume V over the life of a device. 
Reducing the size of the particles can increase the stability of the fluid. The fact is that the 
rate of sedimentation goes quadratic with the size of the particles. However, reducing the size 
of the particles will also lead to a decrease of the attraction force between the particles. Other 
criteria governing the composition of an MR fluid include the device operating temperature 
range, viscosity at a certain level of shear rate, compatibility with materials and whether 
or not the fluid will be sealed from the atmosphere. Most MR fluids can be used within a 
temperature range of -40 oe to 150 oe. This range is limited by the properties of the carrier 
liquid. The density of the fluid pis around 3-4 gram/cm3 and the base viscosity ." varies from 
0.10 to 1.0 Pa.s (at 25 °C). The required power needed to activate the fluid is dependent of the 
amount of volume that has to be activated to achieve a certain force level. The characteristic 
response time depends on several factors, including the field strength, partiele concentration, 
shear rate (for shearing flows), as well as the materials employed. 

There are MR fluids, so-called Nano Magnetorheological (NMR) fluids or ferrofluids that 
consist of nano-sized particles. These nano-sized particles consist of simple domains. The use 
of NMR fluid has advantages above a conventional MR fluid. Firstly, activation of the fluid 
can be achieved by a much lower magnetic field strength. And secondly, the problem of sedi
mentation hardly plays a role anymore, because of the negligible density mismatch between 
the carrier liquid and the part i des. However, the use of smaller particles willlead to a decrease 
of the response time because of the lower attraction force between the particles. That's why 
NMR fluids are not widely used in for example high force damping systems. Besides that, it 
is quite difficult to change significantly the viscosity of NMR fluids. For colloidal magnetic 
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particles holds that the thermadynamie force scales as kT/ a. In the di po lar approximation 
the ratio of the magnetic to the thermadynamie force is given by 

). = 471' J.LoJ.L fa3 H2 
8kT 

(2.2) 

with H the average magnetic field, J.Lo the permeability of vacuum (41T'e- 7 T-m/A), /Lf the 
permeability of the fiuid , a the partiele diameter, k Boltzmann's constant and T the temper
ature. For particles of diameter 1 J.Lm and T=300 K we have ). =1 for H =1.6 Oe. It means 
that for usual magnetic fields the magnetic forces dominate the Brownian forces. 

2.2.3 The Potential of MR Fluids 

A literary survey is done on the possibilities of a semi-active system based on the working 
principle of MR and ER fiuids[17]. In this report , the potential of these two fiuids has been 
demonstrated by use of a test to hold up a list of requirements. A comparison was made 
between the two fiuids and from this comparison it became clear that, for use in a crushable 
zone, MR fiuids were the most suitable. This condusion wasbasedon the following arguments: 

• Yield Strength Ty: The highest level of energy-absorption can be reached with MR fiuids; 
the yield stress is a factor ten higher than that of ER fiuids. In app.A the properties of 
two fiuids are compared with each other; 

• Activation Time: The activation time of MR fiuids (~10 ms) is fast enough when it 
is used in combination with a pre-crash sensing system. But one has to account for 
the fact that a few factors, including the dimensions of the geometry, infiuences the 
activation time of the fiuid; 

• Sensitivity: MR fiuids are insensitive for contaminants and impurities. The problem of 
sedimentation is mainly solved by use of additives[42]. This makes an application with 
MR fiuids more reliable and durable; 

• Fail-Safe Operation: The combination with permanent magnets makes the MR system 
more reliable and less sensitive for sedimentation; 

• Power Requirements: ER and MR fiuid devices have similar power requirements of 
approximately 50 Watt (ER fiuids 2000-5000 Volt with 1~1-10 mAmp and MR fiuids 
12-24 Volt with 1~1-2 Amp). MR devicescan be directly run on common !ow-voltage 
power sources. 

• Device Size : MR fiuids are much more effective than ER fiuids. In addition to this, one 
has to account for the peripheral equipment necessary to activate the fiuid . 
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Figure 2.5: ER fluids have a response time faster than a few milliseconds [4] . 

This last argument will he nuther explained by an example where the relative effectiveness 
of the two fiuids is compared. To get an impression of the amount of fiuid V necessary to 
obtain a certain dynamic range D (=Fe/FTJ (see also eq. 3.6)), an equation can he used for 
direct shear devices[15]: 

(2.3) 

with TJ the base viscosity and Ty the yield stress of the fiuid, v the speed of shearing, Fe the 
controllable force and FTJ the viscous force . For a given dynamic range D, controllable force 
Fe and speed v, the minimum active fiuid volume V depends on the ratio of viscosity TJ to 
yield stress T;. A comparison of the relative effectiveness of ER and MR fiuids can he ob
tained by consiclering the relative active fiuid volumes necessary to achieve comparable device 
performance, i.e. the same control ratio, force and speed: 

(2.4) 

Figure 2.6: Direct Shear Mode[15] 
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This equation is further simplified to 

(2.5) 

where the assumption is made that the base viscosities of MR and ER fiuids are roughly 
comparable. With TER~3-5 kPa and TMR~50-100 kPa, the ratio of VER/VMR becomes about 
100-1000. This points out that because of their very large yield strengths, MR fl.uid devices 
may be substantially smaller than ER fiuid devices capable of similar performance. 

2.3 Automotive Crash Energy Absorber 

Further, the possibilities of MR application in a crushable zone have been discussed. Three 
concepts were considered, where two of them were basedon a cylinder with piston combined 
with pressure controlled valves respectively disk shaped valves. The last application consisted 
of 'smart' dampers (fig.2.7). A comparison between these concepts was made with the use of 
basic design calculations. The dynamic range was calculated for each concept and compared 
with the theoretica! range that was needed for optimal crash behaviour. The infl.uence on 
the dynamic range was analysed by means of parameter variation, so it became clear which 
parameters were important in the search for an optimal design. The reader is referred to the 
following literature survey[17], to read more about the theory behind the concept of smart 
dampers. 

The development of the mean forces belonging to the optimal deceleration curves are calcu
lated easily by use of: 

"'F- = d
2
x(t) 

L... m dt2 (2.6) 

with m the mass of the vehicle. For each phase and crash velocity, the optimal mean forces 
are calculated and illustrated in table 2.2. The mass of the vehicle is assumed to be 1100 kg. 

Table 2 2· Mean Crash Forces .. 
Crash Initiation Phase Airbag Deployment Phase Occupant Contact Phase 

32 km/u 
g-level 9g 9g 
Force 99 kN 99 kN 

56 km/u 
g-level 32 g 9g 23 g 
Force 352 kN 99 kN 253 kN 

64 km/u 
g-level 45 g 9g 23 g 
Force 495 kN 99 kN 253 kN 

From table 2.2 follows that the dynamic range D equals 5 (Fe/ Fry=495 kN/99 kN, eq. 3.6) 
at a crash velocity of 64 km/u. 
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The comparison between the three concepts was executed in the same manner as was done 
for the comparison between ER and MR fluids. The samelist of requirements was used and 
from the comparison appeared the high potential of the application with 'smart' dampers. 
This condusion was based on the following arguments: 

• Dynamic Range: The concept of smart dampers reaches the highest dynamic range in 
contrast to the other two concepts; 

• Geometry: The electromagnetic circuit is located inside the piston and the amount 
of fluid necessary to create the force levels is limited. Such advantages are important 
consiclering the limited built-inspace of the vehicles nowadays; 

• Active pole length: The active pole length is relatively small, so the concept will be 
more compact than the other two designs. The activated fluid area is large in relation 
with the pole length, because the gap is located between cylinder and piston. 

Piston Cylinder 

Before the crash 
Magnetic Field 

Magnetic Circuit 

During the crash 

Figure 2.7: Concept of 'smart' darnpers[17] . 

2.4 Critica! Comments on MR Fluid Behaviour 

This section describes the critical comments which can be made on the behaviour of the 
fluid inside the concept of smart dampers. Often the Bingham model is used to describe 
the relation between shear stress T and shear ra te 'Y. The model prediets a constant plastic 
viscosity for all shear rates, but this assumption can be inaccurate at high shear rates[18]. 
Serious errors in force level can occur due to the inaccuracy of the plastic viscosity using the 
Bingham model. The same goes for the influence of high temperatures and high shear rates 
on the response time and MR response of the fluid. 
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Bingham model 
The design calculations used in the preceding literary survey to calculate the force levels and 
dynamic range were derived from the Bingham model[28, 25]. The relationship between shear 
stress T and shear rate :Y was assumed to be linear. Here, critical comments can be given 
in relation with MR applications. It's well known that all MR fluids show shear-thinning 
behaviour, defined as the decrease of viscosity 7J with increase in shear rate :y, which is caused 
by the properties of the carrier fluid[15, 25, 18]. Also the shear thickening behaviour of 
concentrated suspensions, defined as the increase of viscosity 7J with increase in shear rate :y, 
is a phenomenon which can nat be excluded[9, 36]. The speed of flow in the gap Vgap, using 
mass conservation, equals 

V 
_ Qpiston _ VpistonApiston 

gap- -
Agap Agap 

(2.7) 

consiclering a full frontal callision between two vehicles having a initial velocity of 64 km/h 
with Qpiston the flow rate and Agap the area of the flow gap. Vgap will be approximately 
90 m/s. The gap size H and piston diameter Dp are respectively 9.9 mm and 15.6 mm. 
Because of the small ratio between the flow gap and the diameter of the damper piston, the 
assumption is made that the axisymmetric flow found in the damper can be approximated as 
a flow through a parallel duet. The shear rate in slit geometry is given by[36] : 

. 6Q 
1 = WH2 

(2.8) 

with W = 21r(Rpiston + Jf) and Rpiston the piston radius. The maximum shear rate :Y will be 
approximately 0.5*105 1/sec. Because there is less known about the properties of MR fluids 
at such high shear rates, it is necessary to perfarm research on this subject. Response time 
The response time of the fluid is defined as the time needed to change the rheology of the 
fluid to a near solid state (fig.2.8). The MR effect is the magnitude of the magnetic force 
along the particles when the fluid is activated by a magnetic field. The response time of a 
MR fluid, for example the LORD MRF-132AD, is according to the technica! information of 
LORD Corporation approximately 10 ms (App.C). From literature follows that this value is 
mainly determined by the rising time f::J.tEM of the electromagnetic circuit. 

H H 

r r 

r r 

Response Time 

Figure 2.8: Illustration of the structural change in an MR fluid. 
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Suppose the following situation where particles, having a specific velocity Vpartide, will flow 
inside the flow gap. When activation takes place, they will orientate along the field lines of 
the magnetic field. The mass of the particles is very small and so will be the inertia, which 
is dependent on both the mass and velocity of the particles. Because of the fact that the 
inertia is very low in contrast to the value of the magnetic field strength H means that the 
activation time of the fluid mainly will be determined by the latter. However, literary does 
not give a clear answer about this, especially at high shear rates this subject is uncertain. The 
proportion between inertia and magnetic field strength H determines whether or not there 
will be an influence of flow rate on the MR effect. In principle, two situations are possible: 

• At a critica! velocity, Vcritical, a certain amount of particles will overshoot. The velocity 
of a partiele is too high to get influenced by the magnetic field and the concentration 
particles inside the activation slit is reduced. This will lead to a lower pressure drop 
!lP across the channel. (see also section 3.2) 

• The inertia of the particles is negligible small with regard to the magnetic field strength 
H. There will be no influence of the flow rateon the MR effect and the pressure drop 
!lP will be constant. 

Infiuence of Temperature 
The crushable zones which are applied in the front structure of vehicles nowadays, are designed 
to absorb the main part of energy by deformation. This in contrast to the concept of dampers 
where much more energy is transformed in heat. The principle of energy-absorption is based 
on the shear of fluid layers and the origin of friction forces on the walls. Because of this, 
local temperature gradients will arise inside the gap, which willlead to a rise in temperature 
of the suspension. The minimal heat transfer of closed systems, such as dampers, reinforees 
this effect. App.C shows the fluid behaviour of the LORD MRF-132AD which is reasonably 
stabie within a braad range of temperature (-40 °C-130 °C). The properties of the carrier 
fluid are strongly dependent on the temperature and a rise in temperature will affect the base 
viscosity of the total suspension. From the research of Barnes about the shear thickening 
behaviour in suspensions foliowed that the effect of shear thickening can be delayed by a rise 
in fluid temperature[9, 36]. Heating can also effect partiele swelling, thus affecting partiele 
size and phase volume. The effect of partiele swelling will increase the magnitude of the MR 
effect, because of the larger diameter of the particles. The effect of Brownian motion is also 
strongly dependent on temperature. A stronger effect of Brownian motion will influence the 
sedimentation rate of the fluid. 
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2.5 Condusion 

Compatibility plays an important role in the field of vehicle safety. The compatibility of a 
vehicle is understood as a combination of self- and partner proteetion in such a way that 
optimum overall safety is achieved. A part of this research on compatibility is focused on the 
development of more intelligent crushable zones which must have the ability to optimize the 
deceleration levels of the passengers for each crash velocity and configuration. The combi
nation with 'advanced' materials, such as field dependent fiuids, could be a salution in the 
search for an advanced crushable zone. 

From a feasibility study on the application of field dependent fiuids in an advanced crushable 
zone appeared the potential of the concept of 'smart' dampers with MR fiuid. Systems based 
on MR technology have a high dynamic range, are efficient, durable and reliable, especially 
when they are applied in combination with permanent magnets. The concept with 'smart' 
dampers is, in theory, able to obtain the optima! forces belonging to a frontal crash at a 
crash velocity of 64 km/h. Further, the system is compact and light, because of the location 
of the electramagnet ie circuit inside the piston. However, toa less is known a bout the fiuid 
behaviour, especially looking at the infiuence of high shear rates and temperatures on the 
response time of MR fiuids. Specific measurements are necessary to make concise statements 
on the potential of these fiuids. To study the behaviour of the fiuid on the discussion points 
mentioned above, a test apparatus with fast data acquisition is necessary to measure the 
response time with a variation in shear rate and temperature. 
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Chapter 3 

Detailed Literature Survey 

In this chapter, a more detailed literature overview is given about the working principle, 
material composition and magnetic properties of MR fluids. In previous research several 
experiments, which have been used to characterize the fiuid behaviour for different partiele 
concentrations and magnetic field strengths, have been reported numerous times. An overview 
of these experimental methods and measurements are reported in the following sections. 
Attention is also given to fluid models, which are used to characterize the fluid behaviour in 
several flow modes. 

3.1 The Mechanism of MR fluids 

The magnetic particles consist of a great part of subdomains. All of the subdomains have 
dipole moments, which are very weak due to the random orientation of the particles. Orien
tation of the particles can be achieved by the application of a magnetic field and the resulting 
magnetic force along the particles becomes stronger. Formation of real chains of particles will 
arise when the magnetic force becomes bigger than the thermal energy of the system. When 
the magnetic field density further increases, the formation of column-like structures arises, 
orientated parallel to the applied field. The direction of the magnetic field determines the 
situation of attraction or repulsion. These structures impede the motion of the fluid and the 
resulting viscous behaviour is characterized by yield properties. The yield stress Ty and the 
complex modulus G are a fundion of the applied magnetic field[28]. 

27 
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3.2 Magnetic Properties 

The typical fluid behaviour follows from differences in the concentration and the magnetic 
nature of the particles. The MR effect depends strongly on the saturation magnetization ] 8 

of the particles. The total effect of saturation of MR fluids, B 8 , is equal to 

(3.1) 

with <.P the volume fraction particles1 . Iron is often used as material for the particles, however 
the use of this material reinforees the effect of sedimentation in absence of a magnetic field 
due to the relative higher density of the materiaL Optimization of the partiele size is impor
tant in relation with the prevention of sedimentation of the particles. The rheological and 
magnetic properties of several commercial MR fluids have been reported and discussed several 
times. Jolly et al. presented and discussed four MR fluids and represented the behaviour of 
controllable fluids as a Bingham plastic having a variabie yield stress (section 3.5.2)[28]. 
Experiments with MR samples of different iron percentages have been used to illustrate the 
influence of the volume fraction <.P on the saturation effect. As can be seen, the MR fluids 
exhibit linear magnetic properties up to an applied field H of 0.02/ J.Lo Ajm, where J.lo the 
permeability of vacuum. MR fluids begin to exhibit gradual magnetic saturation beyond the 
linear regime. Complete saturation typically occurs at fields beyond 0.04/ J.lo Ajm. This re
lationship also follows from the magnetic induction curves (or B-H curves) of the fluids. 
Little or no hysteresis can be observed in the induction curves. This supermagnetic behaviour 
is a consequence of the magnetically soft properties of the iron used as particulate material 
in these fluids and the mobility of this particulate phase. 
In many experiments, the charaderistics of the electromagnetic device, such as the relation
ship between the flux density B and the current I, are determined by measurements in the 
air gap by use of Hall probe. The measured magnetic flux is assumed to be equal to the flux 
density within the fluid; the difference in flux density B between the air gap and the fluid 
is often assumed to be negligible[48]. For the applied magnetic field Ho inside the MR fluid, 
one has to know the effective permeability of the MR suspension I-lef!• in that: 

(3.2) 

Tang and Conrad solved the B-H curves for MR suspensions with different volume fractions[47]. 
They assumed that the particles form many simple cylindrical aggregates of simple cubic 
lattice with volume packing density <Pc. This assumption made it possible to use Larn's ex
tension of Rayleigh's formula. Tagether with the Frohlich-Kennelly relation, used to describe 
the magnetization process of the iron particles, a set of equations was obtained necessary to 
study the relation between the flow stress Ts and the applied magnet ie field Ho inside the MR 
suspension. Upon dividing the flow stress Ts by the volume fraction of iron particles <.P, all 
six sets of data for the different volume fractions fall onto a single curve (see figure 3.2). 

