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Static and transient behaviour of magnetorheological fluid and devices

ABSTRACT

Magnetorheological fluid is one of the smart materials that change its rheological behaviour in the
presence of a magnetic field. This fluid has found application in electronically controlled dampers and
is widely used in automotive with semi-active control. This thesis focuses on the issues of rheology,
tribology, and transient behaviour of the MR fluid itself, as well as on MR devices and their transient
behaviour. Each chapter provides an overview of the current state of the art, followed by a description
of the author's contribution to this research area. A total of 7 papers were published in scientific journals
with high impact factors.

KEYWORDS: magnetorheological fluid; rheology; tribology; transient response; response time; MR damper;
eddy currents

Statické a dynamické chovani magnetoreologické kapaliny a zatizeni

ABSTRAKT

Magnetoreologicka kapalina je jeden ze smart materiald, ktery méni své reologické vlastnosti v
pritomnosti magnetického pole. Tato kapalina nasla uplatnéni v elektronicky fiditelnych tlumicich a je
Siroce pouzivana v automotive spolu se semiaktivnim fizenim. Tato prace se zaméfuje na problematiku
reologie, tribologie a pfechodového chovani samotné MR kapaliny a také na MR zafizeni a jejich
piechodového chovani. Jednotlivé kapitoly poskytuji vhled do problematiky, nasledovany popisem
vlastniho pfinosu autora do dané oblasti. Celkem bylo publikovano 7 praci ve védeckych Casopisech s
vysokym impaktnim ¢islem.

KLICOVA SLOVA: magnetoreologicka kapaliny; reologie; tribologie; ptechodové chovani; ¢asova odezva; MR
tlumig; vitivé proudy
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INTRODUCTION

Transporting people or cargo is an integral part of today's society. We live in an age when technologies
and transport are evolving significantly. Ongoing development in transportation aims to increase safety,
speed, reduce operating or production costs, environmental impact, or noise emissions. However, the
most important is traffic safety. The number of seriously injured and dead persons in road accidents has
been declining for a long time[1]. The main reason is that transportation safety is constantly increasing
due to developments in electronics, driving assistants, intelligent transport communications, and also
the materials themselves.

The so-called Smart Materials are increasingly used in transportation. Smart material is a material
that one or more properties can be significantly changed by external stimuli, such as mechanical stress,
temperature, light, electric or magnetic field, etc. These materials are used in smart sensors (vehicle
condition monitoring, monitoring of concrete structures, roadways, and bridges for internal flaws racks,
corrosion, and movement), smart glass windows (reflectivity of infrared light could be changed
automatically to maintain internal temperatures), smart coatings (improved reflectivity), actuators
(smart suspensions systems), etc.

One of the commonly used smart material in transport is the so-called magnetorheological (MR)
fluid. It is a magnetically sensitive fluid which can change its apparent viscosity by applying an external
magnetic field. Approximately 80 years ago, Jacob Rabinow [2] discovered the MR fluid at the US
National Bureau of Standards. However, significant research started roughly 35 years ago. Since then,
MR fluid has undergone tremendous development. This fluid has been used in dampers, clutches, brakes,
or engine mounts. However, the most important application is an electronically controlled suspension
damper in automotive. MR dampers with semi-active control have been used since 1998 for damping
seats in heavy-duty vehicles to improve rider comfort and safety [3]. MR dampers have also been used
commercially since 2002 in the vehicle suspension system (GM’s Cadillac Seville STS)[3]. This
technology is currently used by companies Ford, Ferrari, Audi, Chevrolet, Lamborgini, Range Rover,
Porsche, etc. This system improves driving handling, comfort, and safety (reduction of braking
distance)[4]. In 2007, more than 100 000 MR devices were used in the automotive industry [3]. The first
application of this technology also appears in railways. The research team at the Brno University of
Technology tested yaw MR damper on a real track [5], see Figure 1.
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Figure 1 Mounted MR damper on réilway vehicle uring testig on real track [5]
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As mentioned, this technology is currently widely used in automotive. However, intensive
fundamental research is still underway in the area of MR fluid itself and the development of new
and progressive MR devices. This intensive research can be documented by more than 400 scientific
publications in the WOS database in 2021. The recent trend is the use of MR dampers with fast semi-
active control, where the transient behaviour of the MR damper is very important (short response time).
This can be documented by the two most cited papers in this research area in 20212, which focus on
semi-active control. The papers show that fast semi-active control significantly improves the behaviour
of the vehicle, especially in terms of safety. Currently, the development of new generations of MR fluids
that have better rheological, tribological, transient behaviour, or sedimentation stability is performed.

The main aim of the thesis is to provide an insight into the current state of the art in the static and
transient behaviour of magnetorheological fluids and devices to demonstrate the author's contribution
to this research field. Chapter 2 deals with the rheological, tribological, and transient behaviour
of the magnetorheological fluid itself. Chapter 3 focused on the magnetorheological devices and their
transient behaviour. It should be noted that the presented state of the art in magnetorheological
technology is not complete and provide just basic insight into this research field. At the end of each
chapter, the research gap is listed to clearly show the author's contribution and the novelty of each
presented study. In total, the thesis is built on 7 journal papers (four times first author, twice second
author, and once corresponding author). Chapter 2 includes 3 papers, and chapter 3 includes 4 papers.
Focusing on the papers with IF, five documents were published in journals in the first quartile (Q1), one
paper in the second quartile (Q2), and one paper in the third quartile (Q3). More detailed information
about author papers, citations, etc., can be found in the document “Autoevaluation criteria of the
applicant for habilitation”.

2 Magnetorheological keyword used in the WOS database.
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MAGNETORHEOLOGICAL FLUID

The word "smart™ has become one of the keywords connected with modern scientific and technological
progress. In everyday life, we encounter “smart” phones, appliances, and materials. Smart material
is a material that one or more properties can be significantly changed by external stimuli, such as
mechanical stress, temperature, light, electric or magnetic field, etc. One of those materials
is magnetorheological (MR) fluid which is a magnetic field responsive material. MR fluid exhibits a
reversible and very fast transition from a liquid to a nearly solid state under the application of external
magnetic fields.

MR fluid is a suspension of fine, non-colloidal, low-coercivity, high-magnetisable particles in a
carrier fluid [6]. Particles are usually made of carbonyl iron [7], iron/cobalt alloy [8], iron oxides (Fe2Os,
Fes04) [9, 10], nickel, cobalt, silicon steel, and their alloys. These materials usually exhibit magnetic
saturation up to 2.1 T (uoMs= 2.1 T). The most used is carbonyl iron powder (CIP) which is obtained
by the thermal decomposition method [11]. However, the CIP manufacturing process is very expansive
compared to other methods of producing iron particles. This is the most expensive item of the total price
of MR fluid (1 kg of CI powder = app. 300 USD). The vast majority of commercially available MR
fluids are CIP-based. The solid phase by the volume is in the range of 20 % to 48 %. In the automotive
industry, the typical particle content by volume is 26 % [6]. The particle size is in the range of 1 to 100
pum, preferably in the range of 1 to 10 pum. The ferromagnetic particles have a spherical shape due to
durability and tribological properties. Occasionally, flakes [12] or plates shape [13] of particles appear.

The continuous phase of MR fluids are typically silicon oils [14, 15], mineral oils [16], synthetic
hydrocarbon oils (PAO)[17], water [18], glycols [19], or ferrofluids [20]. The carrier fluid should be
chemically compatible with particles, exhibit low thermal expansion, excellent lubricity, low viscosity
in the high-temperature range, and be economical. The preferred carrier fluid is polyalfaolefin (PAO).
This oil exhibits a great operating temperature range, lubrication properties, and chemical stability. The
typical dynamic viscosity of carrier fluid is between 0.01 to 0.1 Pa.s at ambient temperature. The
commercial MR fluid manufacturers use a hydrocarbon-based carrier fluid (Lord corporation [21] or
FemFluid corporation).

The MR fluid exhibits a rapid change of apparent viscosity in several orders of magnitude under
the application of an external magnetic field [11]. When the MR fluid is energized by the magnetic field,
the ferromagnetic particles are magnetized and form chain-like structures in the direction of the magnetic
field, see Figure 2. The fluid then exhibits a significant increase of the yield stress in tens of kPa.
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Figure 2 Magnetorheological effect; left: without the magnetic field, right: with the application of magnetic field
(blue arrow)[22]
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Oclan and McKinley [23] from MIT visualized microstructural development in the pressure-driven flow
of magnetorheological fluid in valve mode. Figure 3 shows how MR fluid particles chains (clusters)
look during a flow in the case of (a) MR fluid flow without a magnetic field, (b) after applying a magnetic
field, (c) after turning off the magnetic field, and (d) after applying demagnetization magnetic field. In
my opinion, this research/ figure gives a good insight into the behaviour of particle chains during the
fluid flow. However, the visualization of particle chain behaviour has been addressed by many other
research teams [24, 25]. A large research area is also micromechanical modeling of chain
(microstructure) behaviour and its impact on rheological properties [26-28]. However, this issue is not
described in this thesis.

Figure 3 The particle chains behaviour of MR fluid during flow in the case: (a) without magnetic field, (b) with
the magnetic field, (c) after turning off the magnetic field, and (d) after applying demagnetization magnetic field
[23]

In the next parts of the thesis, the current state of the art in the field of rheological, tribological properties,
and transient behaviour of MR fluid is described. The chapter on the rheology of MR fluid is important
because it provides basic information, which is essential for the section on transient behaviour. These
next chapters aim to meet the reader with basic information about the selected research area with regard
to defining the author's contribution to this research area. However, sedimentation stability [29, 30],
fluid durability [31], etc., are also important areas but in the thesis are not discussed.

2.1  Rheology of magnetorheological fluid

The rheological behaviour of MR fluid is affected by several factors such as particle concentration,
particle size [32], particle shape [33-35], particle distribution [36], properties of carrier fluid,
temperature [37], magnetic field, or additives. The rheological behaviour of MR fluid can be divided
into off-state and on-state (energized) behaviour. In an on-state regime, the magnetic field is applied.

In the off-state, MR fluid appears similar to liquid paints and exhibits a comparable value of
apparent viscosity (0.1 -1 Pa.s™%, at low shear rates). The off-state behaviour depends on particle volume
concentration, particle size [32], additives [38], and carrier fluid properties [39]. In general, viscosity
increases with particle concentration. In 1940, the equation (Einstein equation) describing the viscosity
of a suspension of solid spheres nwvre as a function of the viscosity of the carrier liquid no, and the volume
concentration of the particles ¢, was published [40], see below.

Nurr = Mo(1 + 2.50,,) (1)
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The other more advanced models were also published as the Batchelor equation [41], Krieger-Dougherty
equation [41], Mooney [42], etc. MR fluid in off-state exhibits Non-Newtonian behaviour because it
usually has a small yield stress in units or tens of Pascals. However, for MR device modeling, the
Newtonian behaviour of MR fluid is usually assumed [43].

The rheology of MR fluid in on-state is characterized by pre-yield and post-yield regimes [44, 45].
In the pre-yield regime, the MR fluid usually exhibits viscoelastic behaviour. The complex modulus G
is a magnetic field and particle concentration-dependent [46]. The shear stress z in the fluid can be
described by the equation below:

T = Gy, T<t9(H)andy =0 (2)

where y is shear strain, y’ is shear strain rate and 7,(H) is dynamic yield stress. The shear strain is
usually in the order of 107 [43]. However, several models have been presented to characterize the pre-
yield behavior of MR fluids. These models are composed of elastic springs and viscous dashpot elements
[47].

The post-yield regime of MR fluids has been experimentally determined and described by models
in a number of publications. Thus behavior is often represented as a Bingham plastic having variable
yield stress [48] by the equation:

T=1,(H)+ny,  7>70(H) @)

Where 7 is dynamic fluid viscosity. However, the Bingham model is insufficient to characterize the MR
fluid at high shear rates [6]. Shear-thinning (m < 1) or shear-thickening (m > 1) effect dominates at high
shear rates. The Herschel-Bulkley model can describe this behaviour:

r =1, (H) +ym, T > o(H) “)

Where m is the consistency index. For example, MR fluid MRC-C1L made by CK materials lab
company exhibits shear thinning behaviour. In both models, the most relevant rheological property of
an MR fluid is the dynamic yield stress zo(H). It should be noted that this value is usually determined by
the fitting method. The paper of de Vicente et al. [11] or Seo et al. [49] pointed out that yield stresses
are three types: the elastic limit, the static 7y, and the dynamic zqy, See Figure 4. The static (or frictional)
yield stress is the minimum stress which creates the fluid to flow. The static yield stress is typically
experimentally determined by using creep tests. The dynamic yield stress corresponds to the stress
needed to continuously break the particle chains, which reform in the presence of the magnetic forces.

Pre-yield Post-yield
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Figure 4 Typical yield stresses [50]
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The dynamic yield stress of MR fluid depends on particle size [51], particle volume fraction [52],
particle material [53], particle distribution [36], type of carrier fluid [43], magnetic field [36, 54],
additives [55], etc. However, the dynamic yield stress is insensitive to operating temperature. The yield
stress of MR fluid can also be modelled. In the literature, these models can be classified into two groups
[11]: Macroscopic and Microscopic models. Macroscopic models take into account the magnetic energy
minimization principle and assume a homogenous structure [11]. The microscopic model works with
interparticle interactions. For example, papers dealing with the modelling of the yield stress of MR fluid
are [10, 11, 28]. The measurement or modelling of rheological behaviour of MR fluid is a quite complex
and huge research area. In this section, just a basic insight into this area was provided.

2.2  Tribology of magnetorheological fluid

The tribological properties of MR fluid can be strongly moderated by their composition. The special
group of MR fluid is a so-called Magnetorheological polishing fluid [56], where a significant part of the
fluid consists of abrasive particles such as alumina, silicon carbide, or diamond particles. This fluid is
used as a magnetic field-assisted finishing method (Magnetorheological Polishing method). This method
is used for manufacturing the lowest surface roughness values for optics of the highest quality. However,
in the other applications of MR fluids is a fundamental improvement in the tribological properties as a
decrease of friction coefficient and wear.

The surfaces of MR devices (MR dampers, clutches, brakes, etc.) are in contact with the MR fluid,
and it works with relative motion. The wear of MR devices is much faster than hydraulic oil devices
because of the abrasive nature of the iron particles. The particle material, hardness, size [57], shape [58],
carrier fluid [59], magnetic field [60], and additives [59, 61] significantly affect the tribological
properties. The additives in the form of anti-wear agents such as zinc dialkyl dithiophosphate (ZDDP)
and anti-friction agents such as molybdenum-dithiocarbamate (Mo-DTC) or organomolybdenums
(MOLY) are used [59, 61]. Those additives are also generally used for hydraulic oils. The nano-sized
particles are also used when friction and wear need to be reduced. The low concentration of colloidally
stable nanoparticles (app.1 wt %) is sufficient to improve tribological properties (reducing wear and
friction). If the concentration of nanoparticles exceeds a limit, the effect is insignificant. However, the
exact composition of commercially available MR fluids is the know-how of the manufacturers. Hu et
al. [60] experimentally determined that in the presence of a magnetic field, the friction coefficient is
four times higher than without a magnetic field, see Figure 5 left. Similar results were published by
Zhang et al. [62]. However, the increase in friction coefficient was not so significant because of the low
level of magnetic field (app. 10 times lower than Hu et al. [60]).
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Figure 5 Effect of magnetic field on friction coefficient Hu et al. experiments (left) [60], Zhang
experiments(right) [62]
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Particles higher than 100 pm usually increase friction and accelerate wear. Gahr et al. [57] describe the
effect of particle diameter on wear rate. The wear rate is linearly dependent on particle size. The higher
the particle size is, the higher the wear rate is. It is necessary to note that this research was not performed
with CI particles. Wang et al. [58] tested the effect of particle size on frictional coefficient and wear on
o-ring flooded MR fluid. The higher the particle size is, the higher the frictional coefficient and wear
are, see Figure 6. The friction coefficient slightly increases with increased particle concentration at low
particle concertation (roughly 20 g/L)[63]. Walker et al. [64] studied the effect of particle shape of
white iron slurry on wear. The wear rate decrease exponentially with increasing circularity factor CF
(perfect circle CF = 1). However, these experiments were performed on high-size particles (roughly 300
um) made of a different material than CI. Several authors measured the friction coefficient for
commercially available MR fluids and also for homemade MR fluids. Wong et al. [63] measured COF
using configuration block-on-ring, where the block is in contact with the cylindrical ring surface. The
contact was lubricated by Lord MRF-132DG. The measured COF was in the range of 0.085 to 0.096.
Shahrivar et al. [65] compared the friction coefficient of MR fluid and FF fluid as a function of sliding
speed. Zhang et al. [66] measured COF for different particle volume content in commercial MR fluid
from Lord Corp. The COF was almost identical (ca 0.35) for 22, 32, and 40 vol.% of CI particles. Jolly
et al. [67] measured the coefficients of friction for MR fluid lubricated iron-on-iron and nylon-on-iron
conformal interfaces. The COF was almost identical for both contact pairs. Jolly et al. [67] compared
the four types of MR fluid from Lord corporation with dry friction (0.18), and the measured COF was
in the range of 0.04 to 0.07 for all samples.
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Figure 6 The effect of particle size on friction coefficient and wear for O-ring seal flooded in MR fluid [58]

2.3  Transient response of magnetorheological fluid

The MR fluid exhibits a time delay between the course of the magnetic field and dissipation energy
(shear stress, force, torque, etc.). This time delay is associated with several factors such as particle
microstructure development, deformation of particle chains (clusters) or hydrodynamic phenomena
during the flow, which are differently important depending on loading mode and shear rates. The
simplest dynamic system, which can serve as an approximation of the dynamic behaviour of MR fluid,
is a first-order system. The response of such a system to a step control signal (magnetic field) is shown
in Figure 7. The response is expressed by the time constant zs; (primary response time), which
determines the time when 63.2 % of the maximal controlled value is achieved. Despite this, several
papers also use the response time (rise time) g0 as the time when 90 % of the maximal controlled value
is achieved [68-70]. The criterion of 90 % is frequently used for the description of the dynamic
behaviour in industrial applications.
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Figure 7 First-order system

The information for evaluation of the response time of MR fluid is always connected with the
monitored phenomenon (physics) or the method of its measurement. It can be monitored shear
stress [71], pressure drop [72], or magnetic permeability [73] of MR fluid. The MR fluid response time
is composed of other partial time responses, which are differently important depending on the operating
conditions and the method of MR fluid loading. The response time of MR fluid can be divided into (i)
particle structure development response time, (ii) rheological response time, and (iii) hydrodynamic
response time. It is necessary to note that this division is not stable and was introduced by the author of
the thesis.

2.3.1 Particle structure development response time

This response time is related to the chaining of particles (particle microstructure development) in the
direction of the magnetic field without flow conditions of MR fluid. Jolly et al. [73] proposed a method
by which particle chaining time can be deduced from the transient change in the relative magnetic
permeability of the MR fluid. Two-time responses were observed. The first attributes the connection
with the transfer of particles into diverse chains (pair formation). The second (an order of magnitude
slower) connection with the migration of these initial chains into longer and stronger structures. The
response time was between 5 and 10 ms. The response time increases with increasing carrier fluid
viscosity and decreases with increasing magnetic flux density [73]. A similar measurement method was
also published by Horvath et al. [74].

2.3.2 Rheological response time

The rheological response time is connected with the development of shear stresses in MR fluid during
deformation/ flow (shear rate) on step change of magnetic field. This response time also includes the
response time of particle structure development (previous section). The mechanism in shear mode is
relatively simple. The deformation of the particle chains (clusters) creates an increase in shear stress ¢
due to restoring force. The rheological response time is the time needed to increase 63.2 % or 90 % [70]
of the final value of MR fluid shear stress. Sherman [70] noted that the MR fluids have no response time
but instead a response shear y:. Therefore, this behaviour is connected with the pre-yield regime of MR
fluid. The rheological response time z; can be determined by the equation:

" (®)
Ty = —
Ty
where v, is shear response and y is shear strain rate. The information or papers in this research field is
rare. Sherman et al. [70] created a chain model of MR fluid. This model is based on one million particles.
One result of this paper is shear stress time history on step change of magnetic field, see Figure 8 left.

The rheological response time 790 wWas determined as roughly 0.4 ms. The MR fluid has a volume particle
fraction of 25 % and was under the shear rate of 500 s. Koyanagi et al. [75] developed a method for
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the measurement response time of electrorheological (ER) fluid. ER fluids exhibit similar rheological
behaviour as MR fluids. This team [75] experimentally determined the response time as 0.95 ms. Laun
and Gabriel [71] determined the response time of MR fluid of 2.8 ms at a shear rate of 100 s* and
magnetic flux density of 2.08 T. Sherman [70] also evaluated from the chain model results that the shear
response of MR fluid is dependent on Mason number and also particle concentration. In the current state
of the art can be found more papers dealing with the response time of MR fluid [76, 77]. In these cases,
the authors measured the time constant of measuring devices instead of the time constant of MR fluid.
A similar statement was made by Sherman [70].
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Figure 8 The time dependency of shear stress on step change of control signal from Sherman model (left) [70]
and Koyanagi experiments (right) [75]

2.3.3 Hydrodynamic response time

The research studies of Sherman [70] or Goldasz et al. [6] show that pressure drop across the flow
channel created by MR fluid yield stress decreases with the increasing gap velocity. This statement is
based on CFD (computational fluid dynamics) simulations. This phenomenon is related to transient
rheology connected with the development of velocity profile in the gap and is often referred to as the
hydrodynamic fluid response time, see Figure 9. This response time is connected with high shear rates
and valve mode. Goncalves [72] experimentally determined that the hydrodynamic response time
(63.2 %) is 0.73 ms for magnetic field 100 kA/m and 0.53 ms for magnetic field 200 kKA/m. The MRF-
132L.D was used in this study. Gavin et al. [78], in the study on ER dampers, modelled the transition
from a fully developed Bingham profile to a Newtonian flow.

Section Section

NI NI

Section

Figure 9 Velocity profile development of MR fluid under magnetic field [72]

The yield stress of ER fluid was assumed to drop to zero quicker than the dissipation energy due to the
development of the velocity profile. The characteristic time scale is connected with an MR fluid density,
the geometry of the gap, and the fluid’s viscosity.
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2.4  Knowledge gaps

In the current state of the art in the field of (i) tribological properties and (ii) transient response of MR
fluid can be found several knowledge gaps.

(1) Transient response: hydrodynamic response time

Studies on the transient behaviour of MR fluid at shear rates encountered in MR dampers are
relatively rare, especially with experimental data. The Goncalves [72] stated that the hydrodynamic
response time decreases as the magnetic field increases. However, the trends are unknown. The
temperature effect (viscosity) on this behaviour was not studied. Therefore, our study [79] deals
with this knowledge gap.

(i) Transient response: rheological response time

In general, the information about the transient response of MR fluid is limited. This issue is
becoming more critical due to the development of MR devices with excellent transient behaviour,
where the limiting part is the MR fluid itself. The rheological response time of MR or ER fluid was
experimentally determined in two studies [75], [71]. Both studies presented response times for one
experimental condition and one selected MR fluid. The effect of shear rate or MR fluid composition
on rheological response time is unknown. Therefore, our study [80] deals with this knowledge gap.

(iii)  Tribological properties

Many papers deal with the measurement of the friction coefficient of MR fluids [58, 61, 62].
However, most of these studies were limited to a narrow range of loads or speeds (low range of
Hersey numbers). Only Shahrivar et al. [65] measured friction coefficient in the higher range of
sliding speeds. Therefore, the information on the course of the friction coefficient in a wide range
of Hersey numbers (Stribeck curve) is limited. The effect of particle concentration on each
lubrication regime is also limited. Therefore, our study [81] deals with this knowledge gap.

2.5 Author’ s contribution to the field

Based on the above references, the information about the tribological properties and transient behaviour
of MR fluid is still limited. Therefore, the author of the thesis published three papers focused on those
research fields. The first study (i) deals with determining the hydrodynamic response time of MR fluid.
The new experimental approach and unique rheometer design were published. The effect of the magnetic
field, viscosity (temperature), and gap size were determined. The second study (ii) contains the
measurement of transient response (rheological response time) of MR fluid on the rapid change of
magnetic field in shear mode. The effect of carrier fluid viscosity, fluid magnetization, or the shear rate
was determined and discussed. The third study (iii) deals with measuring friction coefficient in the high
range of Hersey number. The effects of particle concentration and temperature were presented. All the
papers were published in peer-reviewed WOS journals with IF. The list of the included papers is as
follows:
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25.1 Hydrodynamic response time of magnetorheological fluid in valve mode: model

and experimental verification [79]
The first paper demonstrates the author’s contribution to the field of the transient response of
magnetorheological fluid. The main aim of this paper was to determine the hydrodynamic response time
of MR fluid operating in valve mode and the result compared with analytical formula and CFD
simulations. The new and unique slit-flow rheometer design and method evaluation of MR fluid
response time (time constant) was published, see Figure 10. This method is based on how much time
the ferromagnetic particles of MR fluid spend in the presence of the magnetic field. The magnetic model
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Figure 10 Layouts of the test rig [79]
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The experimentally determined hydrodynamic response time 7o of MR fluid varies from 0.4 ms to 1 ms
for the selected gap size (g = 0.65 mm) and the selected ranges of magnetic field (H = 11.2 kA/m to
55 kA/m). The higher the magnetic field, the lower the hydrodynamic response time is. This dependence
is nonlinear; see Figure 11 left. The analytical model shows the same trends as the CFD model and the
experiment. The effect of temperature (MR fluid viscosity) and gap size was also presented. The
hydrodynamic response time o 0f MR fluid increases as the MR fluid temperatures increase (decrease
viscosity). As the gap size increases, the hydrodynamic response time zgo of MR fluid also increases
significantly. The new analytical model was proposed according to experimental data and CFD
simulation, see Figure 11, right.
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Figure 11 The results of the experiments [79]

2.5.2 Transient Response of Magnetorheological Fluid on Rapid Change of Magnetic
Field in Shear Mode [80]

The second paper deals with the rheological response time of magnetorheological fluid in shear mode
on the rapid change of magnetic field. The rheological response time is connected with the structuring
particle's time and the development of shear stress in MR fluid during the deformation. The main aim
of this paper was to experimentally determine the rheological response time of MR fluid and determine
the effect of shear rate, magnetic field level, and carrier fluid viscosity. The unique design of the
rheometer, which allows rapid change of magnetic field, was presented, see Figure 12. The new
approach for evaluating MR fluid rheological response time was also presented.

Detail with dimensions

Figure 12 Experimental test rig [80]

The experimentally determined response time (90 %) of the magnetic field was 0.335 ms. The
rheological response time of MRF 132-DG and MRC-C1L was in the range of 0.8 to 1.4 ms depending
on the shear rate. The rheological response time of MR fluid MRHCCS4-A and MRHCCS4-B ranges
from 5.5 ms to 1.9 ms for shear rate y from 11 s to 218 s™*. The value of the shear rate significantly
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influences the rheological response time at low shear rates. The higher the shear rate, the shorter the
response time. The fluid magnetization M also significantly affected the rheological response time. The
higher the magnetization M of the MR fluid, the lower the rheological response time. The MR fluid with
a higher carrier fluid viscosity n shows a significantly higher response time. However, all measured data
was generalized by Non-dimensional response time T" and Mason number Mn. The one master curve
was determined from measured data, see Figure 13. This is an important conclusion because the master
curve allows the determination of rheological time response for a given MR fluid and given load (shear

rates).
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Figure 13 Generalization of measured data [80]

2.5.3 Stribeck Curve of Magnetorheological Fluid within  Pin-on-Disc

Configuration: An Experimental Investigation [81]
The last paper demonstrates the author’s contribution to the field of tribology of MR fluid. The main
aim of the paper was to determine the COF of MR fluids in a large range of Hersey numbers. The effect
of particle concentration and temperature was presented. In this study, a rotating friction tester was used
to carry out all experiments. Tests were performed on the tribometer Bruker ZP-UMT TriboLab with a
pin-on-disc configuration. Commercial MR fluids supplied by the LORD company (MRF-122EG,
MRF-132DG, and MRF-140CG) were chosen as the MR fluid samples. These samples have different
particle concentrations. The measurement was carried out for temperatures of 40 °C and 80 °C using a
temperature chamber by Bruker. The COF of MR fluid was also compared with the COF of carrier fluid
(PAO).

Figure 14 Layouts of the test rig [81]
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It can be seen that the boundary, mixed, elastohydrodynamic (EHD), and hydrodynamic regimes of
lubrication were measured. However, the EHD regime (the area with the lowest COF) at MR fluid came
on at significantly higher COF than PAO. It was surprising that the COF in the boundary lubrication
regime is almost identical for all MR fluids, despite the presence of iron particles in MR fluid. No
significant temperature effect on COF was observed for MR fluid samples.
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Figure 15 The results of the experiments [81]

24



IOP Publishing

Smart Materials and Structures

Smart Mater. Struct. 30 (2021) 125020 (12pp)

https://doi.org/10.1088/1361-665X/ac3437

Hydrodynamic response time
of magnetorheological fluid in valve mode:
model and experimental verification

M Kubik'*®, K Sebesta', Z Strecker'

, F Jenis'

, J Goldasz>® and | Mazurek'

! Institute of Machine and Industrial Design, Faculty of Mechanical Engineering, Brno University of

Technology, Brno, Czech Republic

2 Faculty of Electrical and Computer Engineering, Cracow University of Technology, Krakéw, Poland

3 Technical Center Krakéw, BWI Group, Krakéw, Poland

E-mail: michal . kubik @vutbr.cz

Received 10 September 2021, revised 18 October 2021
Accepted for publication 28 October 2021
Published 11 November 2021

Abstract

®

CrossMark

The transient behaviour of magnetorheological (MR) actuators affects their performance in
progressive semiactive control suspension systems. The two sources of the time delay between
the control signal and damping force are (a) dynamics of MR damper hardware and (b) the MR
fluid dynamics. The significant part of the MR fluid response time is the so-called
hydrodynamic response time which is connected with the transient flow. Due to the above, the
main aim of this paper is to experimentally determine the hydrodynamic response time of MR
fluid and present systematic means for characterizing it via computational fluid dynamics (CFD)
or analytical tools. The unique measurement method using an in-house patented slit flow
rheometer is presented. The essence of the method relies on determining the pressure drop
variation with the time spent by the fluid in the MR gap. The experimental determined
hydrodynamic response time of MR fluid ranges from 0.4 to 1 ms for a selected gap size and a
range of magnetic field stimuli. The results show that the higher the magnetic field, the lower
the hydrodynamic response time is. Both CFD and analytical models exhibit similar trends as
the experimental data. Moreover, the impact of temperature and gap size was determined. Here,
the higher the gap size and temperature of MR fluid, the longer the response time is.

Keywords: transient rheology, unsteady flow, hydrodynamic response time, response time, MR

fluid, MR damper, magnetorheological fluid

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological (MR) fluid is a smart material that exhib-
its a reversible and fast transition from a liquid state to a
pseudo-solid (an increase of yield stress) under the applica-
tion of an external magnetic field. This phenomenon is called
an MR effect. By principle, MR fluid is a two-phase fluid
consisting of micron-sized highly magnetizable particles in a

“ Author to whom any correspondence should be addressed.

1361-665X/21/125020+12$33.00

non-magnetizable carrier fluid. When the MR fluid is ener-
gized by the magnetic field, the ferromagnetic particles are
magnetized and form chain-like structures in the direction of
the magnetic field. The fluid then exhibits a significant increase
of the yield stress. The ferromagnetic particle size [1], its dis-
tribution [2], concentration, material, and the level of the mag-
netic field have a dominant effect on the value of MR fluid’s
yield stress. The carrier fluid is usually silicon oil, mineral
oil, or synthetic oil [3]. Furthermore, additives are added to
improve sedimentation stability [4—6], rheological or tribolo-
gical [7] properties of MR fluid. These properties allow the use

© 2021 IOP Publishing Ltd  Printed in the UK
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of MR fluid in electro-mechanical systems such as dampers
[8—11], clutches [12, 13], or seals [14—16]. MR dampers are
currently used in the automotive/railway/aviation industries
and the like. The transient (dynamic) behavior of the MR
damper is a fundamental property affecting the performance
of this technology in modern semi-actively controlled suspen-
sion systems [17]. The two sources of the time delay between
the control signal and damping force are as follows (a) dynam-
ics of MR damper hardware and (b) the MR fluid dynamics.

1.1. Response time of MR damper hardware

The significance of the response time (transient behaviour) of
MR damper hardware was listed in several publications and
the main sources of the delay were identified as (a) eddy cur-
rents in the coil core [18, 19], (b) inductance of the MR damper
coil [11], or (c) compressibility of the hydraulic system of the
MR damper [20]. When the magnetic field changes rapidly in
the magnetic circuit of the damper, eddy currents are gener-
ated, which produce a magnetic field in the opposite direc-
tion than the induced magnetic field by the magnetizing cur-
rent. The eddy currents can be reduced by either a selection
of material properties (SMC—soft magnetic composite, fer-
rite, etc) [11] or the so-called shape approach [21]. The shape
approach is based on the use of a magnetic circuit with thin
sheets or with suitably located grooves. This approach is cur-
rently under development. The slow increase and decrease of
electric current relative to the control voltage signal due to the
inductance of the coil can be solved by the current control-
ler with the over-voltage method [21]. The compressibility of
the MR fluid also affects the transient behaviour of the MR
damper especially at low piston velocities [20]. The subject
of MR damper hardware dynamics has been relatively intens-
ively described. The recently developed MR dampers achieve
the response time of 1.2 ms which is probably within the time
scale of the MR fluid response time itself.

1.2. Response time of MR fluid itself

Studies on the transient/dynamic behavior of MR fluids or
ferrofluids are relatively rare. The best-known study which
highlights the significance of MR fluid response time is the
research of Goncalves et al [22]. This team published the res-
ults of their measurements of MR fluid response time using a
slit-flow rheometer in valve mode. The author introduced the
concept of fluid dwell time. This is the time that ferromag-
netic particles of MR fluid spend in the presence of a magnetic
field. The authors observed a decrease in MR fluid yield stress
with the decreasing dwell time. By definition, the dwell time
of 63.2% of the expected (steady-state) value of yield stress
is equal to the response time. The authors assumed that this
yield stress degradation is connected with the particle pair-
formation time in fluid [22].

Carvalho and Gontijo [23] modeled the physical timescales
responsible for ferrofluid dynamics. They identified three main
sources: (a) Brownian relaxation time of particles, (b) mag-
netic timescales associated with the applied magnetic field,
and (c¢) hydrodynamic timescale associated with the flow’s

characteristics and geometry of the gap. The hydrodynamic
timescale is significantly greater than the Brownian relaxation
timescale and also than the magnetic time scale at low Péclet
numbers.

Modeling of particle chain formations and their dynamics
were dealt with by relatively many authors [24-26] and quite
often resulting in spectacular visualizations of particle chain-
ing structures (microstructure development) in time and relat-
ing it to flow characteristics of the fluid.

Jolly et al [27] developed a new method for indirect meas-
urement of microstructure development in MR fluid. The
method relies on measurements of magnetic induction change
(change of MR fluid relative permeability) due to microstruc-
ture development. The characteristic time for particle structure
development is proportional to the carrier fluid viscosity due
to particle movement. The lower the viscosity, the lower the
characteristic time is. The characteristic time is also dependent
on particle concentration and magnetic induction magnitude.
It should be noted that the measurement was done at a zero
shear rate. A similar method was also published by Horvath
et al [28].

Gavin et al [29] in their study on ER dampers modeled the
transition from a fully developed Bingham profile to a New-
tonian flow. The yield stress of ER fluid was assumed to drop
to zero quicker than the dissipation energy due to the devel-
opment of the velocity profile. The characteristic time scale is
connected with a MR fluid density, the geometry of the gap,
and the fluid’s viscosity.

The research studies of Sherman [30] or Goldasz et al [31]
show that pressure drop across the flow channel decreases with
the increasing gap velocity. In Goncalves et al [22] experi-
ments, this is related to transient rheology connected with the
development of velocity profile in the gap. This statement is
based on computational fluid dynamics (CFD) simulations.
Laun er al [32] also stated that Goncalves results are connected
with a hydraulic time constant of devices. This phenomenon
is often referred to as the hydrodynamic fluid response time.

Sherman [30] published a model for the hydrodynamic
response of MR fluids. This model is based on an analytical
solution of the start-up flow of Bingham plastic fluid between
parallel plates [33]. The author construct fit of data Darpa ef al
[33] in term of dimensionless response time 7'; and Bingham
number B; as follows [30]:

0235
Y 140.2B;°

The Bingham number B; is defined as ration of yield stress
forces to viscous stress forces as follows [34]:

A
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B =

where 7, is MR fluid yield stress, 7 is off-state viscosity, '
is charasterics shear rate of system. For a Newtonian fluid, the
dimensionless response time can be calculated as follows [30]:
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where f, is response time, p is the density of the fluid, /4 is v Lot
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Studies on the transient behaviour of MR fluid at shear rates
encountered in MR actuators are relatively rare, especially
with experimental data. Most authors only modeled this phe-
nomenon [29-31, 33]. Sherman [30] stated that the valida-
tion of the models requires high-quality experimental data.
The main requirements on the rheometer are temperature con-
trol and exclusion of entrance effects. The Goncalves [22]
stated that the response time decreases as the magnetic field
increases. However, the trends are unknowns. The temperat-
ure effect was not studied.

Given the above, the main aim of this paper is to experi-
mentally determine the hydrodynamic response time of MR
fluid operating in valve mode (at high shear rates). The
developed rheometer respects the requirements above and a
unique measurement method is presented. The measured data
will be compared against the Sherman model and CFD results
to verify the hydrodynamic response time hypothesis in valve
mode. The effect of the magnetic field, temperature, and gap
size on response time are presented.

2. Materials and methods

2.1. The main idea of the measurement method

This method is based on the measurement of pressure drop
across the MR valve caused by an external magnetic field act-
ing on the MR fluid Ap. in relation to the dwell time #gye .
In our opinion, this method significantly extends the paper
of Goncalves et al [22]. The challenge was to separate the
effects of viscosity, temperature and entry/exit lossed on pres-
sure drop from the measured data.

Therefore, the measurement procedure consists of two
parts. The first measurement part was carried out at zero mag-
netic fields (H = 0 kA m~!) and Newtonian behavior of the
MR fluid is considered in areas I to III, see figure 1. As such,
the pressure drop Apog (H =0 kA m~") across the region I-III
can be calculated as follows:

P1—put = Apott = Apy + Apy, (D

where Ap,, is the viscous pressure drop and Ap,, is the pres-
sure drop due to entrance and exit losses to the gap. In the
second series of the measurements, the test MR valve (gap)
was split into two areas: (I-1I) non-energized and (II-1II) ener-
gized, see figure 1. It is assumed that the velocity profile at
the interface (II) is fully developed (Newtonian). The second
measurement of the pressure loss Ap,, is already in the pres-
ence of a magnetic field (H # 0 kA m~!) across the length Ly;.
The pressure drop Ap,, is then:

P1—pm = Apon = Apy + Apy + Apr = Apose + Apr (2)

Figure 1. Flow channel.

where Ap. is pressure drop due to the yield stress of MR fluid
on the length Ly;. From the measured pressure drops Apogr and
Apon, the pressure drop due to the MR fluid yield stress Ap,-
is determined as follows:

APT = Apon - Apoff- 3)

However, it is to be expected that the temperature will vary
between the consecutive measurement series blocks. There-
fore, it was necessary to use an external cooling circuit to sta-
bilize the MR fluid sample temperature. The dwell time fqyep
was defined as the time that the MR fluid spends in the pres-
ence of the magnetic field. The dwell time 74,1 Was calculated
using the mean flow velocity in the gap vy, and the length Ly
as follows:

Lawell = I‘%{ “)
It is assumed that the MR fluid needs the time #; or length L,
to transform the Newtonian velocity profile to a plug velocity
profile (Bingham plastic) to exhibit the dissipation energy due
to MR fluid yield stress. The time ¢ or length L; is probably the
result of MR fluid deceleration/acceleration in the gap. In the
case of Ly > Ly and given the mean velocity in the gap vy,
the velocity profile is not developed from Newtonian profile to
that of Bingham, and dissipation energy due to MR yield stress
is not observed Ap, = 0 although the yield stress is not zero
(H # 0 kA m™"). Otherwise (L, < Ly) the velocity profile
is quickly developed and there is no significant effect of MR
fluid deceleration/acceleration.

2.2. Experimental test rig

The functional layout of the apparatus is shown in figure 2.
The experimental rig (slit-flow rheometer) is energized by the
Inova hydraulic dynamometer AH 40—150 which imposes the
motion of the floating piston (d, = 32 mm). The motion of
the floating piston forces the test MR fluid to flow through the
slit gap of the rheometer (MR valve). The slit gap (gap size
g = 0.65 mm, width wy = 32 mm and length L = 50 mm) is
made of two grinded blocks. Each block consists of a com-
ponent made of non-magnetic stainless steel (light blue) and
a component made of pure iron (yellow). Therefore, the mag-
netic flux can flow just through the yellow part as can be seen
in detail in figure 2. The geometry of the inlets to the gap was
optimized with CFD simulations to minimize pressure drop at
entry/exit Ap, (light grey).
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Figure 3. Rheometer configuration.