1for example: MR fluid containing a volume fraction particles of 30% will lead to a saturation level of 
B.=0.3*2.1=0.63 Tesla, with J.=2.1 Tesla the saturation magnetization of the particles. 
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Figure 3.1: Magnetic induction B within MR fluids as a function of applied field H. Inset: Intrinsic induction 
as function of applied field H . Ascending order ofthe plots corresponds to increasing iron volume fraction[28] . 
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Figure 3.2: Left : Calculated B-H curves for the various volume fractions of iron particles. Right: Log-Log 
plot of the normalized flow stress Ts/ii> vs calculated magnetic flux density Ho [47] . 

The log-log plot of the normalized flow stress T 8 /éf> versus the field Ho shows that at low 
fields the flow stress is proportional to HJ , which is consistent with the mean-field theories. 
However, with increase in field, the exponent over the field decreases. The departure from 
the quadratic field dependenee may result from the magnetic saturation of the particles or 
the slippage of the particles along the wall surface. 
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3.3 Influence of Partiele Concentration on the Rheological 
Behaviour of MR Fluids 

The shear stress T - shear strain 1 behaviour of suspensions of carbonyl iron particles in 
silicone oil was investigated by Tang and Conrad[47]. An experimental setup was built to 
measure the stress-strain curves with a magnetic induction Bo up to 0.6 Tesla. The volume 
fraction <I> of iron was varied between 0.05 and 0.30. Furthermore, the influence of the wall 
effect was stuclied by use of Zn-coated mild steel plates with two degrees of surface roughness. 
The influence of the rough shearing plate on the yield stress of the fluid was measured at a 
shear rate "f of 0.042 1/sec. Fig.3.3 shows the experimental apparatus, which consists of an 
electromagnet, a MR cell made of aluminium, a linear slider, a pulley that transfers a tension 
forcetoa INSTRON Model1123 test machine and a gauss meter with a Hall effect probe. 

,, 
ï• 

U Linear Slide ! ! 

Figure 3.3: Schematic of experimental setup[47]. 

From this research the following conclusions were drawn: 

• In the pre-yield region, the behaviour was affected by the initial structure formed by the 
iron particles upon sudden application of the magnetic field. In the post-yield region, 
the flow stress Ts was independent of the initial structure; 

• At low magnetic fields, rough walls transmitted the shear stress T more effectively than 
smooth ones. At high fields the difference in efficiency was negligible; 

• At low average magnetic induction Bo in the air gap, the flow stress Ts was relatively 
independent of iron content. However, as Bo was increased the flow stress Ts increased 
with iron content; 

• At low Bo, the flow stress Ts of the MR fluid decreased slightly at iron contents <I> > 0.2; 
also the lower the iron content, the earlier the MR fluid saturated. 
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Figure 3.4: Top: Shear stress T - shear strain 1 curves of two MR ftuids for increasing magnetic induction Ba 
in the air gap (a): volume fraction <I>= 0.05 (b): volume fraction <I>= 0.30. Bottom: (c): shear stress T vs. 
shear strain 1 curves showing the inftuence of the structure of the particles on the pre-yield region, but no 
effect on the post-yield stress (d) : steady state flow shear stress Ts vs. volume fraction <I> for several magnetic 
inductions Ba in the air gap[47] . 

3.4 Influence of Partiele Size on the Rheological Behaviour of 
MR Fluids 

The rheogram of magnetic suspensions composed either of monodisperse of polydisperse was 
measured for different partiele sizes[34]. The effect of the size of the particles on the yield 
stress, or its dependenee on À (see also section 2.2.2) was experimentally investigated. In order 
to imprave the performance of MR fluids, particles are needed, which can acquire a strong 
polarization in the presence of the field. On one hand, it is better to use small particles since 
Brownian motion will prevent the sedimentation, but on the other hand a stronger Brownian 
motion will also prevent the formation of linear aggregates and destray the gel-like structure 
which produces the onset of yield stress. In section 2.2.2 the balance between thermadynamie 
and electra- or magnetostatic farces is given by equation 2.2. For À > 1 follows that the effect 
of Brownian motion on the yield stress is negligible. 
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Then it is possible to calculate the optimum value for the radius a of the particles for a given 
range of magnetic fields. The yield stress Ts is independent of the radius of the particles. 
The experiments were carried out with two different magnetic suspensions. The first one 
was made of polystyrene particles containing inclusions (60% by weight) of magnetite. These 
particles were spherical but polydisperse with an average size of 0. 7 J.Lm and did not show any 
hysteresis. From this suspension, monodisperse samples were prepared. The sizes obtained 
with a standard deviation less than 10% are 0.5, 0.8, and 1J.Lm. The other sample contained 
silica particles suspended in a ferrofluids. The silica particles are solid glass spheres whose 
diameter was selected with the help of sieves. Two samples were used, one with an average 
diameter of silica particles 45J.Lm and a narrow dispersion (40J.Lm<2a <50J.Lm) and the other 
with a broad range of sizes between 5J.Lm and 50J.Lm. The rheogram was measured with a 
Carrimed viscometer in a plane-plane configuration. The field obtained with two coils in 
Helmholtz configuration was homogeneaus throughout the sample and parallel to the axis 
of rotation of the rheometer. Fig.3.5 shows the rheograms corresponding to three different 
diameters of magnetic particles forasamevolume fraction ~ = 5% and a field Ho=l15.5 Oe. 
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Figure 3.5: Left: Shear stress T vs shear rate i' for a magnetic field H=115 Oe and volume fraction 1>=5%. 
Right: Shear stress T vs shear rate i' for a magnetic field H=lOO Oe. Comparison between monodisperse 
(lJ.Lm) and polydisperse (0.7J.Lm) suspension of magnetic particles at a volume fraction 1>=5%(34]. 

From this figure follows that fora given shear rate /y, the apparent shear stress Tapp increases 
with the diameter of the particles. For values of>. as high as 103 the rheology is still very 
sensitive to the size of the particles. To check the sensitivity to the size of the particles 
another experiment was carried out with two samples with the same volume fraction ~=5%. 
One composed of monodisperse particles of diameter 1J.Lm and the other composed of the 
initially polydisperse samples with an average diameter of 0. 7 J.Lm and a wide size distri bution 
(0.2J.Lm<2a <1J.Lm). The results are shown in fig .3.5. For the same shear rate /y, the shear 
stress T is approximately four times larger for the monodisperse sample (>.=2150) than for 
the polydisperse sample (>.=740). 
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The ratio of four in the shear stress for a ratio of three in the value of À is comparatively 
stronger than a factor of 2 between the sizes of 0.5 and 1. This means that the presence of a 
fraction of small particles can be very efficient to reduce the MR effect (see also section 2.2.2). 
In the second system, the particles are much bigger and the value of À is five or six orders of 
magnitude larger. The curves plotted in figure 3.7 correspond toa volume fraction <l>=20% 
of silica particles in oil based ferrofluids. Very little difference can be noticed between the 
rheograms obtained for monodisperse and polydisperse particles. 
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Figure 3.6: Shear stress r vs shear ra te 'y for a magnetic field H =750 Oe. Comparison between a monodisperse 
(45J1m) and a polydisperse system (average size 25J.Lm)[34]. 

3.5 Fluid Models 

This sectien pays attention to two research areas in the field of MR fluids . Much research 
is performed on structural models[ll, 12], necessary to find analytica] expressions for MR 
fluid behaviour (for example: relations between stressTand strain 1). These expressions are 
compared with experimental data from measurements or results from FEM analysis. However, 
these theories go beyond the scope of the subject of this thesis. A short summary of these 
structural models is discussed in the first part of this section, a great part of the theory can 
be found in app.B. The second part of this section pays attention to models resulting from 
MR measurements[34, 28, 48, 47]. A short description is given about this theory foliowed by 
more detailed models where non-Newtonian phenomena comes up for discussion. 
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3.5.1 Microstructure: Structural Models 

From previous work can be concluded that the yield stress is well predicted by use of standard 
models[12] . Bossis et al. used a standard model for the structure based on a cubic network 
of infinite chains of particles aligned in the direction of the field ( fig .3. 7) . It is obvious that 

Figure 3. 7: Left : Schematic representation of the affine deformation of a chain of spheres. Right: For p < 8 
the field in the gap between two particles is H9 =M. [12] . 

instead of isolated chains more compact aggregates of spheres will exist . Under shear these 
aggregates of spheres will first deform and ultimately break. The validity of this model is only 
guaranteed in the case of strong MR fiuids where the ratio a(= J.Lp/ J.L f) of the permeabilities 
between the particles /Lp and the fiuid J.L f is high. The analytica! expressions developed 
from the standard model (App.B), were compared with an experiment performed on steel 
spheres whose magnetic properties were measured in the bulk materiaL The experiments were 
performed by shearing chains of seven steel spheres (of diameter 1 mm) placed on a ring inside 
a rheometer. Then the radial forces Fr between two spheres has been calculated by using the 
FEM or eq.B.3. The results are shown in fig.4.13 fora field H=14.3 kA/mand an equivalent 
volume fraction of 15%. From the figure can be concluded that the analytica! salution gives 
the right behavior even if the predicted yield stress is higher than the experimental one. 
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Figure 3.8: Stress O"- strain 1 for chains of steel spheres and H=14.3 kA/m[12]. 
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Lemaire, Meunier and Bossis also used an structural model (fig.3.9), consisting of a cubic 
array of chains of spheres, to investigate the Brownian motion effect on the strength of the 
aggregates formed by the field[34]. The spheres are touching each other in the direction of the 

I 
field, the distance between the dosest chains in the perpendicular plane is d = a(27r j3<P) 2, 

with a the partiele radius and <P the volume fraction. 

"1 

Figure 3.9: Schematic representation of the structural model[34]. 

Lemaire et al. obtained the right order of magnitude for the yield stress Ty, compared with 
the experimental ratio, by taking into account the Brownian fluctuations of the positions 
inside the chain. A more accurate model to predict the fluctuations of the distance between 
the particles should take into account both the multipolar nature of the interactions and a 
more realistic (three-dimensional) structure for the aggregates. 

3.5.2 Macrostructure 

The behaviour of controllable fluids is aften represented as a Bingham plastic having a vari
abie yield strength Ty [25 , 28]. The Bingham model deals with the fact that the fluid shows 
viscoelastic behaviour when the yield stress Ty is not exceeded. The shear stress T is given 
by: 

T = Oy ~~ < ie (3.3) 

where G the complex material modulus. When the shear stress T exceeds the yield stress Ty , 

the shear stress is given by: 

T = T sgn(du) + ndu y dy ., dy 
du · 
dy > 'Yc (3.4) 

where H the magnitude of the applied magnetic field , 'Y the shear rate and TJ the field
independent plastic viscosity. The flow properties of the fluid are considered to be Newtonian 
in the presence of a magnetic field and non-Newtonian in absence of the field. The transition 
from elastic to viseaus behaviour is characterized by a critical strain 'Yc and the moment of 
yielding is fully determined by the yield stress. 
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Shear Rate "r 

Figure 3.10: Top: Bingham plastic shear stress r vs shear rate "y Bottom: Parallel plate Bingham plastic shear 
stress and velocity profiles[18]. 

The Bingham plastic model has proved useful in the design and characterization of MR fluid 
based devices. The pressure drop developed in a device based on pressure driven flow mode is 
commonly assumed to result from the sum of a viscous component b..PTJ and a field dependent 
induced yield stress component b..Pr. 
This pressure may be approximated by 

(3.5) 

where L,H and W are the length, gap and width of the flow channel between the fixed poles, 
Q the volumetrie flow rate, 'Tl the base viscosity and Ty is the yield stress. The parameter 
c is a function of the flow velocity and has a value ranging from a minimum value of 2 (for 
b..Pr I b..PTJ less than 1) to a maximum of 3 ( b..Pr I b..PTJ greater than 100) [28]. 

Yang et al. used the Bingham plastic model for the design of a MR fluid damper[25]. Two 
different situations were compared with each other, the Bingham modeHing versus Herschel
Bulkley modelling. The last one was used to account for the shear thinninglshear thickening 
effect. This will be the topic of the next section. Further, the MR fluid flow in annular 
duet was compared with the MR fluid flow in parallel duet. This assumption was made 
because of the smaH ratio between the flow gap (between the piston and cylinder housing) 
and the diameter of the damper piston. From the model eomparison was concluded that the 
simpler paraHel-plate model was accurate enough for practical designs. Basedon this parallel
plate model, simple equations that provide the insight on the impact of various damper 
parameters were given. The controHable force and the dynamie range are the two most 
important parameters in evaluating the overall performance of the MR damper. The total 
damper force can be decomposed into a controHable force Fe due to the controHable yield 
stress and an uncontroHable force Fuc· 
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This force includes a plastic viseaus force Fuc and a friction force F1. The dynamic range is 
defined as the ratio between the controllable force and uncontrollable force and can be written 
as 

(3.6) 

Basedon the parallel-plate Bingham model, Fe and Fuc are given as 

F, = ( wHvo) 12'T]QLAp 
11 1 + 2Q wH3 (3.7) 

roLA ( 12Q'f] ) roLA 
F7 = cTsgn(vo) = 2.07 + 12Q'TJ + 0_4wH

270 
Tsgn(vo) (3.8) 

in which the parameter w is taken to be the mean circumference of the dampers annular flow 
path which equals to 1r(R1 + R2) , H is taken to be the gapsize which equals to R2- R1 (R2 
the radius of the cylinder housing, R1 the radius of the piston), L is the active pole length, 
Ap the piston area, vo the initia! velocity, 1J the base viscosity and c ~ 2.07 + (1+6.47') with 

i= 1~11h~;~o (cis bounded to the interval [2.07,3.07]). The minimum active fluid volume V is 
introduced by use of eq.3.7 and eq.3.8 and 

(3.9) 

will finally lead to: 

(3.10) 

with V = LwH which is the minimum active fluid volume, b..P7 is the pressure drop due to 
the yield stress and k = 1 + wfQo. Note that for most design cases, wHv0 « Q and therefore 
k ~ 1. True MR fluid behaviour exhibits some significant departmes from this simple model. 
The following considerations has to be taken into account: 

• Concentrated suspensions of nonaggregating solid particles, if measured in appropriate 
shear rate range, will always show (reversible) shear thickening [36, 9]. 

• MR fluids exhibit shear thinning behaviour due to the influence of temperature and 
shear rate on the viscosity of the carrier liquid[15, 25, 18]. 
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Figure 3.11: Typical MR damper[18] 

3.5.3 Shear Thinning and Shear Thickening 

The fluid post-yield viscosity is assumed to be a constant in the Bingham model. However, 
most of the MR fluids exhibit the shear thinning effect, wherein the fluid's apparent viscosity 
decreases at high shear rates. The use of the Bingham model at high shear rates will result in 
overprediction of the shear stress. The workof Dimock et al. presented a Bingham hiplastic 
model (see fig.3.12) [18]. The approach assumed a bilinear post-yield viscosity, with a critica! 
shear ra te specifying the region of low strain ra te viscosity 'f}o and the high strain ra te viscosity 
ry1 . The shear stress T can be written in terms of the Bingham hiplastic fluid parameters as 

du · 
dy <Ie (3.11) 

and 

( du) · ( du · ) T = Tysgn dy + 'f]Oie + 7]1 dy - Ie du · 
dy <Ie (3.12) 

The Bingham hiplastic flow consists of three regions, each symmetrie about the gap center 
axis (see fig.3.12). Region 1, the pre-yield region, is identical to the Bingham plastic pre-yield 
plug, where the local shear stress has not yet exceeded the dynamic yield stress (fig.3.10). 
Region 2, the post-yield, low strain rate region, consistsof fluid that has yielded but has not 
reached the critica! strain rate ie or the onset of shear thinning or thickening. Region 3, 
the post-yield, high strain rate region, contains fluid exhibiting shear thinning or thickening 
behavior at high shear strain rates. Dimock et al. derived the velocity profile for Bingham 
hiplastic flow by adjusting the right boundary conditions. In the third region, for example, 
counts that u3(~)=0, the shear stress is given by eq.3.12. 
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Figure 3.12: Ahove: Bingham hiplastic shear stress vs strain rate for shear thinning and shear thickening. 
Below: Bingham hiplastic shear stress and velocity profiles[18]. 

Integration of the shear stress across the region, substitution of r( = y1P) (follows from force 
equilibrium across the gap using Navier Stokes equation) and adjusting the boundary condi
tion gives finally the velocity profile 

(3.13) 

For the derivation of the remaining part of the velocity profile, the reader is referred to [18]. 
The total volume flux Q is also given through integration of the velocity profile across each 
region. By noting that Q = Apvo and that !::l.P=F/Ap for flow damper mode analysis (Ap 
the piston area and !::l.P the pressure drop). Dimock et al. manipulated the equation of 
the volume flux and derived a polynomial expression for applied force F with respect to rod 
velocity vo 

3[ bd3 ] 2[ (bd3ic)( 1)] (bApL
2
). 3( 1) 3] F + F vo + -- 1--= - -- [bt'1Jo- r.) 1--= - r. 