In order to stabilize the MR fluid sample temperature in
the rheometer, a temperating circuit was used as shown in
figure 2. This circuit was powered by a refrigerated circulating
bath Haake K10 DC50, see figure 3. The demagnetization of
the magnetic circuit was by a sinusoidal electric current sig-
nal with decreasing amplitude. The pressure drop across the
slit gap was monitored with two pressure sensors HBM PSAP.
The MR fluid temperature was acquired by a resistance tem-
perature sensor PT100 which was located near the entrance to
the slit gap. The motion of the floating piston was measured
using the LVDT transducer/position sensor accommodated in
a hydraulic dynamometer. These signals were recorded and
conditioned at the sampling frequency of 2 kHz using the ana-
lyzer Dewe-800.

2.3. Measurement methodology and evaluation

The measurement procedure was as follows: (a) eight sinus-
oidal cycles at the given frequency f; (b) pause to switch
power supply current on and temperature stabilization; (c)
eight sinusoidal cycles at the frequency f and electric current
I; (d) demagnetization of the magnetic circuit. Measurements
were performed for various frequencies at the stroke amplitude
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Figure 4. Pressure drop evaluation procedure example: 0.4 A,
0.5 Hz.

of 48 mm. The piston velocity v, was determined by derivat-
ing the piston position. In order to estimate the pressure drop,
the data points were selected which fell within the 2 mm mar-
gin from the midstroke position and at min. 99% of the max-
imum piston velocity. Furthermore, only one direction of flow
through the gap was selected for the following evaluation fact
that the MR fluid has a fully developed velocity profile on the
entrance the field energized region of the flow channel, see
figure 2. Exemplary results with the highlighted data points
for the evaluation procedure can be seen in figure 4.

Next, in order to determine the yield stress from the meas-
urement is presented equation below:

- _ Arrg
0T 2Ly

o)

The results from the measurement of Ap,. were normalized
Y apr and compared using the following equation:

Ap- (i)

~ max(&p, ()] ©

Yapr (i)

where i is the measurement number and max(Ap, ) is the max-
imum value of Ap, that corresponds to the steady-state. The
normalized data ¢ s, were then least-squares fitted in Matlab
using the following function:

1/} = [1 — Clecz(tdwm_c4) ]tanh[C3 (tdwell — C4) (7)

where ¢y, ¢3, 3, and ¢4 are constants that were obtained by the
curve fitting. This equation is necessary for precise calculation
of the hydrodynamic response time 79y of the MR fluid from
measured data.

2.4. Test sample

MR fluid MRF-132DG from Lord Corporation was used for
testing. This is hydrocarbon-based MR fluid using for gen-
eral energy-dissipating applications as dampers or brakes. The
volume concentration of ferromagnetic particles in the tested
sample was experimentally determined to be 32.6% and the
sample density was 3106 kg m~>. These data were determ-
ined by volume and weight measurement. The particles are
spherical and average size (diameter) is 2.1 pm. The particle
distribution is according Q3 [35]. The particle material is car-
bonyl iron.
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Figure 5. MR fluid sample viscosity data (black circle:
measurement; red curve: Slotte model fit).

The viscosity of MR fluid was measured using the rota-
tional rheometer Haake RotoVisco 1, the sensor system ISO
3219720 DIN. The viscosity of MR fluid was measured at the
constant shear rate 800 s~! during 30 s at a selected temperat-
ure. This data is input to the CFD simulations and next eval-
uation. The measured data were curve fitted using the Slotte
model, see figure 5.

2.5. Magnetic model

The magnetic model was created in Ansys Electronics
Desktop 19.2. The geometry of the magnetic circuit was sim-
plified and the symmetry boundary condition was used, see
figure 6. The boundary condition Insulating was applied on
the electromagnetic coil geometry. The excitation of the coil
was by coil terminal. The magnetization curve of the mag-
netic circuit material (pure iron, trademark name Behanit) was
determined using the measurement system Remagraph C-500.
The magnetization curve of the MR fluid sample was extrac-
ted from the datasheet of the MR fluid supplier. The relative
permeability of other materials was considered to be equal to
1. This magnetic model was necessary for the calculation of
(a) the length Ly; and (b) the magnetic field intensity H in the
gap with MR fluid. The length Ly; will be determined based
on the drop of magnetic flux density to 10% of the maximum
value.

2.6. CFD model

Ansys CFX 14.2 was used for transient simulations. The geo-
metry of the flow domain was simplified to the 3D parallel
plate configuration, see figure 7. The inlet boundary condition
was set at the entrance and the output at the exit assuming the
relative pressure of 1 bar. The prescribed velocity at the inlet
varied sinusoidally. Moreover, no-slip wall boundary condi-
tions were set in the remaining portions of the model. As the
Reynolds number was below 500 at the highest frequency, the
laminar flow model could be assumed for the analysis. The
residual target was set to 5 x 107>, The time step was vari-
able and each calculation was completed within 120 simula-
tion steps.
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Figure 6. Simplified geometry of the magnetic circuit (orange:
Behanit, blue: MR fluid/air, yellow: stainless steel, grey: brass, light
blue: polyamide, red: copper)—above; magnetization curves of
Behanit and MRF—down.

Figure 7. Flow domain and mesh.

The flow domain was divided into two sections correspond-
ing to the illustration in figure 2. In both sections, 50 elements
with the bias factor set to 3 were used across the flow gap. The
MR fluid is assumed to be continuous fluid and its behavior
under the magnetic field is described by the bi-viscous con-
stitutive model, see figure 8. This MR fluid model was applied
to the selected flow domain geometry using the CEL func-
tion. The bi-viscous model rather than the Bingham model was
selected to avoid the singularity present in the latter at zero
shear rate.

The limit of shear rate was set 4;,, = 0.01s~!'. The bi-
viscous model was set as follows:

70 .
Napp = ’Y_ + 107 > Mim

T0 . .
Tapp = ——7 = Miim (8)

lim
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Figure 8. Bi-viscous model of MR fluid flow used in the simulation.

where 7., 1s apparent viscosity of MR fluid, 7 is viscosity
and " is shear rate. This is a common approach often used in
handling ER/MR fluid flows, e.g. Bullough et al [36].

3. Results and discussion

3.1 Calculation of the length Ly

The length of an active zone Ly, is an important input for the
dwell time calculation. The length Ly; was determined from
the magnetic model as the distance at which the magnetic flux
density drops to 10% of the maximum value in the gap.

The results for the different electric currents are presented
in figure 9 above. This data was normalized due to the different
maximum values of magnetic flux density, see figure 9 down.
The length Ly; was determined to be equal to Ly; = 8.8 mm.
The length of the pole piece is 8 mm. The evaluated value is
higher due to magnetic leakage. It is necessary to note that
given the different magnetic properties of MR fluid (differ-
ent particle concentration, particle size, etc) the length Ly
will vary. The better the relative permeability of MR fluid, the
lower the length Ly is. The other result of the magnetic model
is the magnetic field intensity H in the MR fluid sample in the
middle of pole pieces dependent on the electric current / of the
coil, see figure 10. This information is important for general-
izing the measured data.

3.2. Measured pressure drop and CFD model verification

Figure 11 shows the pressure drop Ap measurement on- as
well off-state conditions, respectively for given electric cur-
rent (only selected data are presented). The hydrodynamic
response time was evaluated from this data. The MR fluid
yield stress was evaluated at a low fluid velocity in the gap
(4.6 m s~ 1) to eliminate the transient effect on the data. Based
on equation (5), the yield stress 79 was determined as a func-
tion of the magnetic field intensity H, see figure 12 above.

These data were compared against the MR fluid datasheet.
At the higher magnetic field intensities H, the measured yield
stress exhibits higher values than those advertised by the man-
ufacturer. The maximum difference was 11% (at the magnetic
field intensity of 56 kA m~') which is acceptable. The yield
stress data were input to the CFD simulation. The compar-
ison of pressure drop caused by the MR fluid yield stress Ap.,
from measurement and CFD simulation results can be seen in
figure 12 down.
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Figure 9. Magnetic flux density over the length of the gap in the
direction of flow at various electric currents in the coil—above;
normalized results of magnetic flux density—down.
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Figure 10. Magnetic field intensity H vs coil current 1.

3.3. Dwell time effect on pressure drop

The normalized measured pressure drop data to the MR fluid
yield stress t5,, (black circle) and CFD simulation (red
square) dependency on dwell time #4ye at various magnetic
fields H are presented, see figure 13. The experimental data
were curve-fitted using equation (5), see equation (7) the blue
line in figure 13. The hydrodynamic response time 799 was
determined from this equation.

Very good agreement between experimental data and the
numerical results was achieved. The most significant differ-
ence can be seen just at the low magnetic field intensity H
(I = 0.25 A). Most likely, the discrepancy was due to the
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Figure 11. Selected raw experimental data: pressure drop vs
velocity.

fluid heating contribution during the experiment. Another pos-
sible source of discrepancy is the accuracy of pressure sensors
because in this case the pressure drop Ap, reached values
were on the order of tenths of the bar. This result of the

Goncalves experiments. The study of Bullough et al [36] also
shows the same trends. For our configuration (g = 0.65 mm,
temperature 40 °C and MRF 132-DG) the response time Tgq
ranges from 0.4 to 1 ms depending on the magnitude of the
magnetic field H. Moreover, the experimental data and the
CFD results were compared with the Sherman’s analytical
model. The comparison was made at the corresponding shear
rates and the same yield stresses, viscosity, gap size, and MR
fluid density as was in the experiments.
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Figure 13. Normalized pressure drop vs dwell time and coil current.

The analytical model shows the same trends as the CFD
model and the experiment, see figure 14. However, the abso-
lute value of the response time T is higher and varies from
0.8 to 1.6 ms. This difference is understandable because the
analytical model was obtained by fitting the Darpa data. Darpa

et al [33] used different excitation inputs. They used a constant
pressure gradient and monitored the flow rate.

In our case, we applied a constant flow rate and monitored
the pressure gradient. Note that Sherman considered a planar
2D flow model with no contribution of the channel’s side-
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fully developed Newtonian profile to a Bigham type plug flow.
Figure 16 shows some insight into the velocity profile devel-
opment in time for the selected yield stress.

The fully developed velocity profile and plug thickness can
be also calculated analytically. In figure 16 case, the analytic-
ally determined plug thickness achieved a value of 0.26 mm
which corresponds with results from CFD simulation, see
figure 16 red.

3.5. Temperature effect on hydrodynamic response time

Three temperatures (40 °C, 50 °C, and 60 °C) and two coil
current levels were selected to demonstrate the temperature
effect on the hydrodynamic response time 7gg, see figure 17.

Figure 17. Impact of temperature on the normalized pressure drop
(measurement).

The hydrodynamic response time increases as the MR fluid
temperature increases as shown in figure 18.

However, the rate of the response time change is also
dependent on the level of magnetic field intensity H (yield
stress). The higher the yield stress, the lower rise of the hydro-
dynamic response time 7o is. The data presented in figure 18
were determined by the new model and MRF 132-DG fluid
viscosity data. The increase in response time is due to the
decreased viscosity of the MR fluid and changes in the Bigham
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number B;. Bullough et al [36] showed that the viscosity of the
fluid has a significant effect on the response time and thus the
measured data corresponds with their results. Thus, it can be
stated that the dependence of the hydrodynamic response time
Tgp Oon temperature is strongly nonlinear and as the temperature
increases (viscosity decreases) the response time T increases
significantly.

The low viscosity of MR fluids is advantageous in achiev-
ing the dynamic force range of the MR damper. However, as
it can be seen from figure 18, it prolongs the hydrodynamic

10

response time. The design of the MR damper will therefore
be a trade-off between the transient behavior and the dynamic
force range.

3.6. Effect of gap size

Using the verified CFD model, the effect of gap size on the
hydrodynamic response time 79 was tested, see figure 19. As
the gap size increases, the hydrodynamic response time also
increases significantly. Within the examined gap size range
from 0.5 to 1 mm, the effect of gap size on the response
time is most linear. Increasing the gap increases the dynamic
force range of the MR damper. However, its dynamic behavior
deteriorates.

The same trends were described by Gavin et al [29] when
studying the transition from a fully developed Bingham flow
to a Newtonian one. Bullough et al [36] claimed that the gap
size has a dominant effect on the hydraulic time constant.

3.7 Discussion on the impact of the results on the design of
MR actuators

It is apparent that these results have a direct impact on the
design of MR actuators, e.g. MR high-speed energy absorbers
and MR dampers with fast semiactive control of damping force
at high shear rates.

3.71. MR high-speed energy absorbers.  These actuators
suffer from the yield force fall-off in on-state at high pis-
ton velocities, which significantly reduces the dynamic force
range of the damper at these velocities [12, 37]. This decrease
is due to the heating of the fluid and the presented hydro-
dynamic response time contribution. Based on the presented
data, the minimum length L, of the magnetic pole of the
damper to eliminate the effect of transient flow on the pres-
sure drop can be determined. The minimum length Ly, of the
magnetic pole in the damper can be determined as follows:

Lunin = vinToo- )
This problem is likely to be more significant for large dampers
(with high damping force) due to the size of the gap.

3.72. Fastsemi-active MR dampers. It can be expected that
if the magnetic field changes rapidly (step change) then the
yield stress of MR fluid also changing rapidly at high shear
rates [30]. This rapid change of MR fluid yield stress leads to
a change in the velocity profile from a Newton profile to the
Bingham plug flow followed by dissipation of energy. This
probably results in a time delay between the controlled mag-
netic field (control signal) and the dissipation energy (damp-
ing force). In our presented case, we had a different excita-
tion of the fluid. We used a constant MR fluid yield stress
and we determined the resulting pressure drop. It is uncer-
tain whether the mechanism will be the same for the force
rise to fast applied magnetic field variants. The authors of
the paper assume that this model can be used to predict the
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behaviour of fast changes of magnetic field (yield stress) with
some error. A simple analysis is presented below. The hydro-
dynamic response time of the fast MR damper can be calcu-
lated using the presented method as 799 = 0.39 ms (vgyp = 6
m s~!, yield stress of 10 kPa, plastic viscosity 0.11 Pa.s
(40 °C), MRF 132, and geometry) [11]. This is within the
time scale of the data presented by Strecker et al [11], where
the damper force response time was measured as 1.3 ms. The
force response time of the MR damper is also affected by
the hydraulic system compliance and the response time of the
electric current (coil inductance) in the coil (0.5 ms). Determ-
ining the MR fluid transient behaviour subjected to magnetic
field step inputs will be subject to further research.

4. Conclusion

The paper deals with the measurement of the hydrodynamic
response time of MR fluid operating in valve mode. The meas-
urement method and the unique design of the slit flow rheo-
meter is presented. The measured data were compared against
the CFD results and the analytical model. The effect of a mag-
netic field, temperature (plastic viscosity), and gap size on the
hydrodynamic response time were determined. The key find-
ings of this study can be summarized as follows:

e The experimentally determined hydrodynamic response
time 799 of MR fluid varies from 0.4 to 1 ms for the selected
gap size (g = 0.65 mm) and the selected ranges of magnetic
field (H = 11.2-55 kA m~"!). The higher the magnetic field,
the lower the hydrodynamic response time is. This depend-
ence is nonlinear, see figure 14.

e The CFD model agrees with the experimental data. The

analytical model presented by Sherman ez al [29] shows

the same trends as the CFD model and the experiment, see
figure 14. However, the absolute value of the response time

Too is higher. The differences can be explained due to differ-

ent fluid excitation. However, the analytical model respects

the trends and is, therefore, conservative and easy to use for
the design of MR actuators.

The hydrodynamic response time 799 of MR fluid increases

as the MR fluid temperatures increases (decrease viscosity).

The higher the yield stress of MR fluid, the lower the tem-

perature effect on the hydrodynamic response time 7g is.

As the gap size increases, the hydrodynamic response time

Tg9o of MR fluid also increases significantly. The gap size

has also the dominant effect on the dynamic force range of

the damper. The higher the gap size, the higher the dynamic
force range is. The design of MR dampers is a trade-off
between the dynamic force range and the dynamic behaviour

(response time).
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Abstract: The paper focuses on the coefficient of friction (COF) of a magnetorheological fluid
(MREF) in the wide range of working conditions across all the lubrication regimes—boundary, mixed,
elastohydrodynamic (EHD), and hydrodynamic (HD) lubrication, specifically focused on the common
working area of MR damper. The coefficient of friction was measured for MR fluids from Lord
company with concentrations of 22, 32, and 40 vol. % of iron particles at temperatures 40 and 80 °C.
The results were compared with a reference fluid, a synthetic liquid hydrocarbon PAO4 used as a
carrier fluid of MREF. The results show that at boundary regime and temperature 40 °C all the fluids
exhibit similar COF of 0.11-0.13. Differences can be found in the EHD regime, where the MR fluid
COF is significantly higher (0.08) in comparison with PAO4 (0.04). The COF of MR fluid in the HD
regime rose very steeply in comparison with PAO4. The effect of particle concentration is significant
in the HD regime.

Keywords: friction; Stribeck curve; magnetorheological fluid; pin on disc; MR damper;
tribological performance

1. Introduction

Magnetorheological (MR) fluid belongs into the group of smart materials enabling a change in an
apparent viscosity in over a great range, and this switching between two states can be reached within
1 ms [1]. The fluid is the suspension of micron-sized particles, which are usually made of pure iron
because of their favorable magnetic properties. These particles have a globular shape, and they are
suspended in the carrier fluid, for instance, water, silicone oil, or, in most cases, a synthetic hydrocarbon,
say, polyalphaolefin (PAO). When the magnetic field is applied, the ferromagnetic particles are
concatenated into chain formation along the magnetic flux lines. The cohesion of chain formations
causes an increase in the apparent viscosity of MR fluid [2]. This property is most often exploited by
MR dampers [3-5], brakes/clutches [6-8], seals [9,10], or flexible structures [11,12]. The applicability of
these MR devices in smart mechanical systems has several limitations. The main issues are as follows:
(i) the sedimentation stability [13,14]; (ii) an increase of MR fluid consistency during the MR fluid
loading called an in-use-thickening [15,16]; (iii) and the abrasiveness and poor lubricating properties
of the MR fluid [17]. Currently, the first two issues are being sufficiently solved by using suitable
additives to prevent the sedimentation and oxidation of iron particles.

The MR device lifetime is limited by two major sources of wear: (i) fluid flow wear and (ii) wear
inside the tribological contact pairs by iron particles or additives. Wear due to fluid flow in the damper
has been described in, e.g., [18]. Wear causes a decrease in the required force or torque due to an
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increase in the gap size. However, this problem can be solved by a suitable damper control strategy.
The wear or higher friction losses of tribological contact pairs is a significant problem for MR device
lifetime and performance. In the case of the MR damper, several tribological contact pairs can be
found: sealing and guiding of (i) the floating piston, (ii) the piston, and (iii) the piston rod. Wear of
these parts can cause worse functionality exhibited as a higher friction force and MR fluid leakage
from the device or into the gas chamber in the damper. Therefore, the basic knowledge of wear and
lubricating behavior of MR fluid in different tribological contact pairs can significantly help in practice.
Jolly [19] measured the coefficients of friction for MR fluid lubricated iron-on-iron conformal interfaces.
He compared the four types of MR fluid from Lord with dry friction (0.18), and the measured coefficient
of friction (COF) was an interval from 0.04 to 0.07 for all samples. Song [20] tested material pairs of
steel-on-steel and aluminum-on-aluminum. The normal force was applied at three levels and at three
levels of speed rotation. The COF was lower for the highest speed and the highest load. The lowest
COF was measured for the steel-on-steel configuration and the highest COF for the aluminum material
pair. Shahrivar [21] measured Stribeck curves of ferrofluids and MR fluid MRF-132DG from LORD.
He used configuration ball-on-three plates from stainless steel AIS 316. The COF was increased from
0.13 t0 0.19. Rosa [22] measured the Stribeck curve and tested the influence of particle size. The volume
concentration of the particle was very low, and it was set properly to 1 vol. %. The results indicate
that the COF is much lower for MR fluid with 0.4 um particles than at MR fluid with 1.3 and 2 pm,
which have almost identical COFE. Zhang [23] measured COF for different particle volume content
in commercial MR fluid from Lord company. The COF were almost identical (ca. 0.35) for 22, 32,
and 40 vol.% of CI particles. Leung [24] used, for wear and COF measurement, block-on-ring geometry
equipped with a stirring mechanism. He used a commercial MR fluid MRF-132DG from LORD as a
source of CI particles and substituted the original carrier fluid with similar viscosity as an original
carrier fluid and with four times higher viscosity. The measured COF of suspensions with higher
viscosity of carrier fluid was ca. 0.065 and it was almost identical for high concentration of CI particles.
For lower concentration it was significantly lower. The suspension with low viscosity of carrier fluid
had identical COF for all concentrations (ca. 0.08). It seems that the carrier fluid with higher viscosity
can form sufficient lubricating film, which can ensure the separation of both surfaces in contact into
such a level that the particles can move in the contact more freely.

The intention of detailed state-of-art synthesis was the comparison of the results from various
studies. Only tests with MRF-132DG from Lord company or fluids with similar composition, performed
in modes pin-on-disc, block-on-ring or block-on-ball on three plates were evaluated. From these data,
the viscosity of carrier fluids, the contact pressure, and the sliding speed of surfaces in contact from
several papers can be calculated or estimated. In some cases, the sliding speed was just estimated from
RPM. The viscosity for a certain temperature during measurement was also estimated. The contact
pressure was calculated as the ratio of the normal force to the contact area calculated from the used
geometry according to Hertz. The estimated (red) and calculated (blue) values are presented in Table 1.
In an MR damper, two important steel-steel tribological contacts are operating in the MR fluid, namely,
the piston rod guide and piston guide (no effect of a magnetic field). Considering a piston velocity in
the range of 0.05 to 2 m/s, a lateral force in the range of 50 to 1000 N, a piston diameter of 32 mm, and a
piston rod diameter of 12 mm, the range of a Hersey number between 1.E-11 and 1.E-09 for the piston
rod guide and piston guide was determined. It can be seen that there are relatively few studies in the
usual working condition of an MR damper.

The main goal of the paper is to determine the COF of MR fluids in a large range of a Hersey
numbers and to focus mainly on the working conditions in the MR damper, which is essential for
practical applications. The secondary aims are to describe the effects of particles on COF in the largest
possible range of Hersey number, the effect of particle concentration, and the effect of temperature.
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Table 1. Comparison of results from published studies (red: estimation value, blue: calculation)
[20,21,23,25-29].

Relative Normal . Viscosity COF Contact
Author Geometry Speed [mm/s]  Force [N] Contact Pair [mPa.s] [-] Pressure [GPa]
Sohn Block on ring 950 40 545C/S45C 14.2 0.8 1.433
Song pin on disc 780 50 brass/brass 14.2 0.13 0.012
780 20 steel/steel 13.6 0.12 1.367
780 50 steel/steel 13.6 0.11 1.855
780 100 steel/steel 13.6 0.1 2.337
780 20 brass/brass 13.6 0.16 0.862
780 100 brass/brass 13.6 0.1 1.474
780 20 alu/alu 13.6 0.12 0.673
Song pin on disc 780 50 alu/alu 136 015 0.913
780 100 alu/alu 13.6 0.11 1.150
330 50 steel/steel 13.6 0.12 1.855
1120 50 steel/steel 13.6 0.11 1.855
330 50 brass/brass 13.6 0.12 1.170
1120 50 brass/brass 13.6 0.11 1.170
330 50 alu/alu 13.6 0.14 0.913
1120 50 alu/alu 13.6 0.13 0.913
Won. block on rin 1623 292 steel/steel 15.1 0.06 2.658
J J 1623 292 steel/steel 15.1 0.08 26.585
31.25 1 alu/alu 13.6 0.5 0.156
Zhang pin on disk 31.25 5 alu/alu 13.6 0.25 0.267
62.5 1 alu/alu 13.6 0.5 0.156
62.5 5 alu/alu 13.6 0.25 0.267
31.25 10 steel/steel 15.1 0.3 0.683
Zhang pin on disk 31.25 10 alu/alu 15.1 0.3 0.336
31.25 10 brass/brass 15.1 0.25 0.336
390 50 steel/steel 15.1 0.16 1.855
Lee pin on disc 390 100 steel/steel 15.1 0.2 2.337
560 50 steel/steel 15.1 0.13 1.855
0.06 10 steel/steel 13.6 0.15 0.224
0.1 10 steel/steel 13.6 0.14 0.224
. 1 10 steel/steel 13.6 0.145 0.224
ball-on-th lat
Shahrivar  ball-on-three plates 10 10 steel/steel 136 015 0.224
100 11 steel/steel 13.6 0.17 0.224
1000 12 steel/steel 13.6 0.19 0.269

2. Materials and Methods

2.1. Measurement Method of COF

In this study, a rotating friction tester was used to carry out all experiments. Tests were performed
on the tribometer Bruker ZP-UMT TriboLab (ZP-44957) (Figure 1a) with a pin-on-disc configuration
(Figure 1b). This tester uses a rotary module to drive the disc sample fixed at the lower part. The pin
was used during the measurement stationary with the possibility to set the radial and vertical position
to the disc. The pin was fixed by an upper holder to the normal and radial force sensor. The measured
MR fluid or oil was applied to the plate surface with a volume of 12 mL, which ensured the fully
flooded contact. Experimental data, such as the friction force (F), temperature, and normal force (N)
are measured using sensors. The COF is calculated using the following equation:

F
F=— 1
COF = 5 @
where COF is the kinetic coefficient of friction, F is the nominal measured friction force during sliding,
and P is the applied load (normal force). The normal force is ensured by an upper linear drive and the

permanent pressure of the pin to the disc is ensured by the springy metal strips Figure 1b. A hardened
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ball bearing with a diameter of 6.35 mm was used as a pin and a hardened tool steel as a disc. The disc
had to be gently ground and polished up to less than Ra 0.025 um to avoid the seizure at higher speed
(Figure 2a). Generally, higher disc roughness resulted in seizure, especially at higher sliding speeds.
However even polishing the disc did not fully prevent the contact from seizure (Figure 2b) because
of the flexible mount of the pin, which started to vibrate at high turning speeds. For this reason,
the maximal rotary speed had to be set on ca. 2400 rev/min. The corresponding sliding speed was
insufficient to achieve the required values of the Hersey number. Therefore, to measure the Stribeck
curve with this regime of lubrication, a normal force cannot stay constant for all measuring steps, and
it had to be gradually reduced when the maximum permitted rotary speed was reached.

Figure 1. (a) Tribometer UMT Bruker; (b) pin-on-disc configuration with the heating module.

0.12 0.18 0.12

E . = E
E | 3 E
; |
0.00 : 0 0.00
0.00 [mm] 0.16
(a) (b)

Figure 2. (a) Polished disc—Ra 0.014 um; (b) track roughness after test—Ra 0.110 um.

Thus, the normal force was gradually decreased from 20 to 1 N. The revolution of the rotary test
module was set according to the required sliding speed and actual radius of the pin on the disc sample.
The sliding speed was changed from 5 to 4000 mm/s in 20 steps, which approximately corresponds to
2400 rpm for maximal sliding speed; see Table 2. The initialization procedure was performed for 120 s
at sliding speed 125 mm/s and 60 s at sliding speed 1500 mm/s to neglect the effect of worn surfaces on
measuring COF.

During the procedure of the measurement of one Stribeck curve, the hardened ball as a pin was
twice changed to avoid contact seizure because of the escalated pin wear at a high rotational speed.
The repeating of measurements was carried out for obtaining three Stribeck curves for one sample
because of the higher statistical significance of data. An error bar was created from these data. The new
radius, new pin, and new tested fluid were used for each repeating.
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Table 2. Conditions for Stribeck curve measurement.

Step F,(N) v(mm/s) | Step F,(N) v (mm/s)
1 20 5 11 20 2500
2 20 10 12 20 3000
3 20 25 13 20 3300
4 20 50 14 15 3300
5 20 125 15 10 3300
6 20 250 16 5 3300
7 20 500 17 2.5 3300
8 20 1000 18 2 4000
9 20 1500 19 1.6 4000
10 20 2000 20 1 4000

The measurement was carried out for temperatures of 40 and 80 °C using a temperature chamber
by Bruker. The delivered software with a tribometer cannot compile a Stribeck curve including the
sliding speed, contact pressure, and dynamic viscosity on the x-axis. This software works only with
revolutions of rotary drive, which is misleading when using a different radius of the pin. Therefore,
the new script in Matlab for data evaluation was created. The one measurement (one repeating) of the
Stribeck curve consists of 20 steps, as mentioned above when each step corresponds to one point on the
Stribeck curve. For each step, the 16 changes in sense of the rotation were set for better flooding of the
contact. Sometimes, the measured data included several types of instabilities that were solved by this
script. Viscosity is an important input for calculation of Hersey number. The suspension viscosity (MR
fluid) is dependent on the volume fraction of particles and carrier fluid viscosity. However, the amount
of particles in contact is not known because some particles are probably excluded from the contact
zone [30]. Therefore, the authors decided to use for calculation of Hersey number carrier fluid viscosity
of MRE. The script calculates a relation among relative sliding speed of surfaces in contact v, contact
pressure p,, and dynamic viscosity of carrier fluid n and draws it on the x-axis (Hersey number).
This relation is given by (2):

axis value = d

@

2.2. Testing Samples

Commercial MR fluids supplied by the LORD companyoration (MRF-122EG, MRF-132DG,
and MRF-140CG) were chosen as the MR fluid samples. The properties from LORD Technical
Datasheets are stated in Table 3.

Table 3. Properties of MR fluid samples and PAO.

Parameter MRF-122EG  MRF-132DG  MRF-140CG PAO4
Viscosity at 40 °C (Pa.s) 0.042 +0.02  0.112 £ 0.02 0.28 + 0.07 0.014
Density (g/cm?) 2.28-2.48 2.95-3.15 3.54-3.74 0.82
Solids content of weight (%) 72 80.98 85.44 0
Solids content of volume (%) 22 32 40 0

The Lord MR fluids were compared with base oil from the group of synthetic liquid hydrocarbons
(poly-alpha-olefin). The tested MR fluids differed in iron particle concentration from 22 to 40 vol. %.
The commonly accepted rheological model of MR fluid is the Bingham model:

,y =0at]t] < |TO(H)

T =10y + TO(H)sign(j/) at |t| > )TO(H) , (3)
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where 7 is shear stress, 1 is plastic viscosity, 79 is yield stress, H is magnetic flux intensity in MR
fluid, and y is shear strain rate. In the case of experiments, magnetic flux intensity is zero (H = 0 A/m).
MR fluid in the non-activated state (H = 0 A/m) exhibits yield stress in tens of Pa. However, the MR
fluid supplier usually states the Newtonian behavior of MR fluid and provides the value of viscosity at
high shear rates. The particle size and distribution were measured by a scanning electron microscope
FEG SEM ZEISS Ultra Plus and analyzed by script using tools for picture analysis in Matlab (R2018b).
The particles were spherical and the average size (diameter approximately 2.1 um) and distribution
according to Q3 were identical for all MR fluids (Figure 3).

200
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Figure 3. MRF-122EG (a) SEM picture of centrifuging particles; (b) histogram for 1399 detected particles.

—

3. Results and Discussion

3.1. COF Comparison of Oils and MR Fluid

Figure 4 compares the Stribeck curves of measured PAO and MRF-132DG for a temperature of
40 °C. The results in Figure 4 indicate very high repeatability of the measurement; see error bars. Only at
the boundary lubrication regime was the variance of values slightly higher. However, that can be
understandable because in this area the solid surfaces come into contact and this event has a stochastic
character. It can be seen that the boundary, mixed, elastohydrodynamic (EHD), and hydrodynamic
regimes of lubrication were measured; see Figure 4. However, the EHD regime (the area with the
lowest COF) at MR fluid came on at significantly higher COF than PAO, and then it rapidly rose.
The EHD is defined as an area where the lubrication film has the same order of magnitude as the
surface roughness. In this area, the iron particles of MR fluid probably work as a mediator at the
interaction of both solid surfaces. The rapid increase of COF at the hydrodynamic regime at MR fluids
can be explained by the presence of iron particles, which can form a higher lubricating wedge under
the pin. The non-Newtonian rheological behavior of MR fluid may also affect the rapid increase of
COF. The results indicate that the area with high relative sliding speed cannot be recommended as an
operating point for MR fluid, which is the main contrast to common oils. Generally, for common oils,
the hydrodynamic lubrication regime is desirable as an operating area. The hydrodynamic regime
is defined as a regime fully separated from contacting surfaces by lubrication film and therefore the
wear and COF are the lowest in this area. The measurements showed that the HD regime is also
recommended for MR devices, but only in the narrow band up to sliding speed corresponding to
COF of ca. 0.14. The measured value of COF in a mixed regime corresponds to the data published by
Sohn [25] (COF 0.1-0.12) which was tested in the same configuration.
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Figure 4. Stribeck curves comparison of PAO 4 and magnetorheological fluid MRE-132DG at 40 °C.

3.2. Particle Concentration Effect

It is surprising that the COF in the boundary lubrication regime is almost identical for all fluids,
despite the presence of iron particles in MR fluid. Probably, only the viscosity of the carrier fluid and
the friction surfaces affect the COF. It can be also deduced that the concentration of iron particles was
already high enough for the fluid MRF-122EG (22 vol. %) to fully fill the lubrication gap between
surfaces. Many studies suggest that the concentration above 10 vol. % of iron particles does not
influence COF and wear [20]. In the hydrodynamic regime, the situation is different. The effect
of particle concentration on COF is observable; see Figure 5. The higher the particle concentration,
the higher the COE. The viscosity of the suspension (MR fluid) probably has a significant effect in the
HD regime. Similar conclusions are presented in the paper [27].
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Figure 5. Cont.
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Figure 5. Stribeck curves of (a) MR fluids MRF-122EG, MRF-132DG, and MRF-140CG at 40 °C; (b) detail

on HD regime.

3.3. Temperature Effect

Figure 6 shows the comparison between 40 and 80 °C, which can be considered as an operating
point for linear actuators such as dampers. The viscosity was kept the same for both temperatures
(0.01 Pa.s). No significant temperature effect was observed for MR fluids 122 and 140. For MR fluid 132,
there is a slight difference in the minimum COF value. However, the PAO was significantly affected
by temperature. A significant increase in COF over the entire Hersey number range was observed at
80 °C; see Figure 6d.
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Figure 6. Comparison of individual measured fluid at temperatures 40 and 80 °C: (a) MRF-122;
(b) MRF-132; (c) MRF-140; (d) PAO.
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4. Conclusions

In this work, the COF measurements for three commercial MR fluids with 2240 vol. % of CI
particles from LORD company oration were done. These fluids were compared with synthetic liquid
hydrocarbon PAO4, which corresponds to the base oil of MR fluids. The properties of all the fluids
were measured at temperatures 40 and 80 °C. The results indicate that in the range of boundary
lubrication, all the fluids exhibit similar COF, despite iron particles in the MR fluids. In the EHD area
(transition between mix and hydrodynamic lubrication), where the COF is generally the lowest, the MR
fluids exhibit slightly higher values of COF than PAO. The biggest difference can be observed in the
hydrodynamic regime. The COF for PAO rises with a much gentler slope than MR fluids. The effect of
particle concentration on COF is observable. The temperature effect on the COF of MREF is insignificant.

The results can be also used as a guide for developers of MR devices. The important result is the
specification of a suitable operating range. Considering low friction and total separation of contact
surfaces by lubrication film, the hydrodynamic lubrication area seems to be suitable. On the contrary,
the contact flooded by MR fluid should not be operated at higher Hersey numbers, because the COF
rises very steeply for specific numbers, higher than the EHD lubrication regime.

A comparison of COF measured by authors mentioned in the introduction (see Figure 7) shows
quite a large variance, although only measurements with MRF132DG or fluids with similar particle
concentrations are included in this figure. The majority of the values were measured in boundary
and mixed regimes, where the COF is very dependent on contact surface roughness. Only a few
values were measured in the hydrodynamic regime. In the HD regime, the surface roughness and
geometry should have a much smaller impact on measured COF; therefore, a smaller variance can be
expected. This work provided information about the COF in the usual working area of the MR damper
(HD regime).
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Figure 7. Comparison of results of COF from our study (red line) and results from previous works of
other authors for MR fluids MRF-132DG or similar MR fluid.
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Transient response

of magnetorheological fluid

on rapid change of magnetic field
in shear mode

Michal Kubik'™, Josef Valek?, Jifi Zacek?, Filip Jenis!, Dmitry Borin?, Zbynék Strecker' &
Ivan MazOrek?!

The transient behaviour of magnetorheological (MR) devices is an important parameter for modern
semi-actively controlled suspension systems. A significant part of the MR device response time is

the MR fluid response time itself. A significant factor is the so-called rheological response time. The
rheological response time is connected with the structuring particle’s time and the development

of shear stress in MR fluid during the deformation. The main aim of this paper is to experimentally
determine the rheological response time of MR fluid and evaluated the effect of shear rate, magnetic
field level, and carrier fluid viscosity. The unique design of the rheometer, which allows the rapid
change of a magnetic field, is presented. The rheological response time of MRF 132-DG and MRC-
ClLis in the range of 0.8-1.4 ms, depending on the shear rate. The higher the shear rate, the shorter
the response time. It can be stated that the higher the magnetization of the MR fluid, the lower the
response time. The higher the viscosity, the higher the rheological response time. The measured data
of rheological response time was generalized and one master curve was determined.

Magnetorheological (MR) fluid is the suspension of fine, non-colloidal, low-coercivity, high-magnetizable par-
ticles in a carrier fluid. These particles are usually made of carbonyl iron and have a spherical shape due to
their durability and tribological properties. The continuous phase of MR fluids is typically silicon or synthetic
hydrocarbon oils'. The lowest possible viscosity of the continuous phase is required, but this significantly affects
the sedimentation stability>. MR fluid also contains several additives that affect rheological®, tribological’, or
sedimentation stability®>. When the MR fluid is energized by the magnetic field, the ferromagnetic particles are
magnetized and form chain-like structures in the direction of the magnetic field®. The rheology of MR fluid in
activated state is characterized by pre-yield and post-yield regime. In the pre-yield regime, the MR fluid exhibits
viscoelastic behaviour. The complex modulus G is a magnetic field H and particle concentration dependent. The
shear stress 7 in the fluid can be described by the equation below

=Gy, Tt <np(H)andy =0

where y is shear strain, y is shear rate and 7,(H) is MR fluid yield stress. The post-yield regime is usually described
by Bingham model as follows:

t(H) = w(H) +ny

where 7(H) is shear stress, 77 is Bingham viscosity, and H magnetic flux intensity. It is the simplest model that
can described this behaviour. The MR dampers”®, clutches/brakes’, or seals!®!! take advantage of the unique
behavior of MR fluid.

The transient behaviour (transient response) of MR fluid is an important parameter for modern magnetor-
heological devices working with real-time control'>**. The MR fluid response time is composed of other partial
response times which are differently important depending on the operating conditions and the method of MR
fluid loading. The response time of MR fluid can be divided into (1) hydrodynamic response time, (2) particle
structure development response time, and (3) rheological response time.

Faculty of Mechanical Engineering, Brno University of Technology, Brno, Czech Republic. %Chair of
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The research studies of Sherman'* or Goldasz et al.’® show that MR valve pressure drop due to MR fluid
yield stress decreases with the increasing gap velocity. At high velocities, this pressure drop is approaching to be
zero. This statement is based on CFD (computational fluid dynamics) simulations. This phenomenon is related
to transient rheology connected with the development of the velocity profile in the gap and is often referred to
as the hydrodynamic fluid response time. Goncalves et al.'s experimentally determined that the hydrodynamic
response time is 0.73 ms for magnetic field 100 kA/m and 0.53 ms for magnetic field 200 kA/m. The commercial
MREF-132LD (Lord Corp., USA) was used in this study. Kubik et al.”” published similar study. This team measured
the hydrodynamic response time of MR fluid MRF-132DG (Lord Corp., USA) and ranges from 0.4 to 1 ms for a
selected gap size and a range of magnetic field stimuli. The velocity profile development mechanism is similar for
MR fluid and electrorheological (ER) fluid'®. However, ER fluid show faster response time than MR valve. ER fluid
is the suspension of fine electrically active particles in fluid. This fluid exhibits a rapid increase of fluid yield stress
under the application of an electric field. Gavin et al.' modelled the transition from a fully developed Bingham
profile to a Newtonian flow for ER fluid. The yield stress of ER fluid was assumed to drop to zero quicker than
the dissipation energy due to the development of the velocity profile’. It can be stated that this hydrodynamic
response time is connected with high shear rates or fast changes of the magnetic field in valve mode.

The particle structure development response time is related to the time needed for the structuring of particles
in the direction of the magnetic field without the flow conditions of the MR fluid. Jolly et al.?’ proposed an experi-
mental method that microstructure formation time can be deduced from the transient changes in the relative
magnetic permeability of the MR fluid. The chained particles are assumed to have a higher magnetic permeability
than the dispersed. Two-time responses were observed®. The first attributes the connection with the transfer of
particles into diverse chains (pair formation) and the second (an order of magnitude slower) connection with
the migration of these initial chains into longer and stronger structures. The response time was between 5 and
10 ms. A similar measurement method was also published by Horvath et al.2'. Pei et al.** stated that the response
time of dry MR fluid was in the order of ps by the model. This statement is based on simulation results.