121J1A~L 4Ap 1J 3'1]o y 1J Y 
(3.14) 

with b, d and L the parameters (respectively width, height and length) of the gapsize of the 
damper geometry and fj = 1Jd'1Jo the viscosity ratio. The roots of this polynomial were solved 
numerically. Both plots (fig. 3.13) show the effects of low and high critica! strain rate, ie, as 
well as low and high values of high strain viscosity, '1]1, which correspond to shear thinning 
and shear thickening, respectively. 
The actual nature of shear thickening will depend on the parameters of the suspended phase: 
phase volume, partiele size (distribution), partiele shape, as wellas those of the suspending 
phase (viscosity and the details of deformation) . 
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Figure 3.13: Force vs velocity for varying yield stress Ty , critical shear rate ie , and viscosity ratio 1![18) 

At some critical shear rate, the viscosity begins to decrease, and this leads to a behaviour 
that canthen bedescribed by a power law type relationship (Herschel-Bulkley visco-plasticity 
model) between shear stress T and shear rate "f 

1 
T = [To(H) + Kl"flm]sgn("f) (3.15) 

where men K are fl.uid parameters (note: m, K > 0)[25]. At much higher shear rates the 
viscosity tends to level ofi. Above a critica! value of shear rate ie, the viscosity can begin 
to increase. This shear thickening behaviour has rarely been seen to exist over more than 
one decade of shear rate. In the work of Macosko, a detailed description of shear thickening 
behaviour of concentrated suspensions is discussed[36]. Macosko confi.rms the important 
role of partiele size in concentrated suspensions. Colloidal forces become enormous when the 
particles have a size smaller than 1 11m. Even at low concentrations, viscosity can be increased 
more than an order of magnitude. Adding particles does not only change the size of viscosity, 
it also can introduce all know deviations from Newtonian behaviour. In practical applications, 
shear thickening can be prevented by reducing the partiele size or increasing the maximum 
phase volume by the use of a wider or bimodal partiele size distribution. The phenomenon of 
shear thickening is probably due to the transition from a two- toa three-dimensional spatial 
arrangement of the particles. The flow rearranges the particles into closely packed sheets 
fl.owing over each other with a minimum of viscosity. This arrangement disrupts at a higher 
critica! shear rate, which is dependent on the average partiele size, the continuous phase 
viscosity and the maximum phase volume, and changes into a random 3-D packing. The 
phase volume is strongly dependent on the form of the partiele size distribution and partiele 
asymmetry. 
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3.6 Condusion 

The working mechanism of MR fluids is well understood. Very often the MR fluid behaviour 
is described by the uncomplicated Bingham model. From the theory about the magnetic 
properties of MR fluids follows that the MR effect depends strongly on the volume fraction 
<I> and saturation magnetization J8 of the particles. The rheological behaviour is sensitive for 
partiele concentration and partiele size. High shear flow can cause particles away from the 
activation slit. A lower concentration particles inside the slit will lead to a lower saturation 
level B8 of the fluid. Saturation will also appear as a result of the effect of wall slip. At low 
magnetic fields, the shear stress T is transmitted more effectively by rough walls than smooth 
walls. The influence of the partiele size on the fluid behaviour can be explained by the ratio 
between thermodynamic and magnetostatic forces or the parameter À. The preserree of a 
fraction of small particles (smaller than a few f-Lm) can be very efficient to reduce the MR effect. 
Small particles are more sensitive to Brownian motion and a stronger Brownian motion will 
prevent the formation of linear aggregates and destray the gel-like structure which produces 
the onset of yield stress. True MR fluid behaviour exhibits significant departmes from the 
Bingham model. More accurate fluid models are used to take non-Newtonian phenomena 
into consideration such as the shear thinning and shear thickening effect. The use of the 
Bingham model at high shear rates will result in overprediction of the shear stress. Because 
less is known about the influence of high shear rates and temperatures on the magnitude and 
response time of the MR effect, measurements are necessary to gain insight into the potential 
of MR fluids in crushable zones. 
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Chapter 4 

Specific Design for Activation 

This chapter will discuss the specific measurements needed to investigate the behaviour of 
MR fl.uid on high shear rates and temperatures. Especially the infl.uence of these parameters 
on the magnitude and response time of the MR effect are of interest. First arguments are 
given for the choice of the LORD MRF-132AD, followed by a description of the measure
ments. A comparison is made between measurements with and without activation. All the 
measurements are carried out on the capillary rheometer. The measurements with activation 
requires a specific design of the capillary. Attention is given to the considerations, which are 
made with regard to the choice of material, geometry and construction of the capillary and 
electromagnetic circuit. Thereafter, a description is given of the data acquisition of the test 
apparatus including the control of the electromagnetic circuit and the measurement of the 
pressure with a dynamic piezoelectric pressure transducer. 

4.1 Choice for MR Fluid 

When the MR fl.uid is used in damper systems where high energy absorption is important, 
two fl.uids receive consideration, the LORD MRF-132AD and the LORD MRF-336AG. The 
properties of these fl.uids can be found in respectively app.C and app.D. In this appendix, the 
relation between the yield stress Ty and the magnetic field intensity H and the shear stress T 

against the shear rate "f is given. In consultation with LORD Corporation, the choice is made 
for the MRF-132AD. There is not much difference between the two fl.uids, but the MRF-
132AD is specially made for common use in controllable energy dissipating applications. The 
MRF-336AG is often used in applications where compatibility is required with elastomers. 
The LORD MRF-132AD is a hydrocarbon-based fl.uid and offers the following charaderistics 
(App.C): 

• Fast response time ( <10 ms); 

• High dynamic yield stress (Ty::::; 45 kPa at H=250 kAmp/m); 

• Low 'off'-state viscosity 0.09 (±0.02) Pa.s1 

1calculated for slope between 1 = 800 1/sec and 1 = 500 1/sec at 40°C 

43 
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• Broad operational temperature range ( -40 oe to 130 oe) 

• High resistance to hard settling 

• Easy remixing 

• Non abrasive 

4.2 Setup of the measurements 

The technica! data from Lord eorporation is limited and it does not show the behaviour of 
the fluid at high shear rates. The fluid is only measured within a limited range of shear rate. 
At low shear rates, the shear thinning effect is clearly visible in the data. In this study, the 
measurements are divided into two groups: with and without activation. The test appara
tus used for the measurements is the Rheograph 6000, a capillary rheometer located in the 
'Rheology Laboratorium of M aterials Technology' ( department of Mechanica! Engineering). 
The capillary rheometer is mainly used to measure the viscosity of materials, especially poly
mers, within a broad range of shear rates and temperatures. The choice for this measuring 
apparatus is based on the following points: 

• With the capillary rheometer a broad range in shear rates and temperatures can be 
achieved; 

• The measurements with activation requires a custom-made capillary. The Rheograph 
6000 offers in here the most freedom to design. 

4.2.1 Capillary Rheometer 

The working principle of the capillary rheometer is not very complicated. The rheometer 
consistsof a reservoir with heat transducers to heat the test material to a specific temperature. 
where the test material is located before the experiment takes place. Heat transducers are 
mounted in this reservoir to heat the test material on a specific temperature. During the 
measurement, the test material is pressed through a capillary by use of a piston. A pressure 
transducer measures the pressure just above the capillary (see fig.4.1). The piston diameter 
of the rheometer is 12 mm and the piston velocity can be varied between 0.0001 mm/s and 
40 mmjs. The apparent shear rate in a round hole respectively slit is given by 

. 4Q 
'"'fholeaw = -R3 

7f cap 

. 6Q 
'"'fslitaw = W H2 

(4.1) 

(4.2) 

with Q the flow rate, Rcap the radius of the capillary and W, H respectively the width and 
height of the slit[36]. A difference exists between the shear rate measured, the apparent shear 
rate or Newtonian shear rate at the walland the true shear rate. 
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8 
~~~~~~~~~-14 

1 Test Chamber 
2 Test Barrel (optional unit) 
3 Melt Pressure Transducer (optional unit) 
4 Round Hole Capillary (optional unit) 
5 Capillary Block (optional unit) 
6 Thermocouple Mounting Sleeve (optional unit) 
7 Capillary Nut 
8 Locking Nut 

2 

9 Temperature Transducer PT100 
1 0 Cylinder Bolt 
11 Heater Element, zone 3 (optional unit) 
12 Heater Element, zone 2 (optional unit) 
13 Heater Element, zone 1 (optional unit) 
14 Surface Heater, zone 1 
15 Pressure Hole 

Figure 4.1: Test charnber of the Rheograph 6000. 
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To get the true shear rate, additional data near the point of interest is needed. By means of 
a Rabinowitsch correction, the true shear rate .:Yw can be approximated by use of 

. 1 . [3 1] 
'Y = 4'Yaw + ~ (4.3) 

for Newtonian fiuids counts n=1 and thus .:Yw=.:Yaw [36]. Fora round hole capillary of0.5 mm, 
the maximum shear rate .:Yw is approximately 0.37*106 1/sec. The Reynolds number is given 
by 

·R2 fYY cap 
R ehole = 2"1 ( 4.4) 

with p and 'TJ the density respectively viscosity of the testmaterial[36]. The flow of a typical 
MR fiuid will be laminair at this shear rate (Re~400 [-], with p=3090 kgjm3 and ry=0.09 Pa.s 
(App.C)). 
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For a slit geometry (WxHxL) of 2.5x0.5x20, the maximum shear rate "tw is approximately 
4.3*104 1/sec. The Reynolds number can be approximated by use of 

(4.5) 

with Vstit the speed of flow inside the slit and Dh the hydraulic diameter defined as 'f:".t~ [36]. 
The flow will also be laminair at this maximum shear rate (Reslit ~90 [-]). The appearing 
pressure drop, fl.P cap, through the capillary is a measure for the viscosity of the fluid. The 
shear stress will be 

and the viscosity 

Rcap Pcap 
Taw = ----

2 L 

Taw 
Tfaw =

raw 

(4.6) 

(4.7) 

The pressure measurement takes place just above the capillary, so a correction is needed to 
determine the true shear stress Tw. The total pressure drop through the reservoir and capillary 
is made up of a number of contributions [36] 

Ptot = Pj + Pres("fres) + Pen(Tw, RRres) + Pcap + Pex 
cap 

(4.8) 

with Pe=Pen + Pex and Pcap = t~~ (eq.4.6). Pj, the pressure drop that arises from the 
friction between piston and reservoir wall does not contribute to the pressure measurement. 
This is also the case for the pressure drop through the reservoir, Pr ("t). Besides, Pr hr) is 
negligible at high shear rates and langer dies [36] . MR fluids show Newtonian behaviour when 
not activated, so no extensional flow will occur at the capillary entrance and Pex is negligible. 
The only contribution to the pressure drop, Pen occurs from the transition from the reservoir 
to the capillary. For Newtonian fluids the pressure drop for a sudden contraction is due to 
the kinetic energy change (or fluid inertia) and viseaus rearrangement of the velocity profile 
[36] 

Pen K Kc 
---= H+-
0.5pvcap Re 

(4.9) 

Here the cross-sectional area of the reservoir is assumed to be much larger than the capillary 
area. The most accurate methad for determining Pe( =Pen) is to make a Bagley plot with at 
least two short dies of the same diameter. Than the corrected viscosity is given by 

Tw 
ry=-

Iw 
(4.10) 
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However, one must realize that large deviations can occur in these measurements when the 
following situations comes into effect[36]: 

• Wall slip: through this, serious errors can occur in the shear rate, this is especially 
the case for concentrated suspensions. Because of the impenetrability of the wall, the 
concentration of the particles in the fluid layer nearby the rheometer wall is more dilute 
than in the bulk dispersion. Flirthermore during the flow the shear rate gradient causes 
particles to migrate away from the wall. The fluid layer near the wall will have a much 
lower viscosity and will act as if the bulk fluid were slipping along the wall. It is possible 
to correct for this wall slip by camparing viscosity functions determined by capillaries 
of similar L/ R but different R and than extrapolating to infinite diameter (Mooney 
diagram); 

• Viseaus dissipation: high shear rates and high viscosity may generate heat as aresult 
of viseaus dissipation nearby the capillary wall. This heat will lower the viscosity and 
this will make the fluid more shear thinning. The Nahme number, Na, is the critica! 
parameter for estimating the importance of shear heating in rheometry. This number 
determines how much the temperature rise will affect the viscosity. For capillary flow 
respectively slit flow 

Na= 
{3r'YR2 

(4.11) 
4k 

and 

Na= 
{3h2rw'Yw 

(4.12) 
k 

where k is the thermal conductivity and {3 is the temperature sensitivity of viscosity. 

• Effect of aspect ratio: disadvantage of slit flow is the lower shear rate and stress obtained 
at the si de walls. For B / H < 10 the wall shear stress should he corrected. 

4.2.2 Approach of the Measurements 

The measurements without activation are carried out with a capillary having a diameter of 0.5 
mm and a lengthof 20 mm. The viscosity is measured for three different temperatures (50 oe, 
75oe and 100°C) with a variation in shear rate from 'Ymin=l.8*104 till 'Ymax=3.7*105 . With 
these measurements, the basic behaviour of the fluid is examined and especially the effect 
of shear thinning and shear thickening. The measurement with activation requires a specific 
design of the capillary. An electromagnetic circuit has to he applied into the capillary to 
activate the fluid. With this set of measurements, the influence of shear rate and temperature 
on the response time is examined. Fig. 4.21 shows a schematic representation of this approach. 
The measurements with the custom-made capillary are similar to the measurements without 
activation. The relation between pressure drop and the shear rate is measured at five different 
temperatures (27 oe, 50 oe, 75 oe, 100 oe and 125 oe). The first set of measurements consists 
of pressure measurements at different shear rates where a pulse activates the fluid for a time 
period of 4 seconds. The fluid is activated through nine different activation levels. The 
activation takes place after a fixed time span of 0.5 sec. without activation. The second set 
of measurements is basedon a pulsation of the magnetic induction. 
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i Test Criteria i 

standard equipment ~ specific design capillary 

~~ Capii~'Y Rheomete< IJ 
I Measurement without Activatien I I Maasurement with Activatien 

varietion shear rate 
varlation tempersture 

- shear thinnlng effect 
shear thickening effect 

varietion in shear rate 
varietion in temperature 
varlalion in magnetic induction 
pulsation 

- influence on MR response time 
- influence on the magnitude of the MR effect 

Figure 4.2: Approach of the measurements 

The designprocessof the custom-made capillary consistsof a few phases. Not only the design 
of the capillary is of importance, but also the electromagnetic circuit and the choice of the 
materials. Also the choice of the sort of pressure transducer and the data acquisition of the 
experiment are part of the process. In fig.4.3 the approach of the designprocessis shown. In 
here, the capillary is divided into three parts; the mounting head, the extensional part and 
the activation part. 

lspedfic Design Capillary I 

l I Cal"""' i ---------,1 
I Mounting head I I Extension Part I I Activatien Part I 

I 
I 

Structural I Electromagnetic Circuit I I Meesurement I 
- Dimensions: - Dimensions Circuit - Choice of Pressure Transducer 

- Global Design - Coil and Core - Calibration of Pressure Transducer 
- Flow Channel - Rising Time - Data-Acquisition 
- Pressure Hole - Choice of Matenals - Labview Application: 

- Choice of Materials - Thermal Expansion - Al: Pressure Data 
- Sealings - Verification Magnatie Field - AO: Pulsetion Magnetic Field 

- Choice of Hall-Effect Sensor 
- Calibration of Hall-Effect Sensor 
- Measurements 

Figure 4.3: Design Process of the custom-made capillary 
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4.3 Choice of Slit Geometry 

The slit geometry depends on a few factors. The following points are of importance: 

• range in shear rate; 

• range in temperature; 

• maximum activation level (magnetic energy); 

• technica! feasibility; 

• costs. 

The shear rate in slit geometry is given by eq.4.2. The height of the slit is the parameter that 
yields the most profit in the search for high shear rates. Although, the uncontrollable part 
of the total pressure drop, f:).pTJ is H3 dependent and this part becomes enormous when H is 
taken too small. To maintain a certain level in dynamic range D, much attention must be 
given to the dimensions of the slit. The capillary has to be constructed in such way that it can 
resist the total pressure in the system. The magnetic energy needed to achieve a certain value 
of yield stress is linear dependent of the height of the slit (see also eq.4.21). The dimensions 
of the poles of the circuit also depends on the slit geometry, because these poles are part of 
the flow channel. To prevent for saturation of the magnetic material, a sufficient area of the 
poles is necessary. Therefore, Matlab is used to calculate the dimensions of the slit. Because 
of the fact that the construction of the capillary must fulfil on different severe criteria, much 
attention must be given on the technica! feasibility and the costs of the total capillary. 

4.3.1 Pressure Drop 

The total pressure drop consistsof a few contributions (eq.4.8). The most important factors 
are the viscous pressure drop, f:).PTJ, through the capillary and the controllable pressure drop, 
f:).Pn caused by the MR effect (eq.3.5). The pressure drop attented with the contraction is 
given by (eq.4.9). This leads to the following expression 

(4.13) 

Assuming a slit geometry W xH xL of 2.0x0.5x20 mm, the total pressure drop f:).Ptot at max
imum activation level is approximately 40*105 Pa and the dynamic range D ~s [-] (eq.3.6). 
The flow will be laminair sirree Reslit ~s( <2100) and the maximum shear rate i'szitaw approx
imately 5.4*104 1/sec. 
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4.3.2 Design Electromagnetic Circuit 

List of Requirements 

The requirements of activation, such as the magnitude of the dynamic range and the ac
tivation time of the fiuid, determines in great matter the dimensions and geometry of the 
electromagnetic circuit. The activation time of the fiuid is determined by the rising time 
b..tEM of the circuit. 

Dynamic Range 
The dynamic range D depends on the required activation level of the fiuid, which is the result 
of the magnitude of the magnetic induction B 1 in the fiuid necessary to reach a certain level 
of yield stress Ty. The goal is to activate the fiuid at a maximum level, so a yield stress of 
approximately 44 kPa is achievable (see fig.4.5 and app.C) 

Time Constant Te 

The most important factor in determining the rising time b..tEM of the circuit is the self
inductance L of the coil[25, 10]. The induction of a coil depends on the number of turns n 
and the reluctance Rm. The development of the magnetic flux <l> is opposed by the inductance 
L of the coil. The induced voltage Uind is given by 

(4.14) 

where L = n 2 / Rm. The reluctance is calculated by 

( 4.15) 

with l the wire length, P,o the magnetic permeability of vacuum, /Lr the relative permeability 
and A the cross sectional area of the wire. The time constant of the coil Te is an indication 
of the time delay of the voltage Uind on the current i and is of importance in dynamic 
applications. The current in the coil is determined by (see also fig.4.4) 

(4.16) 

The salution for the current is 
.( ) Uo (1 .Lt) Z t =- - eTe 

Reu 
(4.17) 

with Te=L/ Reu· 

It is desirabie to keep the time constant Te as small as possible. A time constant of ap
proximately 10 to 30 corresponds well with the activation time needed to change the force 
levels during a crash. Another reason is the limitation of the measuring time. To perfarm a 
pulsation of the magnetic induction, a small time constant is necessary. 
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Switch Reu 

t=O 

Power Supply U0 

Coil L 

Figure 4.4: Illustration of an DC electric scheme with coil 

It is possible to keep the inductance L small by choosing a minimum number of turns. How
ever, to maintain the required amp-turns an increase in current has to take place. The power 
loss of the coil 

Plosses = 12 R (4.18) 

will increase quadratically. These losses have influence on the dimensions of the slit, because a 
part of the energy losses will produce heat in the circuit. Another way to keep the inductance 
low, is to use the mutual inductance of smaller coils connected with each other[30]. 

Choice of Material 
The core material should have a low carbon content ( < 0.15%) with a high magnetic perme
ability and saturation. The choice is made for Armco steel (Böhler P900), the specifications 
of this steel can be found in app.E. Armco has a low carbon content with a high mag
netic permeability (J.L=5000 G/Oe). These properties will result in low hysteresis loop during 
activation. 

Dimensions 
On one hand, the total weight of the circuit has to be considered with regard to the con
struction of the capillary, on the other hand a suffi.cient area of the care is necessary to keep 
the magnetic flux intensity low and prevent the magnetic field for saturation. The higher the 
magnetic flux density in the flux conduit, the more amp-turns are needed. 
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Design Process 

Next the typical design process fora magnetic circuit is described[6, 25]: 

• Select operating point (Hf ,B f) in the MR fluid to give desired yield stress Ty 

• Determine the magnetic flux density B f in the MR fluid 

A maximum yield stress of 45 kPa results in a magnetic field intensity Hf of 275 kAmp/ m 
(fig.4.5). The required magnetic flux density B fis determined from the specific magnetization 
curve of the LORD MRF-132AD (fig.4.6). This curve illustrates the relation between the 
magnetic induction B and the magnetic field intensity H. 

50 .-------.-------.-------,-------,-------,-------, 

I 
o data Lord Corporation I 

45 . - polyfrt 4th order . 

2.5 

Magnetic Field lntensity H in (Ahn) 

Figure 4.5: Yield stress Ty vs magnetic field intensity H [8] 

3 

x 105 

According to this curve, the magnetic flux intensity of 275 kAmp/ mis achieved by a magnetic 
induction B f of approximately 0.95 Tesla. 

• Use principal of continuity of magnetic induction flux to determine flux density B s 
throughout flux conduit 

The total magnetic induction flux is given by if>=BJAJ, where AJ=(W + Jf)(L + Jf) the 
effective pool area including Eringing of the magnetic flux. The magnetic flux in steel B s 
follows from the principal of continuity of magnetic induction flux 

if> f = if> steel l = if> steel2 = if> steel3 = if> steeln= .. (4.19) 
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resulting in 

( 4.20) 

• Determine the magnetic field intensity H 8 in the steel (fig.4.6) 

• U se Kirchoff's law for magnetic circuits todetermine necessary amp-turns (NI) 

' -'r===========::;-r---~-~-j 
o data Lord Corporation I 
- polyfit 401 order . 

~ 

l 
.5 0.~ 

m 
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~ 
::J 
"0 
.5 
.11 

~.$ a; 
c: 

"' ~ 
-1 

;----:-----:-- -:-----:--__.__j .... -1 6 

Magnetic Field lntensity H in [Alm] 
x 101 

u!-==-;=:=::===-:;--~·-o-r----,---~ 
0 data Böhler 

,. - polyfit401 order 

1 

I 
j 

~~~~~J 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Magnetic Field lntensity H in [Alm] 

Figure 4.6: Left: Magnetisation curve LORD MRF-132AD [8]. Right : Magnetisation curve Böhler P900 
(App.E). 

( 4.21) 

with H gap the height of the air gap and li the lengthof part i of the steel core. The geometry 
of the electramagnet of fig .(4.7) is used for the calculation of the necessary amp-turns. The 
electramagnet is divided into four parts, the gap, core 81 , core 82 and core 83. The required 
magnetic flux density inside the fiuid layer (H,=275 kAmp/ m) is very large in contrast to the 
other parts of the circuit. This is also the case for the poles of the magnet, because the cross 
sectional area A sl is small. With these specifications, the amount of necessary amp-turns N I 
becomes 165 A.turns. Finally, the coil is wounded with 230 turns having a cross sectional 
wire diameter of 1.2 mm. Thereby, the non-linear properties of fiuid and steel are considered 
including possible losses at junctions and boundaries. The resistance of the coil is given by 

( 4.22) 

with W8 and H 8 the width respectively height of the coil , n t he amount of turns, Rd the 
cross sectional radius of the capper wire and rk the resistivity of capper (17.8*10- 90.m). The 
powerlossof the coil is given by eq.(4.18) , with Imax ~1.5 A, Ptosses ~1.5 Watt. These losses 
are so small that they eau be neglected. The rising time of the circuit for two different coils is 
shown in fig.4.8. The time constant Te is approximately 8*10-3 [-] for the coil with 230 turns. 
The current reaches its maximum value after a time span of 25-30 ms. 
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Magnetic Flux Path 
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F igure 4. 7: Design of t he electromagnetic circui t. 

Magnetic Circuit Measurements 

Two different measurements are performed to verify the magnetic induction of the electro
magnet . T he experiment is divided into: 

• Measurement of the magnetic induction B with a variation in current I (B-I curve); 

• Measurement of the magnetic induction B between the poles for three different values 
of the current I ; 

Calibration of the Hall Probe 
A Hall probe of Siemens (SV210) is used to measure the magnetic induction inside t he gap. 
T he working principle of a Hallprobe is based on the the Hall effect which is the appearance of 
a t ransverse voltage difference on a conductor carrying a current perpendicular to a magnetic 
field. The specifications of this probe can be found in app.F. T he input channel of the 
sensor was connected to a HP power supply which provided a current of 0.5 A. T he output 
of t he sensor was connected to a digital mult imeter. T he presence of magnetic induction will 
result in a voltage difference across the output of the sensor. T hree permanent calibration 
magnets of 0.02, 0.1 and 0.5 Tesla have been used to characterize t he sensor (shown in fig.4.9 
as measuring points) . 
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Figure 4.9: Left: Calibration curve Hall probe (gray line ( dotted) between the blue and red line ( dashed) is 
the calibration curve corrected for offset). Right : Calibration curve extrapolated. 

The calibration curve consists of two measurements to correct for the offset of the sensor. 
The first set has been dorre at a magnet ie field starting from pole A and en ding at pole B, 
the other set started from pole B and ended at pole A. The curve between the two measured 
ones is the curve corrected for offset. The corrected curve is extrapolated to 1 Tesla to verify 
the measurements of the electramagnet (see fig.4.9). 
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M easurement of the B - I curve 
To give answer to the question whether the electramagnet will provide the required magnetic 
induction, measurements are necessary for different values of the current . The copper resis
tance of the coil is approximately equal to 1 n (eq.4.22), so the current increases linearly with 
the applied voltage. The variation in current has been performed by a Delta supply. T he Hall 
probe was located in the middle and between the two poles. The reason to do this is that the 
magnetic field does not show any fringing effects at this posit ion, also the homogeneity of the 
magnetic field is better in contrast to t he edges of the poles. 

• Measurements I t 
·- F~ 4" order 
• Measurements I I 

••• Fit 5"' order 

.... ~-+-o.5c----~--:":,.sc----~--:":2.5:---!--7'3.5"--~--"',5 

Current I in [A) 

Poles W=2.5 mm 1* 1 
12 

~ 
"' ~ 
-= 0.8 
CD 

Current I in [A) 

F igure 4.10: Left : Characteristics electramagnet with a pole width of W=2 mm. Right : Characteristics 
electramagnet with pole width W=2 mm, W=2.5 mm and W =3.0 mm. 

From the results of the measurements of the electramagnet with pole width W= 2.0 mm, can 
be concluded that saturation of the core material occurs at a current of approximately 0.5 A 
(fig.4.10 (at the left)) . The required magnetic flux of 0.9 Tesla is achieved at a current of 4. 5 
A. To prevent for saturation, the width of the poles is enlarged to 3 mm. The results of all 
t he measurements are given in fig.4. 10 (at the right). No saturation appears unt il the current 
reaches the value of 1.4 A, the magnetic induction has then the value of 0.95 Tesla. The 
results of the measurements corresponds with the design calculations made for t he electro
magnet. However, this adjustment in pole width W influences the range of shear rate. New 
measurements were performed with a pole width of 2.5 mm. The results of the electramagnet 
with a pole width W=2.5 mm is somewhat better t han the results of a width of 3.0 mm. T his 
can be explained with the following arguments: 

• The gapsize H has been adjusted each t ime a new measurement was performed. Some 
inaccuracy can be expected in this procedure; 

• T he difference in torque on the bolts, which are used to mount the parts of the elecro
magnetic conduit together , can cause differences in magnetic induction (resist ance of 
the electromagnetic flux path); 

• Sensit ivity of the Hall probe. Fluctuations in temperature and current have influence 
on the measurements. 
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The adjustment in pole width influences the necessary amp-turns. A new calculation with 
Matlab resulted in the same amp-turns of the coil, 165 amp-turns. This is not a surprise, 
because the magnitude of the magnetic flux intensity inside the fluid layer (HJ=275 kAmp/ m) 
is very high in relation to the flux intensities in the other parts of the circuit . 

Homogeneity of the Magnetic lnduction 

It is important to know how far homogeneity of the magnetic field is reached in the air gap 
of the poles. A non-homogeneaus magnetic field could lead to lower values of the pressure 
drop inside the activation part of t he electromagnet . The most critical points are the sharp 
boundaries of the poles, because at t hese edges there is a high risk of fringing of the field. 
This will result in lower flux densities. The homogeneity of the magnetic field is measured 
with the Hall probe mounted on a xyz-table of a milling machine. The probe was therefore 
glued at a small plastic rod and than clammed cautiously into the head of the machine. With 
the use of the accurate position possibilities of the table, it was possible to move the sensor 
accurately t hrough the air gap. The air gap was adjusted on 0.55 mm, because the risk of 
probe damage was too high. This adj ustment caused a lit t le difference in magnetic induction 
in contrast to the measurements described before. The magnetic induction was measured for 
t hree values of the current (0.5 A, 1.0 A and 1.5 A) (see fig.4.11). 
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Figure 4.11: Homogeneity of the magnetic field intensity. Top: Magnitude of the magnetic induction in 
x-direction for different values in z-direction. Below: Relation of the magnetic induction in z-direction for 
different values in x-direction 
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From these results eau be concluded that the homogeneity of the magnetic induction is quite 
well. At a current of 0.5 A, the field is quite homogeneous. The homogeneity becomes lesser 
for larger currents at z-values nearby the poles. A variation in magnetic induction of 0.1 Tesla 
eau be noticed for a current of 1.5 A. Surprising is that for all three cases, the maximum of 
magnetic induction eau be found at a x-position of 20 mm and the minimum at x=O mm. 
Further, the results of the secoud set of measurements scale well with -].x . This result cone
spouds with the theory of ideal point sources, where the intensity of the souree scales with 
:1. This is not the case for the magnetic induction in x-values of -4, 0 and 24, because these z 
points are located outside the pole area. Finally, the electramagnet is designed and fabricated 
according to the geometry and dimensions shown in fig.4.12. 

Gapsize (wxhxl) 2.5x0.5x20 [mm] 

4x M3 bolts 

TRIMETRIC VIEW 

EXPLODED VIEW 
4x M4 bolts 

Coil (230 turns) 

Figure 4.12: 3D view of the electromagnet with final dimensions. 
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4.4 Capillary 

4.4.1 Mounting Head 

In the standard contiguration of the Rheograph 6000, the capillary is mounted with four 
M12 (12.9) balts. The transit ion from test barrel (d.12 mm) to the capillary is performed 
with straight corners. The new design of the capillary is combined with an extension part 
mounted on the head of the capillary. The function of this part is to create space for the 
electromagnetic circuit. The two thermocouples located in the standard capillary of the 
rheometer are nat used. In fig.4.13 the standard contiguration and the new contiguration are 
shown. A photorealistic 3D view of the mounting part is shown in fig.4.14. App.G consistsof 

2 

STANDARD 

1 Round Hole Capillary 
2 Capillary Nut 

3 

MODIFIED 

3 Mounting Head 

Figure 4.13: Left: Standard configuration. Right: New configuration . 

complete 2D drawings including dimensions and different views. All the partsof the capillary 
are made of stainless steel, including all the balts and center pens. The choice for this material 
is based on the fact that this material has less influence on the magnetic field because of its 
low relative permeability llr· Bath sicles of the mounting head are sealed with a Vitona-ring 
(21x16x2). These rings are compatible with MR fluid and they can resist high temperatures 
and pressures up to 200*105 Pa. 
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Figure 4.14: Photorealistie isometrie 3D view of mounting head 

4.4.2 Extension Part 

The extension part consists of two sections. The first part contains the transition from 
reservoir channel to slit geometry (WxH) 2.5x0.5 mm. With use of an electric discharge 
machine, the transition is made conical. The second part is a single cylindrical piece wherein 
the pressure cell is mounted. The working principle of these pressure cells is based on the 
piezoelectric effect and they have the advantage of high sensitivity in combination with high 
natural frequencies. These desirable qualities permit wide ranges of working pressures and 
excellent frequency responses[3]. The teehuical specifications of the pressure cell can be found 
in app.H. The choice for this transition is basedon the results of the measurements performed 
without activation. From these results, it became clear that the effect of separation appeared 
at higher shear rates ('Y ~ 0.7.105 1/sec) with the result that sametimes the capillary was 
obstructed. In chapter 5 more attention is given to this topic. 

Figure 4.15: Left: Photorealistie isometrie 3D view of the extension part . Right: Photorealistic isometrie 3D 
view of the part in which the pressure eell is mounted. 

The upper section of the extension part is shown in fig.4.15 (left). In App.G the complete 
teehuical drawings can be found . In the second part , the piezoelectric pressure cellis mounted 
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(fig.4.15 (right)) . T his part is mounted between the extension and activation part with three 
M4 bolts. With use of two centre pens, the flow channel is accurately posit ioned in line with 
t he slit in the activation part. T he sealings are performed with Viton o-rings. T he pressure 
hole, which connects the slit with the membrane of the pressure cell , is kept as short as 
possible because t hese conneetion t ubes introduces losses and phase lags between real and 
measured pressure[10]. 

4.4.3 Activation Part 

T he two poles of the electramagnet are 'glued' into t he activation part by use of Loctite. 
T he slit is formed by these two poles and the cylindrical part . T he use of Loctite ensures 
sufficient sealing up to a pressure of 200 bar and temperatures t ill 150 °C. To support the 
electromagnet, a construction is made which can be mounted on the activation part . T he 
activation part is shown in fig .4.16. In app.G a complete drawing of t his part can be found . 

F igure 4.16: P hotorealistic isometrie 3D view of activation part. 

4.4.4 Assemblies 

T he total design of the custom-made capillary is shown in fig.4.17, an exploded view is 
illustrated in fig.4. 18. All t he mounting parts are shown including the construction to support 
t he electramagnet (no. 8). Further , four o-rings are used to prevent for leaking. 
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Figure 4.17: Photorealistic isometrie 3D view of capillary. 

7 ----

12 -----------------~ 
13 ------------------

15---------

16 ----------

1 Mounting Head 
2 Extension Part 
3 Sensor Mounting Part 
4 Activation Part 
5 Coil 
6 Core 
7 Pressure Transducer 
8 Support 
9 0-ring (21x16x2.5) 

10 0-ring (21x16x2.5) 
11 0 -ring (10x6x2) 
12 0-ring (10x6x2) 
13 2x Cent re Pen 
14 3x Bolt M4 
15 4x Bolt M12 
16 3x Bolt M4 
17 5x Bolt M4 

Figure 4.18: Exploded view of capillary. 

5 
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4.5 Measurement 

4.5.1 Design for Calibration 

To calibrate the pressure transducer, the capillary is executed with a cylindrical mounting 
part in which a hydraulic connector is mounted. This connector is coupled with a dead-weight 
tester. The bottorn of the capillary is blocked with a small cylindrical part which is sealed 
with an o-ring. The design for calibration is shown in fig. 4.19. The dead-weight tester 
is commonly used as a souree of static pressure for calibration purposes, but is basically a 
pressure-producing and pressure-measuring device. When the applied weights and piston area 
are known, the resulting pressure may be readily calculated[lO]. 

1 Hydraulic Connector 
2 Mounting Part 
3 0-ring (10x6x2) 
4 End Stop 
5 4x Bolt M3 

3 -----
4 -----
5 - ----

Figure 4.19: Left: Capillary design for calibration. Right: Exploded view of capillary. 

The sensorcellis connected with a multimeter to measure the voltage across the output. The 
relation between pressure and output voltage is linear (fig.4.20), this curve is used as input 
calibration curve to process the measurement data from the pressure cell in Labview. 