The rheological response time is connected with the structuring particle’s time and the development of shear
stress in MR fluid during the deformation (flow). Sherman et al.>* create a chain model of MR fluid. This model
is based on one million particles. One result of this paper is the shear stress time history on the step change of a
magnetic field. For this data, the rheological response time can be determined as roughly 0.4 ms. The MR fluid
had a volume particle fraction of 25% and was under the shear rate of 500 s™!. Laun and Gabriel** determined
the response time of MR fluid of 2.8 ms. They used sinusoidal excitation and the determined time lag between
magnetic flux density and shear stress. Kikuchi et al.?> examined the response time to a step electric current and
introduce non-dimensional response time parameter. It can be expected that the mechanism of chain formation
in Electro-rheological (ER) fluids and MR fluids is similar. Koyanagi et al.® developed a method for a measure-
ment response time of ER fluid. This team experimentally determined the response time as 0.95 ms.

The information about the transient behaviour of MR fluid is limited. This issue is becoming more important
due to the development of MR devices with a short response time”?’, where the limiting part is now the MR fluid
itself. The current design of the MR damper achieved a response time of about 1.2 ms. In the current state of the
art, more studies can be found dealing with the response time of MR fluid”!? than is presented above. In these
several cases, the authors measured the time constant of measuring devices instead of the time constant of MR
fluid'*. The rheological response time of MR or ER fluid was just experimentally determined in studies®*?¢. Both
studies presented response time just for one experimental condition. The main aim of our paper is to experi-
mentally determine the rheological response time of MR fluid and evaluated the effect of shear rate, magnetic
field level, and carrier fluid viscosity. Our results will be compared with the published analytical approach'.

Materials and methods

Description of the measured phenomenon and measuring methods. The aim of the measure-
ment is to experimentally determine the time constant of MR fluid in the shear mode (from the increase in shear
stress T) on a rapid change in the magnetic field B. The procedure of the experiment is described in Fig. 1. At
time T, the MR fluid is loaded by given shear rates and the magnetic field is off. At time 0, the magnetic field is
activated and, at time T,, the magnetic field is already at the maximum value. However, until time T;, the shear
stress remains at the same level as at time T). In the author’s opinion, this delay is associated with particle struc-
ture formation in the MR fluid. In reality, there are no separate single chains. That is just a tentative simplifica-
tion. At time T,, there is a rapid increase in shear stress in the MR fluid due to the deformation of the particle
structure. This is shown as tilting chains in the shear direction but the mechanisms of structure fracture are more
complex. Generally, the simplest dynamic system, that can serve as an approximation of the transient behavior of
MR fluid is a first-order system. The transient response is expressed by the time constant Ty; (primary response
time), which determines the time when monitored torque (calculated shear stress) achieved 63.2% of the final
controlled value (steady-state). This approximation can be used for the description of the dynamic behaviour of
MR actuators?. In the case of rheology measurement, the MR fluid can be described by a simple Maxwell model
and by Bingham constitutive equation. For step change on magnetic field, the excepted shear stress response (f)
would be:

r(t):to[l—ef%ﬁ} +ny (1)

where t is time. More names for a variable Tg; can be found in the literature as switching time?*, response time'”
or rheological response time'®. However, the transient response of MR fluid exhibits different behaviour than
the first-order system, see Fig. 5. Therefore, we decided to determine those time constants in our paper: (1) first-
order time constant T¢; (0-63.2%) and (2) rise time Ty, (0-90%), see Fig. 1. This response time were so-called
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Figure 1. Demonstrating measured method and determination of time constants.

rheological response time because it is connected with changes in the rheology of MR fluid. Those time constants
were selected due to a suitable comparison of our experimental data with results from published papers.

Experimental test rig. The experimental test rig is composed of an electric motor with encoder (1), devel-
oped rheometer (2), load inertia (3), lever (4), and force sensor (5), see Fig. 2A. The load inertia accumulated
energy to stabilize rotation during the activation of MR fluid using the magnetic field (an increase motor load).
The load inertia had 4.6 kg (moment inertia 5900 kg/mm?). The whole system is mounted rotationally and the
torque is measured by a force sensor on the lever (52 mm). The homemade rheometer is composed of the rotor
(a), stator (b), and MR fluid sample (c), see Fig. 2. The electromagnetic coil creates the magnetic flux (d) in the
magnetic circuit (show in grey). The gap size was 0.6 mm, see Fig. 2. The transient behaviour of the rheometer
is fundamental for the precise measurement of MR fluid response time. The response time of hardware (rheom-
eter) has to be as short as possible and two main sources were identified in the literature: (1) eddy currents in
the magnetic circuit’, and (2) inductance of the rheometer electromagnetic coil’. In our rheometer, we used soft
magnetic composite (SMC) material (trademark Sintex) for the magnetic circuit to eliminate eddy currents.
SMC material is magnetic conductive and electric non-conductive (resistivity 280 uQm). The suitable design of
a magnetic circuit with our patented current controller allows a rapid increase of electric current on the electro-
magnetic coil (T;;=0.21 ms).

Methodology measurement. The aim of the experiments was to determine shear stress in MR fluid and
magnetic field over time. The shear stress 7 was calculated from area and torque which was measured indirectly
based on data from the force sensor (MEG20) on the lever, see Fig. 2. The force sensor measuring range was
0-200 N. The force range (deformation) was chosen to maximize system rigidity and only the first 10% of the
range was used for measurement. The magnetic field in the gap corresponds with the electric current course and
was measured by Fluke i30 current clamps. These two signals were recorded and conditioned with a sampling
frequency of 200 kHz by the Dewetron USB-50 analyzer. The MFG-2120MA signal generator generates a square
wave voltage signal which inputs to the current controller at a frequency of 1 Hz. Our developed current con-
troller generates an electric current on the electromagnetic coil with over-voltage up to 100 V. The measurement
procedure was as follows: (1) 10 s measurement without magnetic field, and (2) 10 s measurement with the appli-
cation of the magnetic field. This procedure was necessary for the elimination of non-constant friction forces in
the rheometer and viscous forces. Those phenomena can significantly complicate the subsequent evaluation of
response time. The experiments were conducted 5 times under the same conditions. The data was not filtered but
averaged from raw data. Then, the ramp data was normalized. All measurements were performed at 25°C+1 °C.

Methodology evaluation of response time.  The measured response time of the magnetic field (electric
current) achieved a value of 745;=0.21 ms and tyy; = 0.33 ms, see Fig. 4. In several cases of the transient behaviour
of MR actuators, this time can be expected as a step change. In our case, we cannot make this simplification
because the expected response time of MR fluid from published models'* is in the same time scale (roughly
1.5 ms). Therefore, it was necessary to determine the transfer function between the measured magnetic field and
shear stress in MR fluid. We used a process model for describing the MR fluid transient response. The process
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Figure 2. (A) Rheometer design with important dimensions (grey, soft magnetic composite material;
orange, copper; light blue, aluminium; yellow, MR fluid sample, green, steel) and (B) magnetic flux density
measurement in the gap.

MRF-132DG | MRHCCS4-A | MRHCCS4-B | MRC-CIL
Solid content by weight (%) 80.98 70 80 80
MR fluid viscosity at 40 °C (Pa s) 0.114 0.167 0.237 0.108
Carrier fluid viscosity at 40 °C/25 °C (Pa s) 0.011/0.018 0.03/0.051 0.03/0.051 0.008/0.011
Average particle size (um) Spherical 2.1 | Spherical 1.8 Spherical 1.8 Spherical 1-5

Table 1. MR fluid samples.

model is popular for describing system dynamics in many industrial applications®. We used the so-called simple
SISO (Single Input, Single Output) process model which is described by this transfer function:

K
_ P —Ty4s
sys = ———e
T T Tys @
where K, is the proportional gain, T, is the time constant, and T is dead time. A similar approach was used in
study?. The Matlab System identification toolbox was used for the identification of constants. The length of the
evaluated section was 20 ms.

Magnetorheological fluid samples. The commercial MR fluid MRF-132DG supplied by Lord Corp.,
MR fluid MRHCCS4-A and MRHCCS4-B supplied by Liquids Research, and MRC-C1L supplied by CK Materi-
als were chosen as the samples, see Table 1. These fluids were chosen because they have a similar particle size and
a different viscosity of the carrier fluid.

The viscosity listed in the table was measured by the Haake Rotovisco 1 rheometer, and determined as a slope
between 400 and 800 s™". It should be noted that carrier fluid of MR fluids exhibits Newtonian behaviour but MR
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Figure 4. The course of the electric current I in the time t for the final value of electric current 1 A (left) and 2
A (right).

fluids are in general non-Newtonian. The particle sizes were measured by a scanning electron microscope, FEG
SEM ZEISS Ultra Plus, and analysed by script using tools for picture analysis in Matlab. However, the informa-
tion about particle size of MRC-CI1L was taken from study™.

Magnetic model and experimental validation settings. The data from the magnetic model are nec-
essary for the generalization of measured response time data. The magnetic model was created in Ansys Elec-
tronics Desktop 19.2. The geometry of the magnetic circuit was simplified. The magnetization curve of the mag-
netic circuit material (SMC material) was extracted from the datasheet of the supplier. The electromagnetic coil
(70 turns) carrier was made of plastic with relative permeability 1. The lids were made of aluminium also with
a relative permeability of 1. The magnetization curve of MR fluid was taken from a MR fluid supplier datasheet.
This model was necessary for the calculation of MR fluid magnetization M, which is an important input for the
calculation of Mason number M. The Mason number M, is the ratio of magnetic forces to viscous forces and is
usually used for the description of MR fluid’s behaviour at the microscopic level®'. The magnetometer EW. Bell
5180 with an ultrathin transverse probe (STB1X-0201) was used for magnetic measurement. The Fluke i30 cur-
rent clamps were used for electric current measurement. These two signals are recorded and conditioned with
a sampling frequency of 100 Hz by a front-end Dewetron USB-50-USB2-8 connected to the laptop, see Fig. 2B.

Results and discussion

Magnetic model validation. The comparison of results of magnetic flux density B over the electric current
from the magnetic model and experiment with air in the gap can be seen in Fig. 3, left. Magnetic flux density
measurements in the gap were performed for two positions that are perpendicular, see Fig. 2B. The agreement
between model and experiment is acceptable. This experimentally verified model was used for the calculation of
magnetization M in the gap with MR fluid. The results can be seen in Fig. 3 right. This data is necessary for the
calculation of Mason number M,

Control electric current signal.  First of all, it was necessary to precisely describe the excitation of MR
fluid. It can be assumed that the course of magnetic flux density in the MR fluid copies the course of an electric
current due to the elimination of eddy current in the magnetic circuit. This is ensured by a special design of the
rheometer. The course of the electric current I in time f can be seen in Fig. 4 for two levels of electric current
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Figure 5. (A) The selected shear stress and electric current course over time for shear rate 39 s™' and MRF 132-
DG, (B) the effect of shear rate on the normalized course of shear stress in MRF 132-DG; The effect of shear rate
on response time 90% (C), 63% (D) for different MR fluids at the same electric current excitation of 2 A.

I A fast rise in the electric current I is achieved by connecting a higher voltage than results from the Ohm law
(over-voltage method). When the required electric current value is achieved, the current controller starts to
regulate at a frequency of 8 kHz. Therefore, the electric current exhibits oscillations in time ¢ after 0.5 ms. Next,
reducing the electric current response time was not possible due to the available current controller (maximum
100 V) and rheometer design (coil inductance). The response time (90%) of the electric current achieved a value
of Too; = 0.335 ms for electric current 1 A and a value of Tog; = 0.365 ms for electric current 2 A, see Fig. 4.

The selected courses of MR fluid shear stress in time. The Fig. 5A show the course of shear stress
7 and electric current I over time t. The course of shear stress T exhibits oscillations with a constant frequency
of 360 Hz, which is connected with the natural frequency of some part of the rheometer. This hypothesis was
verified by measurements using an accelerometer and evaluation based on FFT (Fast Fourier transform). The
measured frequency was 337 Hz+4.88 Hz. The right of Fig. 5B the effect of shear rate y on the course of shear
stress 7. With the increase of shear rates y, the response time decreases. An initial dead time of 0.4 ms can also
be seen, which is independent of the shear rate level, see Fig. 5B. It should be noted that this phenomenon may
be associated with an increase in the magnetic field. The previous study?® measured a dead time of 0.5 ms for
ER fluids and dead time of 0.6 ms for MR fluid’, which is consistent with our experiments. We assume that the
measured dead time of 0.4 ms is related to the chaining of ferromagnetic particles (microstructure formation)
in the MR fluid.

The effect of shear rate on the rheological response time. The response times shown in Fig. 5C were
determined from the experimental data and evaluated according to a process model. The relationship between
response time and shear rate y is nonlinear. The measured data of response time can be fitted by a power-law
function, see Fig. 5C. The higher the shear rate, the shorter the response time. The data were measured for the
same electric current (2 A), but the magnetization of the fluid sample was different. The response time T ranges
from 5.5 to 1.9 ms for shear rate y from 11 to 218 s! (MRHCCS4-A and MRHCCS4-B). Within the measure-
ment and evaluation error, it can be stated that both fluids are identical in terms of transient response. The
effect of particle concentration is therefore nonsignificant. MRF 132-DG and MRC-CIL fluids exhibit a shorter
response time Ty than LR fluids in the range from 1.4 to 0.8 ms. This is probably due to the lower viscosity of the
carrier liquid, which is about 3 times lower. The Fig. 5D shows the response time Tg3 dependent on shear rate y.
There can be seen the same trend as in the case of 90%. Koyanagi et al.?® experimentally determined the response
time Tog for ER fluid as 0.95 ms (dead time + time constant) which is near to our results. Lee et al.>’> measured
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Figure 6. The effect of magnetization M (left) and carrier fluid viscosity 1) (right) on response time Toy.

response time 7g3 as 5.1 ms and T9g as 6.1 ms for ER fluid in shear mode (data estimated from the publication
graph). These values are slightly higher than the presented data in this paper. Laun and Gabriel** measured the
MR fluid response time based on sinusoidal excitation. The experiment determined the response time g3 of MR
fluid to 2.8 ms+0.5 ms at a shear rate of 100 s™! at a magnetic flux density of 0.9 T. This measured value is about
3 times higher than the presented response time for Liquids Research fluids. However, it can be stated that the
direct comparison of results is complicated because the measuring systems are not comparable. The studies***®
used plate-plate configuration or study? used rotating cylinder.

Effect of magnetization and carrier fluid viscosity on the rheological response time.  The effect
of fluid magnetization M on the response time T, was demonstrated on MRHCCS4-B fluid because the effect of
magnetization M was most noticeable. The fluid was measured at three levels of magnetization M, see Fig. 6, left.
For all three levels of magnetization M, the dependence on the shear rate y is exponential. It can be stated that the
higher the magnetization M of the MR fluid, the lower the response time Too. This is consistent with the theory.

The effect of carrier fluid viscosity # on response time Toy will be demonstrated on two selected MR fluids
(MRF 132-DG and MRHCCS4-B). These fluids have similar particle concentrations and different carrier fluid
viscosities #. The viscosity of the MRHCCS4-B carrier fluid is approximately 2.8 times higher than the carrier
fluid of MRF 132-DG. The right of Fig. 6 shows that an MR fluid with a higher carrier fluid viscosity 7 shows a
significantly higher response time 7oo. It should be noted that the MR fluids had the same magnetizations M of
230 kA/m, but different electric current excitation (MRF 132-DG electric current of 1.5 A; MRHCCS4-B electric
current of 2 A). The effect of additives of carrier fluid viscosity was not considered here.

Generalization of measured data. Sherman'* stated that MR fluid response time data in shear mode can
be generalized using non-dimensional response time T* and Mason number M,,. This study provided the equa-
tion for the calculation of non-dimensional response time as:

Too
T4dn (3)
M2 o

T =

T is the rheological response time (90%), n is the viscosity of carrier fluid, M is MR fluid magnetization and p
is vacuum permeability. The Mason number can be calculated as follow:

 ladny

M, =
T M2 )

where y is shear rate. The Non-dimensional response time T* and Mason number M,, were calculated from meas-
ured data, see Fig. 7. The master curve can be determined from measured data, see Fig. 7—red line. The results
show a significant difference between the published model' and our experiment for M,, values higher than 0.005.
The T* and M,, was also evaluated (estimated) from papers**°. This data is out of range of our measurement.
However, it should be noted that the data obtained from the experiment are only from study®*. The difference in
the results may be due to (1) the model simplification and (2) inaccuracies in the measurement and evaluation of
the measured data. It has been hypothesized that the difference may be due to the deformation of the measuring
device (rheometer), which is not included in the model. This would result in a significant increase in response
time Top at low shear rates y compared to the model.

Figure 8 shows a comparison of the response time Tog course on shear rate  from the Sherman model, pro-
posed model (Fig. 7 red) and from the experiment for MRHCCS4-B. The carrier fluid viscosity n, magnetization
M, shear rates y are the same for experiments and also for the model. It can be seen that the response time Tog
from experiments is significantly lower than that from the model. Thus, it can be stated that the possible defor-
mation of the measuring device is not the source of the difference between the experiment and the model. The
difference can be explained by certain simplifications of the model. However, both curves have an exponential
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Figure 8. The comparison of model and experiment for the same inputs (MRHCCS4-B, electric current 2 A).

character and therefore the model describes trends very well. Another significant difference is that measured
MR fluid contains additives that are not included in the model. The question is how significant a difference can
create this simplification. The surface roughness can also affect MR fluid dynamics®. This is also not included
in the model, and can also play an important role.

Conclusion

This paper deals with the experimental determination of magnetorheological fluid transient response (rheological
response time) on the rapid change of a magnetic field in shear load mode. A unique rheometer was presented
that allows almost unit step of magnetic fields and also allows the measuring of the development of MR fluid
shear stress over time. The transient response was determined on four MR fluids that differ in supplier, particle
concentration, or carrier fluid viscosity. The paper also includes a magnetic model and its experimental verifica-
tion. The most important conclusions of the paper are the following:

® The response time of the magnetic field is Too; = 0.335 ms and slightly increases with an increasing maximum
value of electric current.

® The rise of shear stress exhibits an initial dead time of 0.4 ms, which is independent of the shear rate level.

® The value of the shear rate significantly influences the rheological response time at low shear rates. The
higher the shear rate, the shorter the response time. The measured data of the response time can be fitted by
a power-law function. The response time Ty ranges from 5.5 to 1.9 ms for shear rate y from 11 to 218 s for
MR fluid MRHCCS4-A and MRHCCS4-B.

e The fluid magnetization M significantly affects the rheological response time. The higher the magnetization
M of the MR fluid, the lower the response time Tyg.

® The carrier fluid viscosity also affects the rheological response time. The MR fluid with a higher carrier fluid
viscosity ) shows a significantly higher response time Toq.
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All measured data was generalized in the term of non-dimensional response time T* and Mason number M,,.
One master curve (T*=4.1939M,, %) can be determined from measured data independent of magnetization
M, carrier fluid viscosity n, shear rates , etc. This is an important conclusion because the master curve allows
the determination of rheological time response for a given MR fluid and given load (shear rates).

It should be noted that the our experimentally determined master curve shows a deviation from the model.

MR fluids used in the experiment and model differ in the type or concentration of additives (the model does
not include additives), which may also affect the transient response. For this reason, a plan for further research
in this area is to determine the rheological response time for homemade MR fluid (full control of additives) and
measurement for a higher range of Mason numbers. We also see the potential for future research in the area of
a particle chaining model that allows the showing of particle motion during the step change of a magnetic field.

Data availability

The data presented in this study are available on request from the corresponding author.
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MAGNETORHEOLOGICAL FLUID DEVICES

Smart material systems or smart structures are systems that learn and adapt their behaviour in response
to the external stimulation, which is provided by the environment in which it operates [82]. Those
systems work on a feedback mechanism. From a technological point of view, the feedback system’s
function can be subdivided into (i) sensor, (ii) control, and (iii) actuator subsystems [83], see Figure 16.
The main aim of the sensor system is to collect the required raw data needed for appropriate sensing and
monitoring of the structure. The role of this control system is to manage and control the whole system
by analyzing the data from sensors, reaching the appropriate conclusion, and determining the actions
required. The main purpose of the actuators subsystem is to take action by triggering the controlling

device.
Smart \\
structure

Figure 16 Feedback mechanism of the smart material system [83]

In the following chapters, the magnetorheological actuator subsystem as a part of the smart material
system is described in more detail. State of the art is focused on static (quasi-static) and transient
behaviour of this actuator/subsystem concerning the highlighted the author's contribution to this
research field. This text does not contain the issue of control and sensor. However, it should be noted
that these two subsystems also fundamentally affect the performance of the whole system.

3.1 Magnetorheological devices

Magnetorheological devices take advantage of the unique properties of MR fluid. MR devices have been
developed in various sizes, configurations, and load requirements to accommodate specific application
needs. MR fluid-based devices are mainly based on four operational modes of MR fluid, including flow
mode, shear mode, squeeze mode, and pinch mode, which provide different benefits in various practical
applications. Several devices utilize more than one operating mode and are mix-mode devices. A
significant development (analysis of publications from 2021) in the field of MR devices is in engineering
and medical application. The predominant applications are in dampers, clutches/brakes, or seals.
However, the dominant development is in the field of dampers. In the following section, state of the art
in MR dampers and seals are described in more detail.