4.5.2 Data Acquisition 

The pressure cel produces sufficient signal level, but it is accompanied by an unacceptable 
high output impedance level. An electronic amplifier is used to process the analog output 
signal of the pressure cel. The specifications of this amplifier can be found in app.I. A DACS
module is used to read the analog signal from the amplifier. Further, the module is able to 
communicate via a NI-6062 PCMCIA card connected with a laptop. The software of Labview 
is used to program a custom-made application for the pressure measurements. The results 
of the measurements are further processed with Matlab. This part of the data-acquisition is 
indicated in blue in fig. ( 4.20). 
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Figure 4.20: Calibration curve of pressure cell 

Pulsation of the magnetic induction is performed by use of a programmabie power supply 
(Delta Elektronika). It is possible to program the power supply by applying analog values, 
between 0 and 5 Volt , to the analog input port of the device. The proportion between input 
and output values is one toten. The range in analog input values corresponds with a certain 
range in output values. The analog output values are programmed with Labview and the 
power supply is connected with the analog output port of the DACS. For example, writing 
0.13 Volt to the analog output port of the power supply will result in an analog output value 
of 1.3 Volt. The voltage across the coil of the electramagnet is then 1.3 Volt with a current 
of 1.3 A (Reu ;::j 1). A simplified scheme of the control of the electramagnet is indicated in 
red in fig.(4.21). 

4.5.3 Labview Application 

An application in Labview is programmed to read the data from the analog input port of the 
DACS. The analog signal is recorded by discrete sampling with a sample rate of f 8 =2000Hz. 
The influence on the response time is important , so it is necessary to measure differences in 
response time of 2 milliseconds. The highest frequency in the measuring data has a value of 
f = 1/ 6.t resulting in a frequency of fh igh=500 Hz. To prevent for the effect of aliasing, the 
sample frequency has to be at least two times the highest frequency of the signal. To be sure 
all the data is sampled in the correct way, the choice is made for a sample rate of f 8 =2000 
Hz. The panel and diagram of the Labview application is shown in app.J. 
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Pressure Cell 

Amplfier 

Power Supply 
AO 

Elektromagnet 

Figure 4.21: Schematic diagram of the experimental setup 

Two channels are defined here, channel 0 is the analog signal from the amplifier and channel l 
corresponds with the activation pulse of the power source. The buffer size with a value of 2000 
indicates the amount of samples storedinmemory before it is written to the text file. For each 
step in time, numeric values are written to the analog output port. Two different types of 
activation levels are performed, the first set of measurements are executed with a fixed step in 
activation levelduringa time period offour seconds. Fig.4.5.3 (left) shows the magnetization 
curve of the electramagnet with a pole width of 2.5 mm. All the activation levels fall within 
the linear region of the magnetization curve. The second set contains measurements where the 
activation level is changed six times in value (pulsation). The activation levels programmed 
in Labview differ from the real values in magnetic induction B in the slit. This is caused by 
the inductance of the coil L (section 4.3.2) , the magnetic induction B will be delayed in time 
lltEM (see fig.4.5.3). The pulsation of the second set of measurements is shown in fig.4.5.3 
( right) . 
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4.6 Condusion 

The Rheograph 6000 is used to perfarm measurements with the MRF-132AD fiuid at high 
shear rates and temperatures. With this capillary rheometer, it is possible to adopt custom
made capillaries for different purposes. To characterize the rheological behaviour of the MRF-
132AD fiuid, a new capillary is made with an integrated electromagnetic circuit to activate 
the fiuid. Further, a piezoelectric pressure cell is used to measure the response of the fiuid. 
From the results of the measurements of the electromagnet, it can be concluded that the basic 
theory, used to calculate the electromagnet, is suflident to fulfill on the demands of activation. 
A pole width of 2.5 mm resulted in a magnetic induction B of 0.95 Tesla at a current of 1.4 
A. Up to this value of current, the relation between current I and magnetic induction B is 
proportional and the homogeneity of the magnetic induction B is good enough. Magnetic 
saturation of the field appeared at highervalues of the current. As material forthesteel core 
of the electromagnet, Armco steel is used to prevent for remnant magnetism. Without the 
use of an electronic amplifier, which is able to switch very fast in voltage, it is not possible to 
reduce the remnant magnetism to zero. After activation, the fiuid will show a certain amount 
of response as aresult of the remairring magnetic energy in the circuit. For the design of more 
complicated geometries, a FEM analyses is recommended. With these models, it is possible 
to calculate the magnetic field intensity inside the circuit taking into account the infiuence of 
the non-linear magnetic properties of the core material and the effect of boundaries and/or 
edges. To keep the magnetic field intensity H low in the magnetic circuit, it was better 
to construct the end of the poles of the electramagnet tapered. In this way, the effect of 
saturation is limited and the level of saturation is only critica! at the end of the poles where 
the width of the core is decreased to 2.5 mm. Tapered pole geometry would also give better 
results with regard to the homogeneity of the magnetic field intensity. Because of the sealing 
problems with the activation part of the capillary and the high costs, this design was not 
feasible. Another problem was the temperature difference between the fiuid, heated by the 
heater elementsin the test chamber, and the activation part of the capillary. The idea was to 
apply heating mantles around the capillary to heat up the construction to test temperature. 
The heat production caused by the mantles, infiuences the slit geometry in the activation part 
of the capillary. Because the activation part has to be changed radically to compensate for the 
expansion of the poles, high costs are involved to fabricate the capillary. To measure the fiuid 
response, a custom-made application in Labview is programmed. The different activation 
levels are executed with a programmabie power supply which is also controlled by the same 
Labview application. Differences exists between the theoretica! activations programmed by 
Labview and the magnetic induction pulse inside the air gap of the electromagnet. This effect 
is caused by the inductance L of the coil of the electromagnetic circuit and the small delay in 
time caused by the programmabie power supply. A better interpretation of the measurements 
is obtained when the magnetic induction B is continuously measured inside the air gap of the 
electromagnet. However, Hall probes are extremely sensitive and therefore it would not be 
an easy job to integrate such a probe inside the air gap of the magnet without darnaging it 
during the measurements. 
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Chapter 5 

Results 

This chapter deals with the measurements carried out with the custom-made capillary, which 
is discussed in chapter four with great detail. First, the measurements without activation are 
discussed foliowed by the measurements with activation. 

5.1 Measurements without Activation 

The main objective of these measurements is to gain insight into the basis properties of the 
MRF-132AD fluid. Less is known about the development of the shear stress at high shear 
rates and temperatures. From literature follows that MR fluids exhibit the shear thinning 
effect at lower shear rates (i' <1 *103 ) due to the properties of the carrier fluid (see section 
3.5.3 and app.D). Also the effect of shear thickening could play an important role (section 
3.5.3). These effects cannot be underrated, especially when the fluid is going to be used in 
a working area where its behaviour is practically unknown. Before the measurements were 
performed, the fluid is stirred for 15 minutes in conformity with the user manual of LORD 
Corporation. A capillary with a round hole diameter of 0.5 mm is used. It became clear that 
it was not possible to do any measurements at shear rates lower than 1.84*104 1/sec, because 
only fluid drops appeared from the capillary which resulted in erroneous measurements. Each 
specific measurement is carried out three times except for the measurements performed at 
higher piston speeds (>20 mm/s). From each measurement, the mean value of the viscosity is 
taken. The fluid sample is heated up in the test barrel through the heater elements mounted 
in the reservoir wall and capillary block ( see also fig.4.1). The results of the measurements 
are plotted in fig .(5.1) and fig.(5.2). The viscosity 'Tl according totheuser manual of LORD 
Corporation is 0.09 ± 0.02 Pa.s calculated for the slope between 400 1/sec and 800 1/sec (see 
app.C). The viscosity measured at a temperature of 27 °C is about 1 Pa.s (fig.5.1) 

The viscosity measured by LORD Corporation matches nearly the viscosity of the mea
surements performed at higher shear rates with the Rheograph. It is clearly visible that the 
viscosity of the carrier liquid (hydrocarbon-based) is dependent on temperature. This result 
is not a surprise, because every oil (silicone- or hydrocarbon-based) exhibit thinning effects 
with increasing temperature. 

69 
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F igure 5. 1: Apparent viscosity VS appa rent shear rate LORD rv1RF-132AD fluid (Rcap = 0.25mm) 
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Another, more interesting result is that the fiuid exhibit the shear thickening effect after a 
critica! shear rate 1c· The value of the critica! shear rate becomes lower at higher temper
atures, whereas the slope of the curves increases. The temperature has a big infiuence on 
the thickening effect . Heating the sample, can effect partiele swelling and changes the size of 
the particles as well as the phase volume. The effect of Brownian motion also increases with 
temperature. In the study of Barnes, the effect of average partiele size on the shear thickening 
effect is described[9] . In the figure below (fig.5.3), the critica! shear rate 1c as a function of 
average partiele size is plotted. 
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Figure 5.3: Critica! shear rate "re as a function of average partiele size[9] 

In the figure is shown that an increase in partiele size will move shear thickening to much 
lower shear rates. Also the effect of the phase volume is described in this study. The critica! 
shear rate for the onset of shear thickening increases rapidly if the phase volume is much 
less than 50%. If the phase volume is significantly greater than 50%, the critica! shear rate 
decreases significantly. The phase volume particles inside the fiuid , which is 81 per cent 
(app.C) , increases when the suspension is heated as aresult of the effect of partiele swelling. 
A temperature rise of 100 oe ó.T will lead to an increase in phase volume by 0.37%. The 
thermal expansion of a steel sphere is given by ó.V = 3aVo6.T, using a partiele radius a 

of 2.5f.lm and the thermal expansion coefficient of steel a = l.24*1o-5 c-1. From this rough 
estimate, it can be concluded that the effect of partiele swelling does not cause the effect of 
shear thickening. A certain amount of particles was separated from the carrier liquid during 
the measurements. Most of the particles were accumulated in the transition from test barrel 
to capillary. This means that the measurements were performed with a lower concentration 
particles. The maximum packing c/Ym, the partiele phase volume at which suspensions 'jam up' 
due to the continuous three-dimensional contact throughout the suspension, could also explain 
the effect of shear thickening. The maximum packing fraction is very often used to determine 
the infiuence of partiele concentration on the viscosity of concentrated suspensions[36]. 
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The maximum volume fraction will increase at higher temperatures (particle swelling), but 
also the effect of Brownian motion affects the viscosity of the fl.uid. Higher temperatures will 
lead to a stronger Brownian motion of the particles and thus a higher pressure is needed to 
press the particles through the capillary. A stronger Brownian motion will also lead to poorer 
space-filling and hence lower cPm· 

5.2 Measurements with Activation 

5.2.1 Fixed Activation Step 

Two groups of measurements are performed, as already discussed in section 4.5.3. The first 
set of measurements are performed with a fixed step in activation level. After 0.5 sec, the 
fl.uid is activated during a time period of four seconds. In the first period, the pressure drop 
only contains a viscous component I:J.Pry. During the activation pulse, the total pressure drop 
is the sum of the viscous component and the field dependent induced yield stress component. 
The apparent shear rate /app as a function of viscous pressure drop I:J.Pry at five different 
activation levels (ACT02-ACT06) is plotted in each figure. The second set is executed in the 
same manner but now for the MR response, !:J.PT. The choice to measure the pressure drop 
only at five activation levels results from the problem of partiele separation. The steady-state 
value of the MR response, !:J.PT , is plotted in fig.5.2.1 (in blue). In red, the theoretica! valnes 
of the Bingham model are plotted using eq.(3.9) with parameter c ~2 (!:J.PT/ !:J.P"' ~1). 
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Figure 5.4: MR pressure drop as a function of activation level. In red the MR pressure drop calculated by the 
Bingham model, in blue experimental data performed by measurements (temperature 25 °C). 



5.2. Measurements with Activation 73 

4 
x Hf 

iiï Steady - State ~ 
.!;; 3 +""\ I ,r-r-0.. . 
<1 I I ' 2 ~ ! • a. 

------- [ - · 63o/: of steady state value 
• 0 • 0 • • 

~ ' 1 ._! TMR : ' ~ ' "' 
t JI I ' tt I J l I ' t i l I ' I f I 

0.5 1.5 2 2.5 3 3.5 4 4.5 5 

Timet in [sec) 

--· Activaüon Pulse Power Supply 
0.8 --· MR Pressure Drop 

I 0.6 I 
I I 

. !;; • I 

• I 

> 0.4 • I 
I I 

Cl) I I 

"' I I s 0.2 • I 
ë5 I I 

> I I 
I I 

I 
0 
0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 

nmetin[sec) 

Figure 5.5: Determination of the steady state MR pressure drop and the response time of the fluid. Shear rate 
1.08 * 104 [1/ sec], temperature 25 °C and activation level 06. 

After sixth activation levels, corresponding with an magnetic induction B of 0.6 Tesla, the 
MR fluid begins to saturate. No increase in pressure drop can be noticed for higher activation 
levels. This phenomenon is the result of the effect of partiele separation. The concentration 
particles in the fluid is reduced, according to eq.3.1 this effect willlead to a lower saturation 
level of the fluid. The results of the measurements matches quite well with the theoretica! 
values resulting from the Bingham model. The difference between the values can be explained 
by the control parameters of the electromagnet. The coil of the electramagnet is voltage-driven 
and nat current-driven, some inaccuracy exist between the theoretica! values controlled by 
Labview and the value of the magnetic induction B in the slit. The viscous pressure drop 
D.Pry is determined by taking the steady state value of the first part of the measurement. 
Subtrading this value from the total pressure drop results in the MR response, D.P7 • This is 
indicated in fig.(5.2.1). In this figure also the determination of the time constant Tmr of the 
fluid is illustrated. The time constant Tmr is defined as the time required to achieve 63 % of 
the steady state value (see also section 4.3.2 and fig .(4.8) where the sameprocedure is used 
to define the time constant TEM for the EM circuit). The steady statevalues of the viseaus 
pressure drop respectively MR pressure drop for each specific temperature, shear rate and 
activation level are plotted in fig .(5.6) and fig.(5.7). 
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With regard to the results in fig.(5.6), the following points are notable: 

• The viseaus pressure drop increases linearly with the shear rate. This result is in ac
cordance with the basic equations of the Bingham model described in section 3.5.2. 
However, the slope of the curves decreases with increasing temperature. The curves of 
100 oe and 125 oe) are almast flat in contrast to the measurements at lower tempera
tures. 

• The viseaus pressure drop is a measure for the base or 'off'-viscosity of the fluid, this 
is described in section 4.2.1 for a round hole capillary. The thinning behaviour of the 
fluid with increasing temperature is visible in the measurements of fig.5.6; 

• The first respectively last set of measurements, performed at a temperature of 27°e 
and 125 oe, shows a broad range in viseaus pressure drop. This result is eye-catching, 
because in theory the viseaus pressure drop is not dependent of the activation level. 
The measurements performed at temperatures of 50 oe, 75 oe and 100 oe does not 
show variation in viseaus pressure drop at different activation levels. 

• The shear thickening behaviour of the fluid is not visible in the measurements. The 
range in shear rate is not similar and with the slit geometry the maximum value of 
shear ra te is just ( 4.3 * 104 ) and this is not high enough to see the effect of shear 
thickening (fig.(5.2)); 

• From the measurements appears that the viseaus pressure drop is higher for lower 
activation levels (indicated with cross and plus symbol) and lower for higher activation 
levels (square and diamond symbol). 

The following points are summarized for the MR response shown in fig.(5.7): 

• The MR response is insensitive for higher shear flows and temperatures. For each 
activation level a certain fixed value of response is achieved, independent of the shear 
rate in the slit or temperature level of the fluid. 

• The MR response of the 27 oe measurement is somewhat higher than the MR response of 
the measurements at higher temperature levels. The value of the response at minimum 
level of activation is equal for all the temperature levels. Higher activation levels show 
a difference in response of approximately 5 kPa camparing the 27°e measurement with 
the other temperature levels. The effect of saturation is stronger for these temperature 
levels; 

• A small increase in pressure drop appears at higher shear rates. This effect gradually 
decreases at higher temperature levels, for the measurement of 125 oe the effect is not 
visible anymore; 

• The results of the measurements at a temperature level of 27 oe and 125 oe show some 
distartion in response camparing the results of the other temperature levels. This effect 
is clearly visible at higher activation levels. However, one must nat forget that the 
calculation of the MR response is related with the values of the viseaus pressure drop. 
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The last list of observations pays attention to the time response measurements. The following 
points are here of importance: 

• The time constant of the fluid is less sensitive for variation in shear rate and temperature 
level. Although, the time constant is not very constant and it varies within a certain 
range of values; 

• In all the measurements performed, the time constant is a lot smaller for the lowest 
activation level (ACT02). The figure shows a time constant of 40 msec for the mea
surements performed with activation level 02 and approximately 100 msec for higher 
activation levels; 

• The results of the time constant at the lowest value of the shear ra te for all different levels 
of temperature is somewhat erratic. These values, consiclering the different activation 
levels, lay far apart from each other and are higher than the measurements at higher 
shear rates. 

• No relations can be found between the activation level and the value of the time con
stant. Looking at the range in shear rate and temperature, the distribution of the time 
constants is random. 

5.2.2 Pulsation Mode 

The pulsation of the magnetic field consists of six steps, where each step has a time period 
of 0.5 sec (see also fig.(4.5.3). The power supply was not able to switch faster between the 
different activation levels. The course shown in this figure is programmed with Labview, 
necessary to control the power supply. However, the pulsation from the power supply does 
not totally match the pulsation course from Labview. This is clearly visible in fig.5.9, where 
the measurements in pulsation mode are shown. The delay in time between the pulsations 
is caused by the power supply. However, this should not be much of a problem, because the 
difference in total response is of importance. The results of the measurements performed in 
pulsation mode are shown in fig.(5.9). 
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Figure 5.9: Total pressure drop versus t ime for five different temperatures and two different shear rates 
(pulsation mode) 
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From these results, the following points are notable: 

• For each specific activation level and temperature, the value of the total pressure drop 
is equal and independent of the history of activation; 

• The fluid shows thinning behaviour which is dependent on temperature. This was also 
the case for the viseaus pressure drop measurements in fixed step mode. 

• The response time is less sensitive for the activation in pulsation mode. For each 
activation leveland temperature, the slope of the curves are nearly equal toeach other. 

• The difference between the total pressure drop at high shear rate ('Y = 4.34 * 104 1/ sec) 
and low shear rate ('Y = 4.34 d04 1/sec) becomes smaller for higher temperatures. The 
difference in pressure drop at a temperature of 25 oe is approximately 15*105 Pa, for 
the temperature of 125 oe the difference is just 2.5*105 Pa. 

This last point will be further explained by use of table( 5.1). In this table, the tot al pressure 
drop in pulsation mode is compared with the pressure drop in fixed step activation. Only 
the first act ivation step of the pulsation mode is taken into consideration. The mean values 
are calculated in the same way as was done for the fixed step activation described in section 
5.2.1. The difference in pressure drop between low and high shear rate measurement cannot 
be explained by the thinning effect of temperature, because the effect is noticeable on the 
general performance of the fluid. In that case, the difference between low and high shear rate 
measurement should be constant. Looking at the differences between the viseaus pressure 
drop for different temperatures, then the pressure drop decreases more in level for the higher 
shear rate. The decrease in viseaus pressure drop can be explained by a combination of two 
effects: 

• The wall effect (section 4.2.1): this term covers the phenomena which leadtoa reduction 
in concentration of a suspension nearby the solid wall of the flow channel. This effect 
arises from the geometrie impossibility of arranging particles near a wall in the same 
way as they are arranged in t he bulk. This will result in a reduction in the measured 
viscosity, especially in the case for high shear rates [36]. During the first measurements, 
the shear rate gradient caused particles to migrate away from the wall of the test barrel. 

• Partiele separation: Also the measurements with the custom-made capillary resulted in 
the effect of partiele separation. This means that the measurements were performed 
with a lower concentration particles. This effect has influence on the base viscosity and 
the magnetic saturation level of the fluid . Both they will decrease as a result of the 
effect of partiele separation. 

The value of the MR response is somewhat lower for the measurements performed after 
the first measurements at 27 °e . The stronger effect of saturation is also explained by the 
lower concentration of particles for the measurements of 50 °e and higher (eq.3.1). The 
overall decrease in viscosity, independent of shear rate, is caused by the thinning effect of 
temperature. The difference in viseaus pressure drop for the lower shear rate and higher 
shear rate, can be explained by the wall effect. This effect becomes more visible at higher 
temperatures (fig.(5.6)). 
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Table 5.1: Total Pressure Drop: Fixed Step versus Pulsation Mode 

Activation Mode Pressure Drop~P[Pa] "!min 'Ymax 
T = 27°C 
Pulsation 

~Ptotal 48 * 105 [Pa] 63 * 105 [Pa] 
Fixed Step 

~p7] 26 * 105 [Pa] 32.2*105 [Pa] 
~pT 28 * 105 [Pa] 31.5*105 [Pa] 
~Ptotal 54 * 105 [Pa] 63.7*105 [Pa] 

T = 50°C 
Pulsation 

~Ptotal 42 * 105 [Pa] 52.2*105 [Pa] 
Fixed Step 

~p7] 20 * 105 [Pa] 26 * 105 [Pa] 
~pT 25 * 105 [Pa] 28 * 105 [Pa] 
~Ptotal 45 * 105 [Pa] 54 * 105 [Pa] 

T = 75°C 
Pulsation 

~Ptotal 44.7 * 105 [Pa] 48 * 105 [Pa] 
Fixed Step 

~p7] 17.5*105 [Pa] 23 * 105 [Pa] 
~pT 25 * 105 [Pa] 26.6*105 [Pa] 
~Ptotal 42.5*105 [Pa] 49.6*105 [Pa] 

T = 100°C 
Pulsation 

~Ptotal 42 * 105 [Pa] 46.2*105 [Pa] 
Fixed Step 

~p7] 17.6*105 [Pa] 20.3*105 [Pa] 
~pT 23.5*105 [Pa] 24.6*105 [Pa] 
~Ptotal 41.h105 [Pa] 44.9*105 [Pa] 

T = 125°C 
Pulsation 

~Ptotal 39.6*105 [Pa] 42.3*105 [Pa] 
Fixed Step 

~p7] 15.5*105 [Pa] 17.7*105 [Pa] 
~pT 26.7 * 105 [Pa] 27 * 105 [Pa] 
~Ptotal 42.2*105 [Pa] 44.7 * 105 [Pa] 
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5.3 Condusion 

From the results of the measurements without activation can be concluded that the MR fiuid 
shows shear thickening at a critical shear rate i'c, which is dependent on the temperature 
level of the fluid. The effect of partiele swelling does not cause the shear thickening effect, 
because the increase in volume fraction due to the temperature rise is negligible. The ex
planation for the shear thickening effect can be found in the infiuence of temperature on the 
Brownian motion of the partieles. A stronger effect in Brownian motion will result in higher 
friction forces between the partieles. The effect of partiele separation became visible after the 
capillary was removed from the test barrel. The measurements were performed with a lower 
concentration particles and the fiuid saturated at a lower level of magnetic induction B. A 
higher value in MR response and a broad range in viscous pressure drop can be seen in the 
first set of measurements, because these measurements were performed with a fresh sample 
of MR fiuid. The effect of partiele separation infiuences the viscous behaviour of the fiuid. 
The decreasein viscosity at higher temperatures is explained by the properties of the carrier 
fiuid. The difference in viscous pressure drop for low and high shear rate can be explained 
by the effect of wall slip. Higher shear rates migrate the particles away from the wall of the 
flow channel. This will result in a lower viscosity of the fiuid. To confirm the condusion 
of wall slip, measurements has to be performed with similar L/W but different W. When 
these results are extrapolated to infinite slit width, a correction is made for the wall slip effect 
(Mooney diagram). From the measurements with activation (fixed step and pulsation) can 
be concluded that the fiuid is insensitive for high temperatures and shear rates. The fiuid 
responds very well to quick pulses in magnetic induction. Also the time response is less sensi
tive for variations in shear rate and temperature level. The difference in response time for the 
lowest activation level (ACT02) and higher activation levels is difficult to explain, because 
the magnetic induction inside the gap is not measured. The theoretica! value of the time 
constant Te determined by the inductance L of the coil is lower than the experimental value. 
Further research is needed to investigate the difference in response time. The poles of the 
electramagnet has to be designed in such way that a hall probe can be integrated to measure 
the magnetic induction B. Because a certain amount of particles was separated from the 
carrier liquid, it is necessary to perform measurements in future research to investigate the 
effect of partiele separation on MR fiuid behaviour. Therefore, it is recommended to perform 
a set of measurements with diluted samples of MR fiuid followed by a set with fresh samples 
of MR fiuid. 



Chapter 6 

Conclusions and Recommendations 

In this project the influence of high shear rates and high temperature levels on the rheological 
behaviour of MR fluids was investigated. The aim was to get more insight into the potential 
of MR fluids in crashworthiness design and especially for the case of crushable zones. The 
following conclusions can be drawn within that scope. 

Continuous research in the field of car safety is necessary to reduce the number of deaths 
and injured. The amount of people who meets with physical injuries and the related social 
and economical costs remain unacceptable. There is a large potential for so-called 'advanced 
materials', which have the possibility to change mechanica! properties on the basis of changes 
intheir environment. In the field of compatibility, high priority must be given to optimization 
of crash response and energy absorbing capabilities of light-weight and other new materials 
such as field-responsive fluids. Within this field, MR fluid is the most suitable for use in an 
advanced crushable zonebasedon the principle of 'smart' dampers. Systems based on MR 
technology are high controllable and they have the advantages of high durability, reliability 
and efficiency. Often the characteristics of these systems are determined by use of the Bing
ham model. True MR fluid behaviour deviates from this model as aresult of the following 
items. 

• MR fluids exhibit shear thinning behaviour due to the influence of temperature and 
shear rate on the viscosity of the carrier liquid; 

• Concentrated suspensions of nonaggregating solid particles will always show shear thick
ening behaviour; 

The Herschel-Bulkley, basedon a power law, and the Bingham Biplastic model are examples 
of models which can be used to account for these non-linear effects. However, less is known 
about the influence of high shear rates and temperature levels on the magnitude of the MR 
effect and response time. 
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To investigate the potential of MR fiuids in crashworthiness design such as the automotive 
crash energy absorber which is basedon 'smart' damper technology, measurements are nec
essary in the field of high shear rates and temperatures. The choice was made to measure the 
MR fiuid behaviour with a capillary rheometer and a custom-made capillary. With regard to 
the design of the capillary, the following conclusions are drawn: 

• The custom-made capillary is able to measure the fiuid within a broad range of shear 
rate. The basic equations formulated to calculate the electromagnetic circuit are good 
enough to get a first impression of the design parameters necessary to fulfil on the 
requirements. For the design and construction of more complicated geometries, a FEM 
model is necessary to take non-linear effects and losses into consideration. 

• To keep the magnetic field intensity H low inside the core of the electromagnet, it is 
recommended to design the poles tapered. A total new design of the extension part 
is necessary to adjust the poles. To get more insight into the measurements, it is 
recommended to integrate a Hall probe into one of the poles. 

• It is better to control the electramagnet with an electronic amplifier. With an amplifier it 
is possible to reduce the amount of remnant magnetism to zero. Besides, more accuracy 
and efficiency is achieved with regard to the activation pulses. 

• It is recommended to adjust the capillary with heating mantles. Till now the fiuid is 
heated up in the testbarrel of the rheometer. The capillary is not heated and differences 
exists between the temperature of the fiuid and the material of the capillary. To achieve 
this, a total redesign of the activation part has to be made, because the heat production 
will infiuence the dimensions of the slit geometry. 

The MR fiuid is measured with and without activation. The measurements without activation 
were performed with a standard capillary of the rheograph. From these measurements, it is 
possible to give answer to the question if MR fiuids have potential in crashworthiness design. 
With regard to these measurements, the following conclusions are drawn: 

• From the results of the measurements without activation, it can be concluded that the 
fiuid exhibits the shear thickening effect at a critica! shear rate ie, which is dependent 
on the temperature of the fiuid. The result corresponds with experiments clone in 
previous studies on the behaviour of concentrated suspensions. The explanation for the 
shear thickening effect can be found in the infiuence of temperature on the Brownian 
motion of the particles. Next step is to approximate the true shear rate by means 
of a Rabinowitsch correction. It also recommended to do measurements with other 
capillaries and campare these results with the results of this thesis. 
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• From the results of the measurements with activation, it can be concluded that the 
MR response is insensitive for high temperature levels up to 125 oe and shear rates 
up to 4.34*104 1/sec. The viseaus pressure drop, on the other hand, is sensitive for 
temperature, shear rate and the volume fraction particles. The influence of temperature 
is caused by the properties of the carrier liquid. The influence of shear rate and volume 
fraction particles follows from previous research on this topic. The difference in viseaus 
pressure drop for low and high shear rate can be explained by the effect of wall slip. 
Higher shear rates migrate the particles away from the wall of the flow channel. This 
will result in a lower viscosity of the fluid. To confirm the condusion of wall slip, 
measurements has to be performed with similar L /W but different W. When these 
results are extrapolated to infinite slit width, a correction is made for the wall slip effect 
(Mooney diagram). 

• Due to the effect of partiele separation, the measurements were performed with a lower 
concentration particles and the fluid saturated at a lower level of magnetic induction B. 
The effect of separation is not well understood and further research is necessary. It is 
recommended to do measurements with diluted samples of the fluid to gain insight into 
parameters such as the volume fraction particles and the maximum packing fraction. 

In theory, it is possible to use MR fluid in an crash energy absorber consiclering the mean 
force levels belonging to frontal crashes up to 64 km/u. From the results foliowed that high 
shear rates and temperature levels do not have an influence on the MR effect. With regard 
to these results, we can say that MR fluids have potential for use in crashworthiness design. 
On the other hand, the dynamic range is dependent on temperature, shear rate and partiele 
concentration, because of the properties of the carrier liquid. The effect of partiele separation 
could be a serious problem. Further research is necessary to gain more insight in this subject. 
In addition to this, it is important to realize that, in most of the cases, a custom-made MR 
fluid has to be developed to satisfy on the requirements of the application. 
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Table A.l: Comparison MR withER fluids[42] 

ERFLUID 

Maximum Yield Stress Ty 

Maximum Field Strength E 
Viscosity rJ 
Operabie Temp. Range: 

Stability 
Response Time 
Density p 
Active Volume Figure of Merit (rJp/T;) 
Maximum Energy Density 
Power Supply 

MR FLUID 

Maximum Yield Stress Ty 

Maximum Field Strength H 
Base Viscosity rJ 
Operabie Temp. Range 
Stability 
Response Time 
Density p 

Active Volume Figure of Merit (rJp/T;) 
Maximum Energy Density 
Power Supply 

2-5 kPa 
4 kV /mm (limited by breakdown) 
0.1-1.0 Pa.s 
+ 10 oe to +90 oe (ionic,DC) 
-25 oe to +125 oe (non-ionic, AC) 
cannot tolerate impurities 
< a few milliseconds 
1-2 g/cm3 

10-7-10-8 s/Pa 
101 Jjm3 

2-5 kV at 1-10 mA (2-50 W) 

10-100 kPa 
250 kA/m (limited by saturation) 
0.3 Pa.s 
-40 oe to + 150 oe 
unaffected by most impurities 
< a few milliseconds 
3-4 g/cm3 

10-10-10-11 s/Pa 
103 Jjm3 

2-25 V at 1-2 A (2-50 W) 
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Figure B.l: Left: Schematic representation of the affi.ne deformation of a chain of spheres. Right: For p < 8 
the field in the gap between two particles is H 9 =M.[12]. 

Bossis et al. used a standard model for the structure based on a cubic network of infinite 
chains of particles aligned in the direction of the field (fig.B.1) . Two domains for the gap 
between two particles can be distinguish, assuming that that all the potential drop takes 
places inside the gap between the two particles: 

• the pole region with p < <5 (p) is the polar coordinate) where the field is given by the 
saturation magnetization, H 9=M 

• and the other with p > <5 where the field is given by H9 = H(ah(~)Sw) 

where H is the average field in the suspension, a the radius of the particles and h(p) the 
distance between the plane of symmetry and the surface of the sphere: 

p2 
h(p) = 0.5(w +-) 

a 
(B.1) 

with w being the minimum gap between the two spheres and E=~. The distance <5 is obtained 

by equating H9 and Ms for p=<5, which gives ~=.JY!/.- E. If fJ. <<1 the radial force between 

the two spheres which is the integral of the field on the plane separating the two spheres can 
be developed as: 

J.Lo 1a 2 2 2 H E 2 2 H Fr=- (H9 - H) 21rpdp ~ J.Lo1fa M8 (M --) + J.Lo1fa M8 -

2 0 s 2 Ms 

The shear stress as a nmction of the strain 'Y=tan( 0) is given by: 

Fr . 2 ) 3 Fr 'Y 
Ty = NL2 sm(O) cos (0 = -</>-2 --2 2 1ra 1+'Y 

(B.2) 

(B.3) 

The quantity -f,x is the number of chains by unit surface and </> the volume fraction of solid 
particles; the cos2 (0) derives from the projection ofthe fieldsquaredon the unit vector joining 
the two spheres and the sin(O) derives from the projection of the radial force on the direction 
of shear. From eq.B.2 and eq.B.3 and using E=2( j1 + 'Y2 -1), an expression can be obtained 
for the shear modulus as a function of the strain which is valid for 'Y < < 1. The slope of this 
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curve for -y=O gives the shear modulus and the maximum for -y=')'c gives the yield stress. This 
leads to 

G = 3p,o</>H M (B.4) 

and 
.! 3 

Ty = 2.31</>p,oMl H2 (B.5) 

with 

'Yc = V 1.5~5: 6H (B.6) 

"1 

Figure B.2: Schematic representation of the structural model[34]. 

Lemaire et al. used an structural model, consisting of a cubic array of chains of spheres 
(shown in fig.B.2). When the lattice of chains is strained along the direction x perpendicular 
to the field, the magnetostatic stress is given by 

_ Fx _ hóW _ h ÓJ.tzz H2 
T---- ------

S óx 2 óx 
(B.7) 

with W =~J.tzzH2 the magnetostatic energy, H the average field inside the medium, J.tzz the 
diagonal component along the direction of the field of the permeability tensor and h the initia! 
distance along z between two particles inside a chain. The chain model is given by 

(B.8) 

with Ts the theoretica! yield stress, J.to permeability of vacuum, J.to permeability of suspending 
medium and {3 defined as (J..Lp - p, f) / (J.tp + 2p, f). Lemaire used an expression for the magnet ie 
moment m and the local field Hzoc on the particle. For a detailed description of this derivation, 
the reader is referred to the following literature[34] . To predict the change of the yield stress 
with the coupling parameter >. , the change of structure due to the Brownian motion has to 
be taken into account. Lemaire assumed a two-body dipolar interaction and calculated the 
average distance between two particles with the help of the Boltzmann probability. 
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L 0 R D Rheonetic™ 
Magnetically Responsive Technology 

Hydrocarbon-Based MR Fluid 
MRF-132AD Product Bulletin 

General 

Magnetically Responsive (MR) fluids dynamically 
and optimally regulate energy dissipation. When a 
magnetic field is applied to the micron-sized, 
magnetizable particles in the MR fluid, the 
damping characteristics of the fluid can be 
adjusted with practically infinite precision and in 
under 10-millisecond response time. MR fluids are 
unsurpassed in their combination of controllability, 
responsiveness, and energy density. 

Explanation of Function 

MR fluids can be used in valve mode (fluid flowing 
through an orifice) or shear mode (fluid shearing 
between two surfaces). In the absence of a 
magnatie field, MR fluid flows freely or allows tree 
movement U pon application of a magnetic field, 
the fluid's particles align with the direction of the 
field in chain-like fashion, thereby restricting the 
fluid's movement within the gap in proportion to 
the strength of the field . 