59



3.1.1 Magnetorheological dampers

The MR dampers are energy-dissipating devices. Those dampers are filled with MR fluid which is
controlled by a magnetic field, usually using an electromagnetic coil. The MR fluid changes apparent
viscosity in the gap, which affects the hydraulic gap resistance. This allows continuously controlled
damping by varying the power of the electromagnetic coil. The apparent viscosity increase as an
electromagnet power increase. The main advantages of MR dampers are mechanical simplicity, low
power demands, high dynamic force range, noiseless work, and great transient behaviour [6]. The MR
valve does not contain the mechanical moving part (shim valve, etc.), which isalso a significant
advantage. The MR damper design can be categorized according to three aspects: (i) hydraulic housing,
(i) piston structure, and (iii) operating mode.

As regards of operating modes of MR dampers are divided into four categories: (a) flow mode
dampers, (b) shear mode dampers, (c) squeeze mode dampers, and (d) pinch mode dampers, see Figure
17. Pinch mode dampers are quite new, and just several papers exist [84-86]. The squeeze mode
dampers are suitable for damping of small amplitude in dimensions of several millimetres and achieve
high damping force compared to the flow of shear mode dampers. Many different squeeze damper
designs or approaches for modeling have been published [87-89]. MR rotary dampers mainly work in
shear mode [90, 91]. These dampers are structurally very similar to clutches or brakes. Linear dampers
operating in this mode can also be found in the papers. However, in general, these dampers achieve
significantly lower damping forces than dampers operating in flow mode at the same dimensions. The
advantage is that they do not need a high-pressure expansion chamber. However, the most common is
the design of the MR damper working in flow mode.
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Figure 17 Operating mode of MR fluid [92]
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The hydraulic housing of the damper is a mono-tube or twin-tube device. Mono-tube dampers are
the most commonly used devices that utilize the MR fluid, see Figure 18. The main advantage is
mechanical simplicity. In most cases, it is a gas-charged MR damper (accumulator), where high pressure
is necessary. High pressure is necessary for cavitation-free operation. The damper contains a piston, MR
fluid, bearing and sealing of piston rod, and hydraulic cylinder, see Figure 18. The possible modification
can be an MR damper in a twin-rod configuration, where high gas pressure is not necessary (just a small
compensation volume to account for fluid expansion with temperature).
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Figure 18 Mono-tube magnetorheological damper [43]
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The double-tube configuration is typical for hydraulic oil dampers. Compared to mono-tube
configuration, double-tube configuration features concentric hydraulic cylinders. Usually, the inner
cylinder contains a piston valve and foot valve. The damper work with low gas pressure. The
publications or patents of magnetorheological double-tube damper designs are rare [93-96]. These
designs usually work with two MR valves, or it is necessary to use a minimum one foot/ check valve.

The MR damper piston (control valve) is composed of an electromagnetic coil or coils (2), a
magnetic circuit (1), and one or more annular gaps (3), see Figure 19. The control valve modified the
damping forces of the damper. The MR control valve can be categorized in terms of the number of
arrangements of the flow path, coil arrangement, etc. [97]. The most common categorization is according
to the number of coils as single-coil [6, 98] and multi-coil structure (Figure 19) [99, 100].

— 3 == == ==

T O
[ G (n !

Figure 19 Single-coil structure (left); three-coil structure (right): 1, magnetic circuit; 2, electromagnetic coil; 3,
annular gap; 4, magnetic flux lines; 5, non-magnetic section [97]

The single-coil structure is commonly used due to its simplicity. However, the two- or three-coil
structure is becoming more common due to the improvement of dynamic force range and transient
behaviour (response time) [97]. Another possible grouping is according to the arrangement of path flow.
The number of parallel flow (one or multi parallel flow) [101], geometry (tapered) [102], or a change in
the flow direction (meandering flow path valve) [103] can be found in papers. In the current state of the
art, it can be quite often found a dual-gap variant (two parallel flows) that significantly improves the
dynamic force range or MR valve with a meandering flow path which allows for designing an MR
damper with a small-sized valve.

Figure 20 Dual-gap piston structure (left)[6]: 1, core coil; 2, electromagnetic coil; 3, gap 1; 4, gap 2;5, non-
magnetic spacer; 6, sleeve; meandering valve (right) [97]:1, magnetic circuit; 2, electromagnetic coil; 3,
meandering path

A significant problem of the MR damper is its poor fail-safe behavior. In the case of power supply is
interrupted, the damper will stay at the minimum damping level. This limits the use of MR dampers in
aerospace or railway. A suitable solution is to use a permanent magnet in the MR damper magnetic
circuit. The permanent magnet creates a magnetic flux in the magnetic circuit, which ensures damping
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during a power supply failure (fail-safe state). The damping level with no electric current and with a
permanent magnet usually achieved one-third of the maximum damping force. Several different designs
of MR dampers with permanent magnets were published [104-106].

3.12 Magnetorheological fluid seal

The magnetic fluid seal has been commonly used in industry since the 1970s. The conventional design
of a seal with magnetic fluid contains a source of electromotive force, two ferromagnetic pole pieces,
magnetic fluid, and a sealed shaft, see Figure 21. The magnetic fluid is usually used as Ferro fluid (FF).

e <
Pole piece

Magnetic flux path

’ ———— Shaft

Ferrofluid

T t———— Permanent
Pole piece magnet

Figure 21 Conventional design of seal with magnetic fluid [107]

A FF is composed of nanoparticles and a carrier fluid. A FF seal (FFs) is characterized by a small friction
torque and a high level of tightness. However, the disadvantage of FFs is the relatively low burst
pressure. In recent years, several designs of magnetic fluid seal which uses MR fluid instead of FF
appears[108-111]. The main advantage of MR fluid is better magnetic properties (higher magnetization)
than FF, which leads to an increase in bursts pressure. The typical static burst pressure of MR fluid seal
is in the hundreds of kPa. Kordonski et al. [110] published a one-step magnetorheological fluid seal and
experimentally determined burst pressure and friction torque. MRFs exhibit higher burst pressure and
higher friction torque than FFs. Urreta et al. [109] confirm the measurement of Kordonski et al. [110].

3.2  Transient response of magnetorheological damper

Magnetorheological dampers are often used in semi-actively controlled suspension systems. It turns out
that the transient response of the controlled damping element is crucial for the performance of these
systems. Yoon et al. [112]identified that the shorter the response time (better transient response) of the
MR damper is, the better the vibration control of the car wheel can be achieved. They demonstrated this
effect on the full car suspension model (7 DOF). Oh et al. [113] also tested the effect of MR damper
response time on the comfort and driving performance of the car. They stated by the model that the
shorter the response time, the better driving performance and comfort. Similar conclusions were
published by Strecker et al. [114] or Machagek et al. [115].

The simplest dynamic system (transient response), which can serve as an approximation of the
dynamic behaviour of the MR damper, is a first-order system, see Figure 22. The response is expressed
by the time constant te3 (primary response time), which determines the time when 63.2 % of the maximal
controlled value is achieved. However, the response time of the MR damper is also presented as 90 %
[116] or 95 % [117] of the steady-state force at a given piston velocity.
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Figure 22 Response time definition

Koo et al. [118] measured the transient response of the LORD automotive MR damper. The response
time of the MR damper was identified in the range of 15 — 55 ms. Guan et al. [119] measured the
response time of MR damper in the range of 160 - 240 ms. Zhang et al. [120] measured MR damper
response time in the range of 34.6 to 75.4 ms. The force rise was significantly faster than the force drop.
They concluded that the higher the piston velocity, the higher the response time is. Takesue et al. [121,
122] published the design of the MR actuator (clutch) with a response time of 5 ms. This short response
was achieved by a suitable design of a magnetic circuit based on transient magnetic simulation. Giorgetti
et al. [123] developed an MR actuator (clutch) with a response time of 17 ms. The measured response
time was not affected by excitation velocity. They stated that the measured time delay is a combination
of power supply dynamics, magnetic circuit dynamics, fluid rheology effect, and fluid compressibility.
Occhiuzzi et al. [124] tested MR damper with a response time of 10 ms. Goncalves et al. [125] measured
the response time for rebound activation as 15.4 ms and rebound deactivation as 13.9 ms. Similar results
also have Vivas-Lopez et al.[126] or Huang et al. [127]. It can be stated that many authors measured the
response time of MR dampers and the response time differed significantly.

It can be identified four main sources of the time lag between damping force and control signal
(response time) as (i) response time of MR fluid itself, (ii) inductance of MR damper electromagnetic
coil, (iii) creation of eddy current in the magnetic circuit, and (iv) compressibility of fluid and hydraulic
system. The response time of MR fluid was discussed in detail in chapter 2.3.

3.2.1 The inductance of an electromagnetic coil

The electromagnetic coil inductance creates a time delay between voltage and electric current. From the
electrical point of view, the MR damper can be simplified as inductance L connected in series with
resistance R. The course of electric current i(t) after switching on can be expressed by the equation:

0 =2(1-%) ®

Where U is voltage, R is the resistance of the coil, L is inductance, t is time. The time constant is the
ratio of inductance L and resistance R. This response time is significant and ranges from units to
hundreds of milliseconds depending on the size of the damper (electromagnetic coil) [128]. Yang et al.
[129] presented a current controller which works with the over-voltage method. The controller keeps
higher voltage inputs than corresponding to Ohms law until the desired current is achieved. Using this
method, Yang et al. [129] reduced the response time of the MR damper from 300 ms to 60 ms. A similar
method was published by Strecker et al. [130] or Friedman et al. [131]. Zheng et al.[132] developed
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current controller based on pulse width modulation (PWM) current drive technology. Goldasz et al. [6]
presented lumped parameter model of the LR circuit, which was connected to the hydraulic domain and
determined the transient response of electric current and damping force.

3.2.2 Eddy current in the magnetic circuit

Mass and Guth [133] found out time lag between the course of electric current and the course of damping
force. They explained this lag as a result of eddy current induced in the magnetic circuit. Similar
conclusions were published by Guan et al. [119], Zheng et al. [132], Farjoud et al. [134], and Takesue
et al.[121, 122]. Guan et al. [119] stated that the reducing of the eddy current is the key to developed
MR damper with a short response time. The main idea is the following. When the magnetic flux changes
rapidly, an electromotive force is generated in the magnetic circuit according to Faraday's law (1):

do (7
=—-N—
¢ dt
Where ¢ is the electromotive force, t is time, N is the number of turns of the coil, @ is the magnetic flux.
From Ohm's law, the magnitude of eddy currents can be determined as follows:

€ = Reircuit- Ieddy (8)

Where Reircuit 1S the electrical resistance of magnetic circuit material in the direction of eddy currents
flow and leqay is the magnitude of the eddy currents. By increasing Rcircuit IS possible to reduce the
magnitude of leqqy With the same change in magnetic flux. Therefore, the problem of eddy currents can
be solved by two approaches: (i) by suitable material selection and (ii) by suitable shape.

The material selection for the magnetic circuit is a trade-off between the static and transient
efficiency of the magnetic circuit. Materials like ferrites or soft material composites (SMC) generally
have lower permeability or a lower magnetic saturation limit compared to pure iron. However, those
materials have high electrical resistivity, thus preventing the creation of eddy currents. Other problems
with these materials are their low mechanical strength, high cost, and poor machinability.

The second approach to preventing eddy currents is the shape approach. This approach is
commonly used at low-frequency transformers using isolated sheets. The MR control valve with an
isolated sheet was also published [6]. The magnetic circuit of the piston is similar to the magnetic circuit
of the electric motor. The electromagnetic coil is wound around the outside of the core, see Figure 23.
This design exhibits a short response time.

(a) 1—\

Figure 23 MR control valve with laminated magnetic circuit:1, rod; 2, sleeve; 3, annulus gap; 4, lids; 5,
magnetic poles; 6,coil core; 7, electromagnetic coil; 8, casing [6]
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3.2.3 Compressibility of the damper system

Koo et al. [118] studied the effect of piston velocity on the response time. They determined that the
response time decreases exponentially with increasing piston velocity. They conclude that the response
time at low velocities is highly dependent on system compliance (stiffness). The compliance inputs to
the system in different ways as fluid compressibility, accumulator compressibility, silent block, or load
frame stiffness. The MR damper behaves as a spring in series with the damper, see Figure 24. The
deformation of the MR actuator can be calculated as a ratio of force F and system stiffness K as follows
[118]:

X=F/K 9)

Therefore, the response time T can be calculated very simply as follow:
T=X/v (10)
Where X is deformation and v piston velocity. Clearly, T becomes large as v becomes small. Giorgetti

et al. [123] stated that compressibility of MR fluid is very important to the transient response of MR
damper.
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Figure 24 The effect of piston velocity on MR damper response time [118]

3.3  Knowledge gaps

In the current state of the art in the field of the transient response of MR dampers and MR fluid seals
can be found several knowledge gaps.

(1) Transient response of MR damper: effect of permanent magnet

If the power supply of the MR damper electromagnetic coil is interrupted, the damper will stay
at the minimum damping level. This is a significant problem for a wide range of MR damper
applications (aerospace, rail, automotive, etc.). Many MR damper designs have been published
that include a permanent magnet to ensure fail-safe behaviour [104-106]. These papers were
focused on adjusting suitable damping. However, the information about the permanent magnet
effect on MR damper transient response is unknown. Therefore, our study [135] deals with this
knowledge gap.

(i) Transient response of MR damper: eddy current effect

The transient behavior of the MR damper is degraded by the formation of eddy currents in the
magnetic circuit. Several approaches how to improving MR damper transient response were
published. However, each approach has significant limitations. The information on how to
design of MR damper which meets with a short response time, great dynamic force range, good
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mechanical properties, and low weight is unknown. In our paper [136], we decided to present
this type of MR damper design.

(iii)  Transient response of MR damper: fluid compressibility effect

The transient response of the MR damper is probably also affected by the compressibility of the
damper system [118] and the MR fluid itself. The effect of MR fluid compressibility and MR
fluid volume is unknown. It is relatively difficult to experimentally determine the effect of fluid
compressibility on damper response time. Therefore, the multiphysics model, which includes
magnetic, hydraulic a mechanical domains, will be necessary create to determine MR fluid
compressibility effect. Therefore, our study [137] deals with this knowledge gap.

(iv) MR fluid shaft seal

The main advantage of MR fluid seal is higher burst pressure than FF fluid seal. However, the
friction torque of the MR fluid seal is significantly higher than FF fluid seal. The design of the
MR fluid seal, which combines the high burst pressure and low friction torque, is unknown.
This type of design was published in our paper [138].

3.4  Author's contribution to the field

The author of the thesis published three papers focused on the research field of the transient response of
MR damper and one paper on the research field of MR fluid seal. The first study (i) [135] deals with the
transient response of the MR damper with a permanent magnet in the magnetic circuit. The second paper
(ii) [136] is connected with the design of an MR damper with a short response time which is secured by
a structured magnetic circuit made of 3D metal printing. The third paper (iii) [137] in this section deals
with the multiphysics model of the MR damper. One important result is the effect of fluid
compressibility on transient response. One publication (iv) also deals with the design of
magnetorheological fluid seals with low friction torque [138]. The design is based on the pinch mode of
MR fluid. All the papers were published in peer-reviewed WQOS journals with IF. The list of the included
papers is as follows:

Smart Materials [135] JENIS, F, M KUBIK, O MACHACEK, K SEBESTA a Z STRECKER.
pod SHctres Insight into the response time of fail-safe magnetorheological damper. Smart
Materials and Structures. 2020, 30(1)

Author’s contribution =45%
Journal impact factor (1F2020) =3.585
JIF Quartile =Q1
Citations (WQOS) =0 w/o self cit.
Smart Materials [136] STRECKER, Z, M KUBIK, P VITEK, ] ROUPEC, D PALOUSEK and

and Structures

V SREIBR. Structured magnetic circuit for magnetorheological damper made
by selective laser melting technology. Smart Materials and Structures. 2019,
28(5)

Author’s contribution =25%

Journal impact factor (1F2019) =3.613

JIF Quatrtile =Q1

Citations (WQS) =5 w/o self cit.
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Smart Materials [138] KUBIK, M, D PAVLICEK, O MACHACEK, Z STRECKER and J
o Stmctres ROUPEC. A magnetorheological fluid shaft seal with low friction torque.
Smart Materials and Structures. 2019, 28(4)

Author’s contribution =50%

Journal impact factor (IF2019) =3.613

JIF Quartile =Q1

Citations (WQS) =17 wio self cit.

[137] KUBIK, M. and J. GOLDASZ. Multiphysics Model of an MR Damper
including Magnetic Hysteresis. Shock and Vibration. 2019, 2019, 1-20

Author’s contribution (BUT) =100 %
Journal impact factor (1Fz019) =1.298

JIF Quatrtile =Q3

Citations (WQS) =5 w/o self cit.

Shock and Vibration

The author of the thesis is also significantly connected to applied research (projects) in this research
field (Figure 25). The most important outputs of applied research are (i) the European Patent Office
[139], where the main idea is based and a structured magnetic circuit made of 3D metal printing that
improves magnetic circuit dynamics, and (ii) a functional sample [140] of a magnetorheological yaw
damper with a short response time for the locomotive of Skoda Transportation, see figure below.

Ferromagnetic
rods

Bridges

——C

=

7~ # 0) European
) - > y . il > Patent
2 UL L] //.J Office

Figure 25 eveloed MR damper with short response time mounted on locomotive Skoda Transportation during
testing (left), the main idea of structured magnetic circuit patent (right)

A more detailed description of each publication can be found in the chapters below.

34.1 Insight into the response time of fail-safe magnetorheological damper [135]

The first paper is connected with the determination of the transient response of fail-safe MR damper.
The significant problem of magnetorheological (MR) dampers is their poor fail-safe ability which can
be solved by accommodating a permanent magnet to the magnetic circuit of the damper, see Figure 26.
The effect of the permanent magnet on the transient response of the damper was unknown. The main
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goal of this paper was to introduce the transient response of the MR damper with a permanent magnet.
The damper design with the permanent magnet, transient magnetic simulation including magnetic
hysteresis and eddy currents, and experimental evaluation were presented. The important result was that
the permanent magnet significantly influences the MR damper transient response. The decrease
of the damping force from a fail-safe state to off-state is significantly faster (2 ms, -1A) than the increase
to on-state (12 ms, 1A), see Figure 27. The exact value depends on the electric current magnitude and
piston velocity.

o)
B2

Figure 26 MR piston with permanent magnet;1, 2, 3 magnetic circuits; 4, lids; 5, piston rod; 6, permanent
magnets; 7, an electromagnetic coil [135]

Similar trends are for the electric current drop. Another important result is that this transient behaviour
can be determined by transient magnetic simulation with relatively low error, see Figure 27.
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Figure 27 The course of primary response time (63 %) on orientation and magnitude of electric current for
configuration with electric current step rise (left) and drop (right)

3.4.2 Structured magnetic circuit for magnetorheological damper made by selective
laser melting technology [136]

This paper describes the shape approach for the elimination of eddy current in the magnetic circuit. The
design and experimental evaluation of a structured core for an MR damper made of pure iron
manufactured by 3D SLM print were presented, see Figure 28. The aim of the research was to create the
MR damper with a short response time, great dynamic force range, good mechanical properties, and low
weight. This is an experimental verification of our patented technology [139]. Based on the 3D transient
magnetic simulation, the suitable geometry of the magnetic circuit was determined, see Figure 28.
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Figure 28 The structured core optimized for weight and homogenous magnetic flux density in the gap (left),
manufactured structure by 3D metal printing method (right)

The results presented in the paper show that it is possible to design and manufacture magnetic circuits
with a remarkable combination of low eddy-current losses (short response time), high magnetic flux
(high dynamic force range), low weight, and good mechanical properties, see Figure 29.

Type of piston Primary response time (ms)  Secondary response time (ms) Magnetic flux density (7) (2 A, air in the gap) Weight (g) Dynamic force range (-)
Solid piston (11SMn30) 6.2 30.9 0.174 208 5.73
SMC piston 1.06 1.3 0.154 193 4.03
Grooved piston (11SMn30) 1.36 1.75 0.17 177 533
Structured piston (Fe) 1.32 1.68 0.18 156 5.12

Figure 29 Performance comparisons of MR pistons

3.4.3 Multiphysics Model of an MR Damper including Magnetic Hysteresis [137]
The paper deals with a hybrid multiphysics model of the magnetorheological damper. The
electromagnetic domain is modeled using the vector hysteresis FE model (present in Ansys Maxwell)
based on the extension of well-known Maxwell equations, and the hydraulic section is described through
the dimensionless biplastic Bingham approach. We used lumped parameter model (in SimScape
software), which was coupled with the transient FE model through the yield stress-flux density interface.
The hydraulic a mechanical domains can be seen in Figure 30.