Benefits 

Lord MRF-132AD is a hydrocarbon-based fluid 
that offers the following beneficia! characteristics: 

• Fast Response Time 
• High Dynamic Yield Stress 
• Low Off-State 
• Broad Operational Temperature Range 
• High Resistance to Hard Settling 
• Easy Remixing 
• Non Abrasive 

Application 

Lord MRF-132AD fluid has been formulated tor 
general use in controllable energy-dissipating 
applications. 

CJS·BDDD 

Cert. No. 0001 0048 

Design lnformation 

For design information, please refer to our engineering 
note, Designing with MR Fluids, found on our website, 
www.mrfluid.com, under Tech Library. 

U sage 

Under common flow conditions, no separation is 
observed between particles and the carrier fluid . A 
degree of separation may eventually occur under static 
conditions, but low-shear agitation (shaking or 
remixing) prior to use will easily re-disperse the 
particles into a homogeneaus state. A paint shaker 
can mix the fluid adequately. Keep the container 
tightly closed when not in use. 

Cautions 

See the Material Safety Data Sheet and container 
labels tor further information on safe use and clean-up 
procedures. Dispose of any material in accordance 
with federal and local regulations; consult local waste
disposal authorities. 

Properties Value/Limits 

Base Fluid Hydracarbon 

Oparating Temperature -4o•c to 13o•c 

Density 3.09 glee 

Color Dark gray 

Weight Percent Solids 81 .64% 

Coefficient of Thermal Expansion Unit Volume per •c 
(calculated values) 
o to 5o•c 0.55 x 10"3 

50 to 1oo•c 0.66 x 10"3 

100 to 15o•c 0.67 x 10"3 

Specific Heat@ 25•c o.8o Jtg•c 

Thermal Conductivity *@ 25•c 0.25-1 .06wtm•c 

Flash Point >15o·c 

Viscosity 
Calculated for slope between 800 0.09 (+/- 0.02) Pa-s. 

1/s and 500 1/s at 4o•c 

Data is typical and nol to be used tor specification purposes. 

• Values were calculated withand without magnetic fields applied. 
Thennal conductivity of MR ftuid is nol strongly dependent on 
temperature trom -30'C and 1 OO' C. 

LORD 
SOLIJTIONS FORA WDRLD IN MOTION 
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For additional information, please contact us at: 
lord Corporation, Materials Division, Customer Service Department 

406 Gregson Drive, P.O. Box 8012, Cary, NC 27511 

1-e (Tesla) I 
0 

Telephone: 888-811-5673, ext. 2150 Telephone Outside the U.S.: 919-469-2500, ext. 2150 Fax: 919-481 -0349 
E-mail: mrfluid@lord.com or visit us at our website at www.mrfluid.com 

Values stated in this bulletin reprasent typical values as not all tests are run on each lot of material produced. For formalized product specifications tor specffic 
product end uses, please contact our Customer Service Department lnformation provided herein is based upon tests believed to be reliable. In as much as 
Lord Corporatien has no control over the mannar in which ethers may use this information, it does not guarantee the results obtained by ethers. In addition, 
Lord Corporatien does not guarantee the performance of the product or the resutts or implied warranty of merchantability, or fitness for a particular purpose 
conceming the effects or resutts of such uses. 

Rheonetic is a tradamark of lord T echmark, lnc., a subsidiary of lord Corporation. 2003-15-1 Printed in USA © 2003, Lord Corporatien 

LORD 
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L 0 R D Rheonetic™ 
Magnetically Responsive Technology 

Silicone-Based MR Fluid 
MRF-336AG Product Bulletin 

General 

Magnetically Responsive (MR) fluids dynamically 
and optimally regulate energy dissipation. When 
a magnetic field is applied to the micron-sized, 
magnetizable particles in the MR fluid, the 
damping characteristics of the fluid can be 
adjusted with practically infinite precision and in 
under 1 0-millisecond response time. MR fluids 
are unsurpassed in their combination of 
controllability, responsiveness, and energy 
density. 

Explanation of Function 

MR fluids can be used in valve mode (fluid 
flowing through an orifice) or shear mode (fluid 
shearing between two surfaces). In the absence 
of a magnetic field, MR fluid flows freely or allows 
free movement Upon application of a magnetic 
field, the fluid?s particles align with the direction of 
the field in chain-like fashion, thereby restricting 
the fluid?s movement within the gap in proportion 
to the strength of the field. 

Benefits 

Lord MRF-336AG is a silicone-based fluid that 
offers the following beneficia! characteristics: 

• Fast Response Time 
• High Dynemie Yield Stress 
• Low Off-State Viscosity 
• Broed Operating Tempersture Range 
• High Resistance to Hard Settling 
• Easy Remixing 
• Non Abrasive 

Application 

Lord MRF-336AG fluid has been formulated for 
use where temperature extremes or compatibility 
with a large variety of elsstomers is important in 
controllable energy dissipating applications. 

Design lnformation 

For design information, please refer to our engineering 
note, Designing with MR Fluids, located on our 
website, www.mrfluid.com, under Tech Library. 

U sage 

Under common flow conditions, no separation is 
observed between particles and the carrier fluid. A 
degree of separation may eventually occur under static 
conditions, but low-shear agitation (shaking or 
remixing) prior to use will easily re-disperse the 
particles into a homogeneous state. A paint shaker 
can mixthefluid adequately. Keep the container 
tightly closed when not in use. 

Cautions 

See the Material Safety Data Sheet and container 
labels for further information on safe use and clean-up 
procedures. Dispose of any material in aceordenee 
with federal and local regulations; consult local waste
disposal authorities. 

Properties Value/Limits 

Base Fluid Silicone 

Oparating Tempersture -40°C to 150°C 

Density 3.45 glee 

Co lor Dark gray 

Weight Percent Solids 82.02% 

Coefficient of Thermal Expansion Unit Volume per °C 
(calculated values) 
0 to 70°C 0.58 x 10'3 

Specific Heat @ 25 o C 0.65 J/g°C 

Thermal Conductivity •@ 25°C 0.20? 1.88 w/m°C 

Flash Point >150°C 

Viscosity 
1 0 s 71 Shear Ra te 8.5 Pa-s 

Data is typical and nol to be used for specificatien purposes. 

• Values were calculated with and with out magnetic fields applied. 
Thermal conductivity of MR fluids is nol strongly dependent on 
temperature trom -30'C and 100'C. 

I.DI~I) 
SOLUTIONS FORA WORLD IN MOTION 
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For additional information, please contact us at: 
Lord Corporation, Matenals Division, Customer Service Department 

406 Gregson Drive, P.O. Box 8012, Cary, NC 27511 
Telephone: 888-811-5673, ext. 2124 Telephone Outside !he U.S.: 919-469-2500, ext. 2124 Fax: 919-481-0349 

E-mail: mrfluid@lord.com or visit usatour website at www.mrfluid.com 

Values stated in this bulletin reprasent typical values as notall tests are run on each lot of material produced. For formalized product specifications for specific product end 
uses, please contact our Customer Service Department lnformation provided herein is based upon tests believed to be reliable. In as much as lord Corporatien has no 
control over the mannar in which ethers may use this information, it does not guarantee the resutts obtained by ethers. In addition, Lord Corporation does not guarantee the 
performance of the product or the resutts or implied warranty of merchantability, or fitnessfora particular purpose conceming the effects or results of such uses. 

Rheonetic is a tradamark of Lord Techmark. lnc .. a subsidiarv of Lord Corooration. 2002-11;.() Printed in USA <e 2002. lom Corooration 
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AsöHLER 

WEICHMAGNETISCHER STAHL 
SOFT MAGNETIC STEEL 



Eigenschoften 
Weichmagnetisches Reineisen mit 
niedrigstem Kohlenstoftgehalt und 
trei von storenden Begleitelementen. 
Geringe Koerzitivfeldstärke. 
Hohe Permeabilität. 
Alterungsbestandig hinsichtlich Koer
zitivfeldstarke. 

Verwendung 
Weichmagnetischer Werkstoft tor Re
laisteile. Polschuhe, Weicheisenjo
che, Abschirmungen sowie Magnet
systeme wie Beschleuniger-. Spektro
meter-, Switching- und Quadrupol 
Magnete tür die Nuklearforschung. 
Reineisel'] tür VerzinkungsgefaBe 
Weicheisen für Dichtungen. 

lieferfarm 
Halbzeug 
Stabstahl schwarz oder blank 
Bleche 
Bander (kalt- und warmgewalzt) 
Dra hl 
Schmiedestücke 
Weiters liefern wir fertige Magnetsy
steme. Bisher wurden Magnetsyste
me mit Gesamtgewichten bis 120 
Tonnen hergesteliL 

Chemische Zusommensetzung 
(Anhaltswerte in % ) 

( Si 
max. Spuren 
0,030 Traces 

Normen 

DIN 
1.1014 1.1013 
RFe80 RFelOO 

11 Vormalerial tür 1.1014 . 1 1013. 1.1012 

•• 

BOHLER P900 

Descriplion 
Soft magnetic pure iron of very low 
carbon content and tree trom detri
mental tramp elements. 
Low coercive force. 
High permeability. 
Resistant to ageing with regard to co
ercive force. 

Applicalion 
Soft magnetic material tor relay com
ponents, pole shoes. solt iron yokes, 
shields as wel I as tor magnet systems. 
such as accelerating, spectrometer. 
switching and quadrupole magnets 
used in nuclear research. 
Pure iron tor galvanizing vats. 
Solt iron lor gaskets and washers. 

Delivery form 
Sernis 
Black or bright bar 
Sheet and plate 
Strip (cold and hot rolled) 
Wire 
Forgings 
We also supply complete magnetic 
systems. Magnetic systems weighing 
up to 120 tons have been produced 
tillnow. 

Chemica! composition 
(Average %) 

Mn Al 
0,20 0,10 

Standerds 

1.1012 1.1004 1
) 

RFe120 Mk3 

1)Rawmaterialfor 1.1014,1 .1013.1 .1012 
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•• 

BOHLER P900 

Wärmebehandlung 

Weichglühen: 
720 ·c I Lutt 

Nonnolglühen: 
930·c /Luft 

Fertigglühen: 
820 bis 840"C 
Olenabkühlung mit max. 50"C/h bis 
sso·c 1 Lutt. 
Das Fertigglühen ist erforderlich. urn 
die garantierten magnetischen Eigen
schaften zu erreichen. 
Nach einer eventuellen Kaltbearbei
tung ist das FertiggiOhen beim Kun
den durchzufOhren. Die Werkstücke 
sind beim GIOhen gegen Verzunde
rung durch Schutzgas zu schOtzen. 

Schwei6en 
Gut schweiBbar. 
Als SchweiBzusatzwerkstoff tor die 
elektrische LichtbogenschweiBung 
empfehlen wir BÖHLER FOX AK. 

Mechanische Eigenschaften 
Zustand: weichgegiOht 
(Richtwerte) 

Streckgrenze Zugfestigkeit 
Yield strength 

N/mm2 
T ensile strength 

N/mm2 

180 280 

Heat treatment 

Anneoling: 
720"C/ Air 

Nonnolizing: 
93o·c 1 Air 

Finol onneoling: 
820 to 840"C 
Cooling in turnace at a rate of so·c/h 
max. down to sso·c. then in air. 
Final annealing is required to achieve 
the guaranteed magnatie properties. 
In case of any cold working final an
nealing is to be perforrned at custo
mer's works. The pieces shall be pro
teeled by means of proteelive gas 
against sealing during annealing. 

Welding 
Readily weldable. 
For electric are welding we reeom
mand to use BÖHLER FOX AK as filler 
met al. 

Mechanica! properties 
Condition: annealed 
( average values) 

Dehnung As EinschnOrung 
Elongation As Reduction of area 

% % 

30 70 
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BOHLER P900 

Magnetisierungskurve Magnefization curve 

z.o I· A 
7 -." .... 

1.6 -~ I -
_".",. 

1- "'~ 
. !;; 

... .. .... / 
ro ... _________ ......... 
§ i.t 
u ········ 

-/ 

i5 ·····.·.·.··.···· / 

·--·---1. ~ 1,0 
1-

I ! 

i ' 
I 
I 

zoo zooo 
Feldstärl<e H in AJm I Magnetic field intensity H in AJm 

Die Magnetisierungskurve gibt Richt
werte für BOHLER P900 wieder. 
Die Mindestwerte entsprechend 
DIN 17 405 werden eingehalten. 

Magnetische Eigenschaften 
Fertiggeglüht 

The magnetization curve shows the 
average values of BOHLER P900. 
The minimum values specified in 
DIN 17405 are met with. 

Magnetic properties 
Final annealing 

Koerzitivfeldstarke 1l ....... ....... ... ... .... ........ max. 0,80 Nm (max. 1,0 Oe) 
max. 100 Nm (max. 1.25 Oe) 
max. 120 A/m (max. 1.50 Oe) 

1) Coercive force ............................. ... .. .... max. 0.80 Nm (max. 1 ,0 Oe) 
· max. 100 Alm (max. 1.25 Oe) 

max. 120 Nm (max. 1.500e) 

Anfangspermeabilitat. .......... ....... ... .. .... ..... 300 
lnitial permeability ........ .... ........ .. ............... 300 

Maximalpermeabilitat. .. .. ........ .... ............... 5000 
Maximum permeability ....... .. ......... ............ 5000 

Remanenz ............... .. ...... .. ....... ...... ...... .. ... 1,0 - 1.2 
Remanence ........ ... ..... ....... ... ...... .... ........... 1 ,0 - 1.2 

(300G/Oe) 
(300G/Oe) 

(5000G/Oe) 
(5000G/Oe) 

T 
T 

1) Jenach Kundenwunsch. 
1l Acc. to customer' s request 
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BOHLER P900 

Physikolische Eigenschoften Physicol properties 

Dichte bei ..... ... ....... ...... .. .... ... 2C)'C .......... 7,85 
Density at ..... .. .. ... ........ .......... 2o·c ... .... .. . 7.85 

warmeleitfahigkeit bei ....... .... 20·c .......... 58 
Thermal conductivity at ., ....... 20·c .......... 58 

Spezifische warme bei .......... 20'C ...... ... . 0.47 
Specific heat at .................... .. 20·c .......... 0.47 

Spez.elektr. Widerstand bei .. 20·c .......... 0,12 
Electric resistivity at ............... 20'C .......... 0,12 

W/(m.K) 
W/(m.K) 

J/(g.K) 
J/(g.K) 

Ohm.mm2/m 
Ohm.mm2/m 

Etastizitatsmodul bei .............. 20·c .... ... ... 205 x 103 N!rnm2 

fv1odutus of elasticity at ........ .. 20'C ....... ... 205 x 103 N/mm2 

Warmeausdehnung/Thermal Expansion .. 11,5 x 1 0~ m/(mK) 
zwischen I between 20·c und/and 1oo·c 
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Hallsignalsonden mit Aufdampfschicht SV210 
SV230S 

Hallgeneratoren mittlerer Empfindlichkeit bei relativ kleinem Temperaturkoeffizienten. lm 
linearen Bereich u. a. als Multiplikator zu verwenden; .. auBerhalb" für Regel - und Steuerauf
gaben (HalbleitermateriallnAs- Aufdampfschicht). 

Typ 

SV210 
SV230S 

SV210 

Bestelinummer 

064021 -S 210 
064021-S 230-S 

· ElektrisGhes System 

Gewicht etwa 0,1 g Ma~einmm 

HallspannungsanschluB roter und 
gelber Draht, SteuerstromanschluB 
grüner und blauer Draht. 
Drahtlänge 100 mm 

Grenzdaten 

Maximal zulässiger Steuerstrom 
bei Betrieb in Luft 
Betriebstemperatur 
Lagertem peratur 

Kenndaten (Tu = 25°C) 

Nennwert des Steuerstromes 
bei Betrieb in Luft1) 
Leerlaufhallspannung bei ltn; 8 = 1 Tesla 
Leerlaufempfindlichkeit bezogen 
auf8= 0,5T 
Steuerseitiger lnnenwiderstand bei 8 = 0 
Hallseitiger lnnenwiderstand bei 8 = 0 
Ohmsche Nullspannung bei ltn 
Mittlerer Temperaturkoeffizient von 
U:zozwischenOund 100° C 
M ittlerer Temperaturkoeffizient von 
R1ozwischenOund 100° C 

symmetrisches System 
SV230S 

{; rCESr==~ 
- ..;Z~">8..., I 

i.., __ ZB ·· - ... · 
I 

:;;_t,_ ===c:;Fl ====---~r-· 3l 

Gewicht etwa 1 g MaP.einmm 

Hallspannungsanschlüsse: blauer Schlauch 
Steuerstromanschlüsse: roter Schlauch 
Drahtlänge: 110mm 
Schlauchlänge: 100mm 

SV210 SV230S 

110 200 
-70bis + 100 -40bis + 100 oe 
-80bis +110 - 50 bis + 110 o C 

l1n 60 100 mA 
Uzo ~300 .;;; 650 mV. 

Kaó !;:6 ;;; 6,5 V/AT 
Rto ca.30 ca.30 n 
R2o ~Rto ~Rto n 
lko ~2 < 10 mV 

p ca. -0,1 ca. -0,1 %/K 

a ca.0,1 ca.O,l %/K 

'I Bei Betrieb mil beiderseitiger Kühlung (z. B. Polschuh) kann sowohl der Nenn- als auch der maximalzulässige Steuer· 
strom um den Faktor 2-3 erhöht werden. 