Displacement

MTS (rod) (rod)

Flux density

| =

MR valve

Displacement
(tube)

Figure 30 High-level Simscape model layout [137]
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The effect of magnetic core electric conductivity, piston velocity, and MR fluid compressibility on the
transient response (response time) of MR damper was also studied. As shown in Figure 31 left, as the
conductivity decreases, the eddy currents are reduced, and the response of the damper becomes faster.
The obtained results imply that the slower the piston velocity, the slower the magnitude of the force
change rate generated (Figure 31, right).
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Figure 31 Effect of electric conductivity on the course of damping force (left); The effect of piston velocity of
primary response time (right)[137]

3.4.4 A magnetorheological fluid shaft seal with low friction torque [138]

The last paper deals with the design and tests of a magnetorheological fluid seal using the innovative
concept of the magnetic circuit, which allows the achievement of a promising trade-off between burst
pressure and friction of the seal. The presented seal design is working in pinch mode of MR fluid, see
Figure 32, left. A new experimental test rig and methodology measurement were developed and also
presented in the paper, see Figure 32, right.
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Figure 32 Function principle of a pinch magnetorheological fluid seal (left) and test rig (right)

The pinch MRFs exhibit lower friction torque than standard MRFs with one sealed zone, and static
bursts pressure are comparable, see Figure 33. The burst pressure of the pinch seal significantly
decreases with the increasing shaft rotation. The significant leakage of carrier fluid was observed during
the measurement of standard MRFs with rotation by the same methodology. Therefore, it was not
possible to determine burst pressure dependence on rotation in standard MRFs.
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The significant problem of magnetorheological (MR) dampers is their poor fail-safe ability. In
the case of power supply failure, the damper remains in a low damping state which is dangerous
for several technical applications. This can be solved by accommodating a permanent magnet to
the magnetic circuit of the damper. Currently, the MR dampers are used in progressive
semiactive (S/A) control of suspension systems. The dynamics (force response time) of the
damper is an important parameter that affects the performance of S/A control. The main goal of
this paper is to introduce the dynamic behavior of MR damper with a permanent magnet. The
damper design with the permanent magnet in the magnetic circuit, transient magnetic simulation
including magnetic hysteresis and eddy currents, and experiments are presented. The magnetic
field response time and MR damper force response time are measured and also determined from
magnetic simulation. The permanent magnet significantly influences the MR damper dynamics.
The decrease of the damping force from a fail-safe state—medium damping to off-state—low
damping is significantly faster (2 ms, —1 A) than the increase to on-state—high damping (12 ms,

1 A). The exact value is depending on the electric current magnitude and piston velocity. The
damper achieved fail-safe damping force approximately 1/3 of the maximum damping force.
The exact value of the fail-safe force is magnetization history-dependent. The maximum
dynamic force range is 8.5 which is comparable with the common design of MR damper.

Keywords: magnetorheological valve, MR damper, response time, permanent magnet, fail-safe,

transient response, damper dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

The main aim of the car suspension system is to provide
maximum ride comfort and handling stability. Three types
of suspension systems, namely, passive, semiactive (S/A),
and active are commonly used. The passive suspension sys-
tem can’t effectively mitigate vehicle vibration on passen-
gers because the damping cannot be changed according to the
actual situation. In the case of the active suspension system,
linear electric motor or electric pump [1], are used to control
vehicle body motion over a wide frequency range. The main
disadvantages of the active system are their high energy con-
sumption, high cost, or stability problem. The S/A suspension

1361-665X/21/017004+12$33.00

systems offer a compromise between suspension system per-
formance and cost. The S/A system requires low energy source
and provide significantly higher ride comfort and handling sta-
bility than passive systems. Since the 1970s [2], the control
strategy and suitable dampers have been widely studied for
different technical applications.

The performance of S/A control of the suspension sys-
tem is significantly influenced by the dynamic behavior of the
damper. The response time of the damper on the control sig-
nal is a key factor [3]. A rapid increase or decrease of damp-
ing level (short response time) on the control signal is desired
for all real-time S/A control applications [4]. Giua et al [5]
simulated influence of damper response time on to S/A control

© 2020 IOP Publishing Ltd  Printed in the UK
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performance. The damper with response time 7 ms exhibits
better results in terms of performance S/A suspension sys-
tem than damping element with response time 30 ms. Sim-
ilar conclusions can be found in publications [3, 6]. Suitable
dampers for real-time S/A control are the hydraulic solenoid
valve damper and the magnetorheological (MR) damper.

A solenoid valve damper varies the size of an orifice by
an electromagnetic coil, which can give continuously variable
damping characteristics. This technology offers several com-
panies (Sachs ZF, Tenneco, etc) under various trade names
such as CDC, DCC, etc. This damper can be designed with
fail-safe behaviour, i.e. the maximum damping force is gener-
ated in a damper with no electric current. Qin et al [7] meas-
ured the dynamic behaviour of the CDC solenoid damper.
The response time for the force rise (soft — hard) was in
the range 16 ms to 24 ms; the response time for the force
drop (hard — soft) was in the range 7 ms to 15 ms. The
dynamic behavior of the solenoid valve damper has also been
addressed in [8].

The MR damper utilizing MR fluid which, when subjected
to magnetic stimuli generates yield stress thus increasing the
apparent viscosity of the fluid [9]. MR fluid is a suspension of
microsized ferromagnetic particles which are dispersed in the
carrier fluid. These particles are chained in the direction of the
magnetic field and cause a significant increase in the appar-
ent viscosity and damping forces. The sedimentation stabil-
ity of MR fluid (particles) is intensively addressed in [10—13].
In papers can be found several MR damper designs that dif-
fer in the number of coils [14-16], the arrangement of the
magnetic circuit [17], the number of gaps [18, 19], etc. If the
power supply of the coil is interrupted, the damper will stay
at the minimum damping level. This is a significant problem
for a wide range of MR damper applications (aerospace, rail,
automotive, etc.). A suitable solution is to use a permanent
magnet into the MR damper magnetic circuit. The perman-
ent magnet creates a magnetic flux in the magnetic circuit,
which ensures damping during a power supply failure—fail-
safe state. In some designs, the permanent magnet is placed
under the inner edge of the electromagnetic coil [20-23] or
next to the electromagnetic coil on the edge of the piston gap
[24, 25]. The damping level with no electric current and with
permanent magnet usually achieved one-third of the maximum
force. Also, a low-coercivity magnet accommodated in the
magnetic circuit (e.g. Alnico, made of Aluminium-Nickel—
Cobalt) can provide the MR damper with non-minimal damp-
ing forces without external power supply as mentioned in [24].
However, using a so-called switchable magnet does not ensure
a full fail-safe ability of MR damper due to the possibility of
magnet demagnetization.

The dynamic behavior of MR dampers dealt with only
a handful of authors. Koo er al [4] experimentally determ-
ined the response time of a commercially available Lord
Corporation’s Motion Master® Ride Management System at
approximately 17 ms (lowest measured value). However, the
response time of damper is strongly dependent on the mag-
nitude of the applied electric current and the piston velo-
city. Takesue et al [26] presented the design of the MR clutch
where they improved the dynamic behavior of this actuator

by reduction of eddy current in the magnetic circuit. The
same aim had Strecker [27] and Kubik [16] who published the
design of MR damper with a short response time where the
ferrite material of the magnetic circuit was used. Strecker [17]
published MR damper with a magnetic circuit manufactured
by 3D metal printing, which allowed the MR damper design
with a response time of 1.68 ms and a high dynamic range.
This method is based on the design of the special shape of
the magnetic circuit contributing to the reduction of eddy cur-
rent. The effect of eddy currents on MR damper dynamics can
be also reduced using a magnetic circuit made by laminated
sheets [15, 28]. Sahin et al [29] compared two MR valves with
similar material and different geometry. Sahin er al showed
that the response time of the MR damper is also dependent
on the geometry of the MR valve. The dynamic behavior of
MR damper with a permanent magnet was examined only by
Lee et al [30]. The damping force of this damper is realized
by the variation of the magnetization area (position-dependent
damper), not by the electromagnetic coil.

The main aim of this paper is to introduce the dynamic
behavior of fail-safe MR damper with a permanent magnet.
The response time of the magnetic field and force on the step
the control signal are determined experimentally and using the
magnetic models.

2. Materials and methods

2.1. MR damper response time

The dynamic behavior of MR damper is usually assumed as
a first-order system, where the response time is determined
at 63.2% of steady-state force value [9, 16, 27]. However,
in many publications, the response time of MR damper is
described as 90% [31, 32] or 95% [4, 17] of the steady-state
force value. The criterion of 90% is frequently used for the
description of the dynamic behavior of actuators in indus-
trial applications [30]. Response time (7) of the system indir-
ectly implies cut-off frequency (f= ﬁ) which is connected
with the controllable frequency range of the damper [33]. The
primary response time 73, 736 (63.2% for the rise and 36.8%
for a drop of steady-state value) and secondary response time
Too, T10 (90% for the rise and 10% for a drop of steady-state
value) on step electric current drop and rise will be determined
from measured and simulated data in this paper, see figure 1.
The measured and simulated data were normalized by the non-
dimensional function N,. A detailed description of this method
in paper [30].

2.2. Design of MR damper with permanent magnet

The presented MR damper is a monotube design, where the
high-pressure gas (6) is separated from the MR fluid (5) by a
floating piston (2), see figure 2.

The piston rod was sealed by a piston rod seal from H-PU
material and guided by bearing (4). The most important part
of the damper is a piston unit (1). The damper was filled by
200 ml of MRF Lord MRF 132-DG and pressurized by 30 bar.
The piston unit consists of a core (1, 2), sleeve (3), plates (4),
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Figure 1. Definition of the response time of MR damper.

Figure 2. Design of MR damper with permanent magnet.

piston rod (5), permanent magnet (6), and an electromagnetic
coil (7). The important dimensions are shown in figure 3.

The wire of the electromagnetic coil was connected to the
connector integrated into the piston rod. The magnetic circuit
(1, 2, 3) was made of cutting steel (11SMn30 with a carbon
content of less than 1%). Two neodymium permanent magnets
in the form of a ring 25 X 16 x 5 mm, class N42 was used.
These magnets have been selected because they were up for
sale. The maximum operating temperature is 80 °C.

An electromagnetic coil was winded by 190 turns of cop-
per wire with a diameter of 0.5 mm. Figure 4 shows the main
principle function idea of the damper with the magnet. In the
case of the positive polarity of electric current +/, the mag-
netic flux density in the gap is Bmax = Bmag + Beoil- In the case

3 ~
= 1S}
.
415 i
Figure 3. The detail of MR valve with permanent magnet.
) val Bmu_u Bmax
7

]

Bmag Bﬁ"[

- ]

Bro:l Bmu_wn'l Bmm

Figure 4. The main principle of MR valve function with permanent
magnet; (a) current +/, (b) no current, (c) -/ current.

of the negative polarity of electric current —/, the magnetic flux
density in the gap is Bnin = Bmag — Beoil-
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Figure 5. Simplified geometry of MR valve for the magnetic
model; steel 11SMn30 (blue), MR fluid or Air (red), bronze
(yellow), NdFe42 magnet (green), copper (orange) and air
surrounding (white).
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Figure 6. The virgin (black) and hysteresis magnetization curve for
steel 11SMn30; experiment (blue), model fit on experimental data
(red).

2.3. Magnetic model

The FE magnetic model is necessary for the calculation
of magnetic circuit properties including significant non-
linearities (magnetization curve, magnetic hysteresis, etc).
The analytical approach is considerably inaccurate due to the
model complexity. The Ansys Electronics Desktop 2018 with
co-simulation of Ansys Twin Builder 2018 was used for the
presented models. We assumed the MR valve in the damper as
asymmetric around the centerline Z in a cylindrical coordinate
system. The simplified geometry of the MR valve for magnetic
simulation is shown in figure 5.

The magnetic circuit (figure 3 (1-3)) was made of cut-
ting steel 11SMn30. The virgin and hysteresis magnetiza-
tion curve was experimentally determined for sample of this
steel by system Remagraph C-500. Measured data is shown
in figure 6. The coercivity and remanence were determined
from the measured hysteresis loop: H. = 427 A m~! and
B, =1.05T.

The electric bulk conductivity o = 5.8 MS m~! was used.
The lids were made of bronze with relative permeability ji, = 1
and electric bulk conductivity o = 10 MS m~!. The MRF 132-
DG was used for models. The magnetic hysteresis of MR fluid
was neglected. We applied the vector hysteresis modeling fea-
ture available in system Ansys on the electromagnetic model

12
1
0.8
E
s 0.6
o
0.4
0.2
~——NdFe42 ——NdFe42 - Intrinsic
0
-800 -700 -600 -500 -400 -300 -200 -100 0
H [kA/m]

Figure 7. Magnetisation curve of NdFe42 permanent magnet.

Non_linear_inductor

I_in |_out

Current_source Resistor

Figure 8. Lumped electric circuit (an external electric circuit).

of the MR valve. A more detailed description of this model is
in the publication [9]. The curve fit to the experimental hys-
teresis data for the steel 11SMn30 was created by Ansys soft-
ware, see figure 6. The agreement is sufficient except for low
magnetic field strength. The NdFe42 permanent magnet was
used in the model, see the magnetization curve from magnet
manufacture in figure 7. The exact geometry and magnet type
were selected for availability on the market.

The magnetic model was coupled to the external electric
circuit revealed in figure 8. The lumped electric circuit is com-
posed of an ideal electric current source (control input), res-
istor (with the resistance of coil winding), and MR valve object
(non-linear inductor).

The proposed magnetic model was used in two cases with
different time scales to determine the quasi-static section 2.3.1
and transient section 2.3.2 behavior of the magnetic circuit.

2.3.1. Quasi-static magnetic model.  This model was used to
determine the hysteresis behavior of a magnetic circuit in two
configurations: with air in the gap and with MRF in the gap.
The effect of eddy currents was neglected due to slow changes
in electric current. The setting of this model was used in these
configurations:
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(a) magnetic circuit with the electromagnetic coil (air in the
gap; results in figure 11),

(b) magnetic circuit with electromagnetic coil and magnet (air
and MREF in the gap; results in figures 12 and 13).

This model allows us to design a proper geometry of the mag-
netic circuit to maximize fail-safe magnetic flux and minimize
the effect of the magnet in the gap in off-state.

2.3.2. Transient magnetic model.  This model calculates the
magnetic induction (flux density) course in the gap on step
current input. The response times are determined from these
data. The final value of the electric current (7.) was reached
atT, = 0.2 ms. Therefore, it is assumed that it is the step con-
trol signal in the simulation. This value has been selected due
to previous experimental experiences. The waveforms of elec-
tric current were different for different settings of this simu-
lation. The constant simulation time step was set at 0.2 ms.
The mesh was generated with refinement on the edges of the
magnetic circuit due to the rapid creation of eddy current
on these areas. The setting of this model was used in these
configurations:

(a) magnetic circuit with electromagnetic coil and MRF in the
gap (results in figure 16),

(b) magnetic circuit with an electromagnetic coil, permanent
magnet and air in the gap (results in figure 15),

(c) magnetic circuit with an electromagnetic coil, permanent
magnet, and MRF in the gap (results in figure 17).

2.4. Measurement setup of B-I map and magnetic circuit
dynamics with the air gap

This measurement was carried out for verification of the mod-
eling method. Measuring magnetic flux density with Hall
probe can only be measured material in the gap with relative
permeability p = 1 (air). It can be assumed, that the mag-
netic model verified with air in the gap will be valid for MR
fluid in the gap as well. Four types of measurement with the
almost identical configuration of measuring setup were carried
out: (a) quasi-static properties of the magnetic circuit with per-
manent magnet and electromagnetic coil; (b) quasi-static prop-
erties of the magnetic circuit with electromagnetic coil; (c)
response time of magnetic flux density on the electric current
step in configuration with permanent magnet and electromag-
netic coil; and (d) response time of magnetic flux density on
the electric current step in configuration with an electromag-
netic coil. For the response time measurement, the own pat-
ented current controller working with the overvoltage method
was used [27]. The controller is supplied by laboratory sup-
ply and the input signal was generated from the Arduino con-
trol board. The increase in current took 0.2 ms. The experi-
mental setup diagram can be seen in figure 9. The magnetic
flux density was measured by a teslameter (F.W. Bell 5180)
with an ultra-thin transverse probe (STB1X-0201). The course
of electric current was measured by current clamp Fluke i30s.
These two signal was measured with a sampling frequency of

Dewetron USB-50 Magnetometer

=

Power supply

Hall probe
Magnetic flux
1 R density

Current

Current controller

Current clamps

<

gl Arduino control board

Figure 9. Experimental setup for magnetic behaviour measurement.

Power supply DEWE 800

Position
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] Temperature
[
30V
Current MR damper
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)
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Figure 10. Experimental setup for F-v—I measurement.

Hydraulic piston t

200 kHz by font-end Dewetron USB-50. The measured data
was processed by the software DeweSoft.

2.5. Measurement setup of F~v—I map

The measurement of the F—v-I (force—velocity—electric cur-
rent) map was performed on the hydraulic pulsator Inova,
see figure 10. Logarithmic sweep with a constant amplitude
of 25 mm was used as an excitation signal in the frequency
range 0.05-1.91 Hz, therefore, the velocity was increasing
during the test. The maximum velocity was 0.2 m s~!. The
load gauge 1730 ACK-50 kN was used for the force meas-
urement, the position of piston-rod was measured by resist-
ance sensor VLP15$A150, the current was calculated from
the voltage drop on 0.1 2 power shunt, and the temperature
was measured by sensor PT35. The presented temperature was
measured on the hydraulic tube surface of the MR damper in
the range 37 °C—43 °C. These signals were recorded with a
sampling frequency of 50 kHz by analyzer Dewe-800.

On the control board Arduino was set constant electric cur-
rent 1 A, 2 A, 0 A(+) and with opposite polarity —1 A, =2 A,
0 A(—). The piston velocity was calculated by derivation of the
piston position. The F—v—I map was calculated from measured
data choosing the points with zero acceleration (center of the
stroke).
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Figure 11. Comparison of the magnetic model (full line) and
experiment (dotted line) for configuration without magnet and with
air in the gap.

2.6. Measurement setup of MR damper dynamics (force
response time)

For the force response time measurement was used load gauge
HBM U2AD1/2. The configuration of the measurement was
the same as in chapter 2.4. The control signal was generated
by the Inova control computer. This signal was input into the
Arduino board and then to the current controller. The elec-
tric current was switched always after two strokes of the MR
damper in the middle of the stroke. Measurement of transi-
ent response was carried out for piston velocity 0.2 m s~! and
electric currents 0.5 A, 1 A, 1.5 A, 2 A, and for the same values
with opposite polarity. Measurement of the rise and drop of the
force was performed 5 x and the response time was determined
as the average of these values for each electric current.

3. Results and discussion

3.1 Quasi-static magnetic behavior

This section aims to compare the magnetic model with an
experiment for configuration with and without a permanent
magnet. Figure 11 shows the comparison between the mag-
netic model (full line) and experiment (dotted line) for con-
figuration without magnet and air in the gap. The magnetic
circuit exhibits a remanent flux density of 22 mT in the gap.
The agreement between model and experiment is very good.
The maximum error is 15% at zero electric currents. This dif-
ference is probably given by an inaccurate fit of the hysteresis
magnetization curve, see figure 6.

Figure 12 shows the comparison between the magnetic
model (full line) and experiment (dotted line) for configura-
tion with the magnet and air in the gap. Remanent flux density
101 mT and 90 mT were measured in the gap at zero electric
currents. The accuracy of the model is good except for the low
electric current.

The fail-safe magnetic flux density in the gap creates
roughly one-fourth of the maximum. This experimentally veri-
fied model was used to determine magnetic behavior with
MREF in the gap, see figure 13. The fail-safe magnetic flux
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Figure 12. Comparison of the magnetic model (full line) and
experiment (dotted line) for configuration with magnet and air in the

gap.
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Figure 13. Hysteresis B—/ curve of MR damper with MRF in the
gap and permanent magnet.

density (Bg,;) in the gap creates roughly one-third of the max-
imum flux density. However, the By,; value is a magnetization
history-dependent.

3.2. Magnetic circuit dynamics

Magnetic flux response on a different input of electric current
and a different configuration of magnetic circuit were com-
pared for the magnetic model and experiment.