Hallsignalsonde mit Aufdampfschicht 

V 

Linearitiit U2o - f( 8) ; Rd R,0 = Parameter 
Stark betonter Kurventeil: Ende des linearen 
Bereiches: unterhalb ~ 1 % linearitätsfehler 

SV230S 
1.0 .--,---,.--,.--,--..,.--··r -,--,r--"--, 

0,5 

-B 

' )!Tesla - 1o•Gau& 

U zo 
8 

t 

Empfindlichkeit U2f)} 8- f( i,) 
Streubereich 

SV230S 

, h lf+.rf#-i/--+-r - Mitletwert - 1 
1111//!"+/-t--t--t- - - Slreuwerte i 

0f I l J ll 
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Hallsignalsonden mit Aufdampfschicht 

Unearität U20 = f{B); RJ R1o- Parameter 
St ark betonter Kurventeil : Ende des linearen 
Bereiches: unterhalb :0 1% Linearitätsfehler 

v sv~o 
0,5 ,.--.,--,--...,--,.... ·-,--.,...--,--..,.-·-·~ 

0,3 

-B 

Temperaturabhängigkeit 
der Hallspannung 
t.Uz<J1 U20- f(T) 

% SV210.SV230S 
10.--.-.--~-T--r--r-~r-~ 

Mzo 
llzo 

i 

-10 -
0 20 S!l 

---r 
sa•c 

Siemens Hall Probe SV210 

Empfindlichkeit U:o/8 .. f(i1) 

Streubereich 

SV210 
SV230S 

SV210 

50 100 

-i1 
150mA 

') 1 Tesla - 10•GauS 
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TOPVIEW 
050 

040 

I ~ 
u, I :u 

I I 
I I I 

I I' I I 
I I 

~ I 
I I 

I I I 'I ' ~' ' rtr', : : r ~,r, 0 :,, : : I T I ,,d (V') 
1111 I I I I I ,,,, : :n I I I I I I W' 

FRONTVIEW '[;1 
044 

088 

BOTTOMVIEW 

SCHAAL: GETEKEND: R.P.Delivorias 

MAATEENHEID: mm AFDELING: 

DATUM: 2().{)1~5 GEZIEN: 

BENAMING: 

Mounting Head 

(V') 
co 

(V') 
(V') 

4xd.12mm 

0-ring groove 
(21x16x2) 

U-slot 

3xthread M3 

4xd.18mm 

NUMMER: 

1 A4 



Centre surface 

Channel d.12mm ---~c...:::::::J7 
Slit (WXH) ----+---->..±:~ 

(2.5x0.5) ~H-

TOPVIEW 

0-ring groove 
(10x6x1.5) 

2x Centre hole 

BOTTOMVIEW 

SCHAAL: GETEKEND: R.P.Delivorias 

MAATEENHEID: mm AFDELING: 

DATUM: 20-01-05 GEZIEN: 

BENAMING: 

Extension Part 

117 

3x Hole d.5mm 
4x Hole d.18mm 

3x Thread M4 

NUMMER: 

1 A4 
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Mounting hole 

0-ring groove 
(1 Ox6x1.5) 

TOPVIEW 

2x Centre hole 
d.Smm 

BOTTOMVIEW 

Appendix G. Technical Drawings 

4x Hole d.18mm 

3x Hole d.Smm 

SCHAAL: GETEKEND: R.P.Delivorias 

MAATEENHEID: mm AFDELING: 

DATUM: 2().{)1-05 GEZIEN: 

BENAMING: NUMMER: 

Sensor Part 1 A4 



TOPVIEW 

4x Thread M3 
2x Centre hole 

d.Smm 

BOTTOMVIEW 

SCHAAL: GETEKEND: R.P.Delivorias 

MAATEENHEID: mm AFDELING: 

DATUM: 20-01-{)5 GEZIEN: 

BENAMING: 

Activatien Part 

119 

Sx Thread M4 

4x Hole d.18mm 

3x Hole d.Smm 

NUMMER: 

1 A4 
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~kulit~ 
MINlATURE RUGGEDIZED 
IS'~ PRESSURE TRANSDUCER 
XT-190 (M) SERIES 

• Easy lnstallation 
• High Natura! Frequency 

The ruggedness of thîs sensor has not compromised its performance. lt was designed tor ease 
of installation. 

OPnONALCONNECTOR 
VERSION 

1ih 
~ 

NOT AVAILABLE ON DIFFERENTlAl UNIT 

INPUT 

Pressure Range 

CONSUlJ FACTORY FOR SPECS. ON SEALED GAGE 

0.35 
5 

0.7 
10 

1.7 
25 

3.5 
50 

0-RING .1761.0. X .O.W C.S. 
!-4 .5 l.O. X 1.0 C.S.) 

TEMf'. COMf'. MOOUI.f 

PIN 
190 

190M 
190 

180M 

7 
100 

..,.. 
10..32 UNF-2A 

MSX .8 
lG-32 UNF-2A 

MSX .8 

17 
250 

.<37 

.<37 

.760 

.780 

"L" 
11 .1 mm 

19.3mm 
Hl.3 mm 

35 
500 

r 3/BHEX I 
j9 .51 _ I 

~L 
M SCREfN OPTlONAI. 

COLOO 
RED 

BL.ACK 
GREEN 
WHITE 

70 
1000 

WIRING 
DESIGNATlON 

+ INPUT 
- INPUT 

+OUTPUT 
- OVTPl1T 

140 BAR 
2000 PSI 

Operational Mode Absolute. Gage, Soaled Gage, Differential Absolute, Soaled Gage 

Over Pressure 

Burst Pressure 

Pressure Media 

Rated Electrical Excitation 

Maximum E~rical Exchation 

Input lmpedance 

OUTPUT 
Output lmpedance 

Full Scale Output (FSO) 

Residual Unbalance 

Combined Non~Linearity , Hysteresis 
and Repeatability 

Resolution 

Natural Frequency (KHz) (Typ.) 

Acceleration Sensitivity % FS/g 
Perpendicular 
Transverse 

Insuiatien Resistance 

ENVIRONMENT AL 
Oparating T emperature Range 

Compensated T emperature Range 

Thermal Zero Shift 

Thermal Sensitivity Shift 

Steacly Acceleration 

Unear Vibration 

PHYSICAL 
Electrical Conneetion 

Weight 

Sensing Principle 

Mounting Torqua 

150 

1.5xHl"' 
2.2x10"' 

175 

1 . 0xto~ 

1.4x10"' 

2 Times Rated Pressure to a Maximum of 3000 PSI (21 0 BAR) 

3 Times Rated Pressure to a Maximum of 5000 PSI (350 BAR) 

All Nonconductive, Noncorrosive Uquids or Gases 

240 

S.Ox10"' 
6.0x10' 

10VDC/AC 

15 VDC/AC 

1000 Ohms (Min.) 

1000 Ohms (Nom.) 

100 mV (Nom.) 

±5 mV (Typ.) 

± 0.1% FSO BFSL (Typ.) ± 0.5% FSO (Max.) 

300 

3.0x10· 
4.0xt0"' 

lnfinrtesimal 

380 

1.5x10"' 
2.0x10"' 

550 

1.0x10· 
9.0x10· 

1 00 Megohm Min. at 50 VDC 

-ss· F to +350• F (-ss· c to +175. C) 

700 

6.Dx10"' 
6.0x10· 

1000 

4.5x10"' 
3.0x10"' 

+80• F to +180• F (+25• C lo +80• C) Any 100• F Range Within The Oparating Range on Request 

± 1% FS/100• F (Typ.) 

± 1% FS/100• F (Typ.) 

10,000g. (Max.) 

10-2,000 Hz Sine, 1 OOg. Max. 

4 Conductor 30 AWG Shielded Cable 30" Long 

4 Grarns (Nom.) Excluding Cable 

Fully Activa Four Arm Whaatstone Bridge Oielectrically lsolated Silicon on Silicon 

15 lnch-Pounds (Max.) 

Note: Custom pressure ranges, accuracies and mechanica/ configurations available. Dimension.s are in inches. Dimensions in parenthesis sre in millimeters. 
Continuous development andrefinement of our products may result in specifk:;ation changes without notioe - alf dimensions nomina/. (A) 

1400 

2.0x10"' 
3.0xt0"' 

KUL!ïE $EI.-1JCONDUCTOH PRODUCT$, JNC. • One WiJ!ow Tree Road • Lconia, New Jersey 07605 • Tel: 201 46!-UHOO • Pax: 20 1 461··09Sf0 • hltp:;iw->'r-w.kulite.com 
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MeBwandler für Normschiene 
in 1-Kanal und 2-Kanalausführung 
Analogwandler mit Analogausgang 0-20mA I 0-1 OV 

AW950 Spannungswandler ±2mV ... ±20V 

AW960 Stramwandier 0 ... ± 20mA 

AW980 DMS-Aufnehmer ± 2mV ... ± 1 OOOmV (Druck, Kraft, Drehmoment, Dehnung usw.) 

AW972 Temperaturmessung -2oo ... +85o·c mit Pt-100 Fühler 

AW970 Widerstandswandler 1 Ohm ... 10 kOhm 

-2K Zusatzbezeichnung für 2-Kanalausführung 
(nur AW 9xx Typen mit 12VDC oder 24VDC-Versorgung) 

AW980 AW980-2K AW980-NT230V 

• Hochstabiler symetrischer Differenzverstärker 
• Linearität 0,003% v.E. 
• Analogausgang 0-20mA I 0-1 OV 
• Grenzfrequenz bis 20kHz 
• AufnehmeranschluB in 6-Leiter"Technik 
• NetzanschluB 230V/50Hz und Batteria 12124V 
• Steekbare Klemmen 
• Metallgehäuse 

Der Menwandier AW 9xx wurde tor ein breites 
Anwendungsspektrum konzipiert. Je nach AusfOhrung 
können Signalspannungen, Signalströme, Temperaturen, 
BrOckensignale erfaBt und gewandalt werden. Als 
Analogausgang stehen zwei Analogsignale 0(4)-20mA und 
0 .. ±10V zur VerfOgung. Der hochohmige symetrische 
Differenzeingang gewährleistet eine geringe Belastong der 
Signalquelle sowie eine hohe GleichtaktunterdrOckung von 
100dB. Eine Geberversorgung tor DMS-Aufnehmer steht 
serienmaBig zur VerfOgung. 

DBAW9X-O 



ff 
Nullpunkt 10V-Analogausgang (Zero-V) 
Skatierong 10V-Analogausgang (Cai.-V) 

Nullpunkt 20mA-Analogausgang (Zero-mA) rr Ska&erung 20mA-Analogausgang (Cat-mA) 

BOrdeabgleich ZOmA-Ausgang 
BOrdeabgleich 6-Leiter 

Geberversorgung +10V 

Dimenslonlerung Differenzverstärker 

RV= 
SOkOhm 
G-1 

G= _1Y 
Ud 

Ud = Differenzspannung (UmeB+)- (UmeB-) 

FOr die Analogausgllnge 10V und 20mA wird eine Ausgangs
spannung des Oi1ferenzverstllrlcers von 1V benötigt. 

Fixe Tarierung 

FOr eine fixe Tarierung mul!. R90 eingelötet und LP10 oder 
LP11 gesetzt werden. 

R90= 6,9V R89 _ Rsg 
Uaus 

Uaus = zu tarierender Wert am 10V-Analogausgang: 10 
Uaus = positive Spannung => LP1 0 setzen, sonst LP11 . 

Bauteillage, Dimensionierung AW980 
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MeBwandler für Normschiene 
AW980-2K für 2 DMS-Aufnehmer, 6-LeiteranschluB, Analogwandler 

Versorgung: HSDC24V 
Versorgung: HSDC12V 

Brllckenwiderstand 
minimal300 Ohm 

Kanal1 

Vei'Sorgung: HSDC24V 
Ven;org~ng: HSDC12V 

BrOckenwiderstand 
minimal 300 Ohm 

Kanal2 

UmeB-
USensor +10V 
UmeB+ 
Masse 
Sens-
Sens+ 
20mA-Analogausgang 
Masse-Analogausgang 
1 OV-Analogausgang 
+24V/+12V Versorgung 
24V112V Masse 

Umer..-
USensor + 1 OV 
Umel1+ 
Masse 
Sens-
Sens+ 
20mA-Analogausgang 
Masse-Analogausgang 
1 OV-Analogausgang 
+24VI+12V Versorgung 
24V/12V Masse 

Versorgungsspannung siehe Typenschild auf dem Messwandier 

Hinweis 4-Leite.ranschluss USensor: 

Kanal1: Die Klemmen 2 und 6 sowie die Klemmen 4 und 5 sind zu brOeken. 

Kanal 2: Die Klemmen 17 und 21 sowie die Klemmen 18 und 19 sind zu brücken. 

AnschluBbelegung AW980-2K 



Allgemeine technische Daten 

Elngang 

Mel!.berelch 

Ausgang 

Hochstabiler Differenzverstärker, 1 MOhm 

:t 2mV ... :1:1 OOOmV 
Grobabgleich mit Festwiderstand 
Feinabgleieh mit Potentiometer 
:1:10% tor Nullpunkt und Endwart 

0 (4) ... :1:20mA und 0 ... ±10V 
Spannungsausgang 
0 ... ±1 OV, kurzschlu~fest. RL ~ 2 KOhm 
Feinabgleich mit Potentiometer 
Temperaturdrlft 
- Nullpunkt ±50ppmf"C 
- Verstarlwng: max. 0.003%rc 

Stromausgang 
0 ... :1:20mA, Stanclard, RL :S: 600 Ohm 
4 ... 20mA 
Feinabgleich mit Potentiometer 
Temperaturdrlft 
- Nullpunkt ±15ppmrC 
- Verstarkung: max. 0.007%rC 

NlchUinearltät 0.003% vom Endwert 10V-Ausgang 
0.007% vom Enclwert 20mA-Ausgang 

Grenzfrequenz 20kHz (-3dB), MeBbereich 20mV 
(Ga in Differenzverstarker = 50) 

Glelchtakt :s: 1 OOdB 

Glelchtakt
spannung 

Elngangs
schutz 

Thennlsche 

:1: 1 OV maximal 

:1: 40V maximal 

Eigen se: haften Betriebstemperarurbereich 0 ... +5Q•c 

Versorgung 

Lelstungs 
aufnahme 

Galvanische 
Trennung 

Anschlue. 

Gehäuse 

Montage 

Lagertemperaturbereich -20 ... + 1o·c 

24VDC (18,7 .•. 36V) oder 12VDC 
(9,7 ... 16V), Standarelist 24VDC 
Zusatzbezeichnung: -HSDC12V 
Zusatzausrostung: 1151230VAC, 50 .. 60Hz 
- nur fOr 1-Kanatwandler ohne Prozessar 
- Zusatzbezeichnung: -NT230V 

24VDC max. 80mA 
12VDC max. 170mA 
230VAC max. 31/A 

Versorgungskreis - Me~kreis 

S1eckbare Klemmen, Ansc:hluR bis 2,5mm> 

67 x 67 x 100 (BxHxT), Aluminium 

EN-Hutschiene 35mm 

Abmessungen 
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Gerätespezifische Daten 

AW980 

Eingang 
Geberversorgung 
Brückenwiderstand 
Ausgang 

Wandier für Mel!.brücken 

:t2mV ... :t20V 

AnschluB 

9 ... 12\/, Voreinstellung +10V 
>3000hm 
0(4) ... ±20mA, 0 ... ±10V 
6-Leitertechnik 

DarUberhinaus gelten die allgemeinen technischen Daten. 

AW950 
Elngang 
Geberversorgung 
Ausgang 

s pannungswandler 
:t2mV ... ±20V 
24V/30mA 
0(4) ... :1:20mA, O ... :t10V 

DarOberhlnaus gellen die aDgemelnen tedlniachen Dlrten. 

AW960 
Elngang 
ElngangsWiderstand 
Geberversorgung 
Ausgang 
max. Elngangsstrom 

Stromwandler 
0( 4 ) ... :1:20mA 
100hm 
24V/30mA 
0(4) ... :1:20mA, O .. . :t10V 
±100mA 

DarOberhinaus gelten die allgemeinen technischen Dalen. 

AW970 

Mel!.berelch 

Geberversorgung 

Ausgang 

Wlderstandswandler 

1 Ohm ... 10 kOhm 
andere Bereiche auf Anfrage 
Konstantstram 1 mA ... 1 OmA 
Abhangig vom max. Widerstand 
0(4) ... :1:20mA, 0 ... ±10V 

DarOberhinaus gelten die aUgemeinen technischen Oaten. 

AW972 

Anschlu&schaltung 

Me!berelch 

Mee.wandler für Pt-100-
Temperaturfühler 

4-leiterteehnik 
Zusatzbe. 

Genauigkeit zeichnung 
-200 ... +SOO·c ± 2·c -o1 
-1 oo ... +1 oo·c ±0.2·c -o2 
-1oo .. . +500·c ± 2•c -oJ 
-so ... +1oo·c ±0,2•c -04 
-50 ... +500·c ± 2·c -os 

o ... +1oo·c ±0.2·c -os 
o ... +2oo·c ±0,2·c -o7 
o ... +4oo·c ± 1·c -oa 
o ... +Soo·c ± 2·c -os 
0 ... +BOO"C t 2•c -10 

Sonderme~bereiche auf Anfrage 

Pt-1 00-Versorgung Konstantstram 1,25mA 
LeltJJngsWiderstand max. zulassig 2 kOhm tor 

Hin- und Rückleitung 
Ausgang 0(4) ... :1:20mA, O ... :t10V 

Dan1berhinaus gelten die allgemeinen technischen Dalen. 
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Contigure and start the acqulaitlon 
then write the scan rate to the first 
llne of the file 

Select and open 
file tor data 

The While Loop executes only once, but 
uses lts shift register to remembr task ld 
trom a previous call to thla VI 

[i] 

Appendix J. Labview Application 

Read the data, convert it to a spread
sheet string, write it to the file, and 
plot lt untll an error occurs or the stop 
button is pressed 

Set X-axis scale before 

1 0 .. 

m==JP---l 
[ij 

Wrltlng numeric values to analog output port 