3.2.1. Magnetic circuit with air in the gap (magnet and coil).
This section is important for experimental verification of the
transient magnetic model. Figure 14 shows the course of mag-
netic flux density determined from the magnetic model (red)
and experiment (blue) for the electric current step from 0 A to
—1 A. Measured data were normalized in the bottom diagram.
The difference in magnetic flux density B course from the
model and the experiment is probably due to the slightly dif-
ferent electrical conductivity of the material uses in the model.
The electric conductivity was used from the datasheet of the
steel suppliers. The initial and final magnetic flux density data
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Figure 14. The course of magnetic flux density from the magnetic
model and experiment.

from the model and experiment exhibits roughly 15% differ-
ence, see figure 14. This error is probably caused by the fit-
ting of the hysteresis model to measured the hysteresis loop
of magnetic circuit material, see figure 6. The accuracy of the
magnetic model is very good in the context of many possible
materials (slightly different chemical composition of steel,
a measurement error of B—H curve, etc) inaccuracies. The
primary and secondary response time dependency on the elec-
tric current are shown in figure 15. All values presented in dia-
gram labelled ‘rise’ were measured for initial current in the
coil I =0 A (fail-safe state). On the other hand, the data presen-
ted in diagram labelled ‘drop’ were measured for final value of
current I = 0 A. The presented response time values in the next
text sections (if are available) are always experimental data.
The response time for the negative polarity (—I) of electric
current is significantly lower than positive polarity (+7). The
primary response time for the electric current rise from 0 A to
—2 A'is 763 =0.95 ms and for electric current drop from —2 A
to 0 A is 736 =0.97 ms. The primary response time for the
electric current rise from 0 A to 2 A is 743 = 4.6 ms and for a
drop from 2 A to 0 A is T3¢ = 3.6 ms. The magnetic flux density
decrease in the gap is significantly faster than the increase. The
magnet significantly influences the dynamic behavior of the
magnetic circuit. The magnetic model describes the primary
response time very well. The secondary response time exhibits
greater variance, especially for the electric current drop. The
magnetic model can be considered experimentally verified.
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Figure 15. The primary and secondary response time for
configuration with air in the gap.

3.2.2. Magnetic circuit with MRF (coil).  The experimentally
verified magnetic model was used to determine the dynamic
behavior of the magnetic circuit with MRF in the gap (no mag-
net). The response time for the electric current drop and rise
are presented in figure 16. The response time dependency on
electric current is non-linear. For electric current rise, the lower
the electric current, the greater the response time. For electric
current drop, the tendency is the opposite up to 0.5 A. Than
the response time is stabilized. Thus, it can be stated that the
response time is dependent on the final magnitude of the elec-
tric current. Similar results are published [32]. However, this
dependence is probably related to the design of the magnetic
circuit (geometry) and the magnetization characteristics of the
used material. These trends are supported by several simula-
tions and publications.

3.2.3. Magnetic circuit with MRF (magnet and coil).
Figure 17 shows the dependence of the response time on step
electric current drop and rise input. The response time for
the current rise is increasing up to 0.5 A, then significantly
decreases. The response time is 763 = 17 ms and 799 = 53 ms
for the electric current rise from 0 A to 0.5 A. The trends are
similar as in the case of configuration without magnet. In the
opposite electric current polarity (—I), the primary and second-
ary time responses are almost independent of the magnitude
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Figure 16. The response time dependency of electric current for
configuration with the coil (no magnet) and MRFE.

of the electric current. The response time is 7¢3 = 1.1 ms and
Tg99 = 5 ms for electric current rise from 0 A to —1 A. The drop
of magnetic induction in the gap is 15 times faster (primary
response time) and 10 times faster (secondary response time)
than the rise. The magnetic circuit dynamic is almost inde-
pendent of the rising or dropping of electric current in opposite
electric current polarity (—I). However, the rise and drop for
electric current have a different tendency for positive polar-
ity. The response time is 736 = 14.5 ms and 79 = 50 ms for
electric current drop from 1 A to 0 A. The response time is
stabilized after achieved 1 A. It can be deduced that the short
response time of magnetic field formation with the negative
polarity of electric current is not related to MR fluid because
this effect was observed also in the magnetic circuit without
MRE, see figure 15.

3.3. F~v—I map

Based on the methodology described in chapter 2.4, the
force—velocity (F-v) maps were measured for 2 A, 1 A,
0A (+), -1 A —2 A and 0 A(-) electric currents, see
figure 18. The F—v map for no electric current is affected
by magnetization history (previous orientation of electric
current). The damping force for zero electric current and
change from higher damping forces (+0 A) is higher than
the switch from lower damping forces (—0 A). The damping
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Figure 17. The response time dependency of electric current for
configuration with an electromagnetic coil, magnet, and MRF.

force for +0 A was 592 N and for —0 A was 505 N at pis-
ton velocity 0.1 m s~'. This is a 15% decrease. This differ-
ence is due to the hysteresis behavior of the magnetic circuit
itself, as described in figure 13. The force 505 N corresponds
with magnetic induction 127 mT and force 592 N with mag-
netic induction 178 mT. This difference could be reduced by
using another material of magnetic circuit (SMC, Vacoflux,
etc) or by selecting a suitable heat treatment. Fail-safe damp-
ing force is approximately 1/3 of the maximum damping force
(0.1ms™1).

The dynamic force range of damper was calculated from
the maximum (42 A) a minimum (—2 A) damping forces at
given piston velocity, see figure 19. The maximum dynamic
force range is 8.5 at the piston velocity of 0.06 m s~!.
The presented fail-safe MR damper achieves a compar-
able dynamic force range as the non-permanent magnet MR
damper variants [3, 9, 16]. The dynamic force range of the
damper is also one of the essential parameters for efficient S/A
control [6].

3.4. MR damper dynamics (force response time)

The force courses on the step current input were meas-
ured according to the methodology described in chapter 2.5.
Figure 20 shows the course of force (blue) and electric current
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Figure 20. Example of the course of the force and electric current

for unit-step electric current drop input at piston velocity 0.3 m s~ !.

(orange) for step current drop input from —2 A to O A at piston
velocity 0.3 m s~!. The measured force data was normalized,
see figure 21. In all the measured data, it can be seen the time
delay approximately 0.5-0.8 ms between the course of elec-
tric current and force. This time delay was not observed in the
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Figure 22. Normalize course of force and magnetic induction
(moved of 0.8 ms).

course of magnetic induction, see figure 21, which means that
it must be related to the hydraulic system.

It was checked that this time delay is not due to measure-
ment devices or their settings. This time delay is probably
caused by the response time of MR fluid itself or deforma-
tion of the rubber part of the damper (seal). Similar conclu-
sions have been published in [17]. This phenomenon will be
detailed studied in the following research.

The data from the magnetic model was moved of 0.8 ms
due to the presented delay, see figure 22. The magnetic model
well describes the initial course of force.

The force course exhibits significant pulsation due to the
hydraulic system compliance [9]. Therefore, the determination
of secondary response time is quite inaccurate and exhibits a
large dispersion. The comparison of response time depend-
ency on electric current from force measurement and mag-
netic model is presented in figures 23 and 24. The force
measurement dispersion is presented by error bars that show
maximum, minimum measured force value, and also average
value.

3.4.1. Electric current step rise.  The primary (7¢3) and sec-
ondary (79g) force response time is strongly dependent on elec-
tric current polarity and magnitude, see figure 23.
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Figure 23. The course of primary and secondary response time on
orientation and magnitude of electric current for configuration with
electric current step rise; force data (red circle), magnetic model
data (blue square).

The response time is significantly lower for the negative
orientation of electric current (form 0 A to —1 A; force data
Tez = 2.05 ms, 799 = 17.9 ms) than for positive orientation
(from 0 A to 1 A; force data 7¢3 = 12.3 ms, 799 = 37 ms). The
drop of force is app. six times faster than rising. The primary
response time determined from the magnetic model well fit
experimental data, see figure 23. The secondary response time
from the magnetic model also well fit experimental data except
for the negative orientation of electric current. There is a sig-
nificant difference.

3.4.2. Electric current step drop.  The primary (743) and sec-
ondary (79g) force response time is also strongly dependent on
electric current orientation and magnitude, see figure 24.

It can be seen that negative orientation of electric current
(from —1 Ato 0 A; 736 = 1.5 ms, 719 = 4.5 ms) is significantly
faster than positive orientation (from 1 A to 0 A; 736 = 14 ms,
T10 = 58 ms). In this case, the magnetic model very well fit
experimental data. It should be noted that the presented data
are connected with the exact geometry and material configura-
tion of the MR valve. It can be assumed that the exact value of
response time will be dependent on the specific geometry and
material configuration of the MR valve. However, the trend
will be the same.
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Figure 24. The course of primary and secondary response time on
orientation and magnitude of electric current for configuration with
electric current step drop; force data (red circle), magnetic model
data (blue square).
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Figure 25. The influence of piston velocity on primary response
time.

3.4.3. Influence of piston velocity on force response
time.  Figure 25 shows the influence piston velocity on
primary response time for the rise of the damping force. The
primary response time slightly increases at a piston velocity
of 0.1 m s~!. This increase is caused by the rigidity of the
hydraulic system itself especially the rigidity of MR fluid.
This phenomenon is also described in [9].
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4. Conclusion

The optimal performance of a semi-active suspension system
with fail-safe MR damper requires understanding its dynamic
behavior. The knowledge of time delay between force and
control signal is necessary for accurate control design study
or vehicle dynamic simulations. This paper presented the
dynamic behavior of MR damper with the permanent magnet.
The conclusions from this paper are the following:

e The magnetic flux density in the gap at zero electric cur-
rent creates roughly 1/4 of maximum and is magnetization
history dependent due to hysteresis behaviour of magnetic
circuit material.

e The magnetic flux density in the gap decreases significantly
faster than increases on the electric current step. This is
probably given by the effect of permanent magnet.

e The fail-safe damping force at zero electric current is also
dependent on magnetization history and the achieved app.
1/3 of maximum damping force. The difference at fail-safe
forces is due to the hysteresis behavior of the magnetic cir-
cuit.

e The dynamic force range of fail-safe MR damper achieved
a value of 8.5 which similar to the common design of MR
damper. The maximum damping forces are also compar-
able.

e The decrease in the damping force (negative polarity of
electric current) from a fail-safe state to off-state is signi-
ficantly faster than the increase from fail-safe state to on-
state. The primary response time is roughly 2 ms. This short
response time in probably given by the effect of the perman-
ent magnet.

e The increase in the damping force (positive polarity of elec-
tric current) from fail-safe state to on-state is significantly
slower than the decrease and strongly dependent on the
magnitude of the electric current. The primary response
time achieved roughly 12 ms at electric current 1 A.

e The initial time delay of 0.5-0.8 ms between the course
of force and an electric current was observed. This delay
was not observed in magnetic flux density measurement.
Therefore, this delay is probably caused by hydraulic sys-
tem compliance or response time MR fluid itself.

e The response time determined from the magnetic model
well fitted experimental force data of MR damper. For this
reason, a transient magnetic simulation is an effective tool
for the determination of the dynamic behaviour of MR
damper.

The following research will be focused on the durability of this

type of damper and fail-safe behaviour dependency on temper-
ature.

Acknowledgments

The authors wish to acknowledge the support of the Grant Nos.
FEKT/FSI-J-20-6260, GACR 20-23261Y and FSI-S-20-6247.

ORCID iDs

F Jeni§ @ https://orcid.org/0000-0002-1753-1508
M Kubik @ https://orcid.org/0000-0003-0105-2921
Z Strecker @ https://orcid.org/0000-0002-1598-487X

References

[1] Westerhoff M 2018 ZF Vision magazine www.zf.com/site/
magazine/en/home/magazine_homepage.html

[2] Karnopp D, Crosby M J and Harwood R A 1973 Vibration
control using semi-active force generators ASME Pap.
96 619-26

[3] Strecker Z, Mazurek I, Roupec J and Klapka M 2015 Influence
of MR damper response time on semiactive suspension
control efficiency Meccanica 50 1949-59

[4] Koo J H, Goncalves F D and Ahmadian M 2006 A
comprehensive analysis of the response time of MR
dampers Smart Mater. Struct. 15 351-8

[5] Giua A, Melas M and Seatzu C 2004 Design of a control law
for a semiactive suspension system using a solenoid valve
damper Proc. IEEE Int. Conf. Control Appl.
2 pp 1467-72

[6] Machacek O, Kubik M and Novéak P 2017 A new method of
magnetorheological damper quality evaluation Eng. Mech.
2017 594-7

[7] Qin'Y, Zhao F, Wang Z, Gu L and Dong M 2017
Comprehensive analysis for influence of controllable
damper time delay on semi-active suspension control
strategies J. Vib. Acoust. Trans. ASME 139 1-12

[8] Li P X, SuM and Zhang D B 2017 Response characteristic of
high-speed on/off valve with double voltage driving circuit
10P Conf. Ser. Mater. Sci. Eng 220 012028

[9] Kubik M and Goldasz J 2019 Multiphysics model of an mr
damper including magnetic hysteresis Shock Vib. 2019 1-21

[10] Roupec J, Berka P, Mazurek I, Strecker Z, Kubik M,
Machécek O and Andani M T 2017 A novel method for
measurement of MR fluid sedimentation and its
experimental verification Smart Mater. Struct.

26 107001

[11] Cheng H, Wang M, Liu C and Wereley N M 2018 Improving
sedimentation stability of magnetorheological fluids using
an organic molecular particle coating Smart Mater. Struct.
27 1-10

[12] Plachy T, Cvek M, Kozakova Z, Sedlacik M and Moucka R
2017 The enhanced MR performance of dimorphic MR
suspensions containing either magnetic rods or their
non-magnetic analogs Smart Mater. Struct. 26 1-8

[13] Cvek M, Mrlik M, Ilcikova M, Plachy T, Sedlacik M,
Mosnacek J and Pavlinek V 2015 A facile controllable
coating of carbonyl iron particles with poly(glycidyl
methacrylate): a tool for adjusting MR response and
stability properties J. Mater. Chem. C 3 4646-56

[14] Zheng J, Li Y and Wang J 2017 Design and multi-physics
optimization of a novel magnetorheological damper with a
variable resistance gap Proc. Inst. Mech. Eng. C
231315268

[15] Gotdasz J 2013 Electro-mechanical analysis of a
magnetorheological damper with electrical steel
laminations Prz. Elektrotechniczny 89 8—12
(http://pe.org.pl/articles/2013/2a/2.pdf)

[16] Kubik M, Machacek O, Strecker Z, Roupec J and Mazurek I
2017 Design and testing of magnetorheological valve with
fast force response time and great dynamic force range
Smart Mater. Struct. 26 047002

[17] Strecker Z, Kubik M, Vitek P, Roupec J, Palousek D and
Sreibr V 2019 Structured magnetic circuit for



Smart Mater. Struct. 30 (2021) 017004

Technical Note

magnetorheological damper made by selective
laser melting technology Smart Mater. Struct.
28 1-13

[18] Goldasz J 2019 Magnetostatic study of a dual-gap MR valve
Proc. 2019: 20th Int. Conf. Res. Educ. Mechatronics, REM
20195 pp 1-5

[19] Goldasz J 2013 Study of a magnetorheological fl uid damper
with multiple annular flow gaps Int. J. Veh. Des.
62 21-41

[20] Bai X X and Wereley N M 2014 A fail-safe
magnetorheological energy absorber for shock and
vibration isolation J. Phys. D: Appl. Phys.
11514

[21] Zhang H H, Liao C R, Yu M and Huang S L 2007 A study of
an inner bypass magneto-rheological damper with magnetic
bias Smart Mater. Struct. 16 N40—-6

[22] Yan W, JiJ, Dong B and Ge H 2009 Theoretical and
experimental studies on a new reversible
magnetorheological damper Struct. Control Health Monit.
18 1-19

[23] Du C, Wan F and Yu G 2011 A magnetic flux leakage study of
a self-decoupling magnetorheological damper Smart Mater.
Struct. 20 065019

[24] Bose H and Ehrlich J 2012 Magnetorheological dampers with
various designs of hybrid magnetic circuits J. Intell. Mater.
Syst. Struct. 23 979-87

[25] Bose H, Ehrlich J and Trendler A-M 2009 Performance of
magnetorheological fluids in a novel damper with excellent
fail-safe behavior /1th Conf. on Electrorheological Fluids
and Magnetorheological Suspensions p 5

12

[26] Takesue N, Kiyota Y and Furusho J 2002 Development of fast
response MR-fluid actuator Proc. 41st SICE Annual
Conf. SICE (Soc. Instrument & Control Eng. (SICE))
vol 2 pp 949-53

[27] Strecker Z, Roupec J, Mazurek I, Machacek O, Kubik M and
Klapka M 2015 Design of magnetorheological damper with
short time response J. Intell. Mater. Syst. Struct. 26 1951-8

[28] Kostamo E, Kostamo J, Kajaste J and Pietola M 2012
Magnetorheological valve in servo applications J. Intell.
Mater. Syst. Struct. 23 1001-10

[29] Sahin H, Gordaninejad F, Wang X and Liu Y 2012 Response
time of magnetorheological fluids and magnetorheological
valves under various flow conditions J. Intell. Mater. Syst.
Struct. 23 949-57

[30] Lee T-H and Choi S-B 2019 On the response time of a new
permanent magnet based magnetorheological damper:
experimental investigation Smart Mater. Struct.
28 014001

[31] Maas J and Giith D 2011 Experimental investigation of the
transient behavior of MR fluids Conf. on Smart Materials,
Adaptive Structures and Intelligent Systems (ASME)
pp 229-38

[32] Wu G, Feng Z, Zhang G and Hou Z 2011 Experimental study
on response time of magnetorheological damper Int. Conf.
on Artificial Intelligence, Management Science and
Electronic Commerce (1IEEE) pp 3968-72

[33] Yoon D S, Park Y J and Choi S B 2019 An eddy current effect
on the response time of a magnetorheological damper:
analysis and experimental validation Mech. Syst. Signal
Process. 127 136-58



IOP Publishing

Smart Materials and Structures

Smart Mater. Struct. 28 (2019) 047002 (11pp)

Technical Note

https://doi.org/10.1088,/1361-665X/ab0834

A magnetorheological fluid shaft seal with

low friction torque

M Kubik®, D Pavlicek, O Machacek, Z Strecker

and J Roupec

Department of Machine and Industrial Design, Brno University of Technology, Brno, Czechia

E-mail: michal kubik @vutbr.cz

Received 12 November 2018, revised 28 January 2019
Accepted for publication 19 February 2019

Published 20 March 2019

Abstract

®

CrossMark

This paper deals with the design and tests of a magnetorheological fluid seal (MRFs) using the
innovative concept of the magnetic circuit, which allows the achievement of a promising trade-
off between burst pressure and friction of the seal. Low friction torque and low burst pressure are
typical for a ferrofluid seal (FFs). Replacement of the ferrofluid by magnetorheological fluid
increases the burst pressure of the seal but the friction torque of the seal increases too. The
optimum for sealing application is low friction torque and high burst pressure. The presented
design is based on the pinch mode of magnetorheological fluid. The geometry of the seal was
determined by a magnetostatic model. Subsequently, the chosen concept of the seal was
manufactured and tested. Pinch MRFs achieved lower friction torque than common (standard)

MRFs and a higher burst pressure than any FFs.

Keywords: magnetorheological fluid seal, MR fluid seal, magnetic seal, magnetic shaft seal,

liquid O-ring, burst pressure
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Introduction

The conventional design of a seal with magnetic fluid con-
tains a source of electromotive force (1), two ferromagnetic
pole pieces (2), magnetic fluid (3), and a sealed shaft (4)—see
figure 1. The magnetic fluid is located between the pole piece
and the shaft made of ferromagnetic material—see figure 1
(detail). Magnetic fluid creates a liquid barrier between sealed
zones; therefore, it is usually referred to as a liquid O-ring.
The magnetic flux flows from the first pole piece through to a
sealed shaft to the second pole piece. The magnetic field
keeps the magnetic fluid in the sealed gap. The sealed effect is
provided by chains of ferromagnetic particles (5) which are
oriented in the direction of the magnetic field—see figure 1.
Typical magnetic fluid consists of ferromagnetic particles, the
carrier fluid, and additives. The first mention of magnetic
fluids was in the 1940s by Jacob Rabinow [1], specifically in
1947. However, the greater development of magnetic fluids
was driven in the 1960s by Steven Papell in the NASA
program. He obtained a US patent in 1965 [2].

0964-1726/19/047002+11$33.00

The magnetorheological fluid (MR) contains micro-
particles and ferrofluids are made of nanoparticles. These
liquids have different magnetic properties, sedimentation
stability or apparent viscosity. The magnetic fluid seals can be
divided by the type of magnetic fluid which is used for sealing
as follows [3]:

e ferrofluid seals (FFs),
* magnetorheological fluid seals (MRFs).

Ferrofluid seals (FFs)

A FF uses a magnetic fluid which is composed of ferro-
magnetic nanoparticles. The first commercial application of a
FF was in the leak-free sealing system for a computer disk
drive in the 1970s [4]. A FF is characterized by a small
friction torque and high level of tightness. Considering the
above advantages, a FF is appropriate for sealing an ultrahigh
vacuum [5], and highly clean and corrosive environments [3],
etc However, the disadvantage of FFs is the relatively low

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Standard design of a magnetic fluid seal; (1) permanent magnet, (2) pole pieces, (3) magnetic fluid, (4) sealed shaft, (5)

ferromagnetic particles and (6) carrier fluid.
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Figure 2. Function principle of a pinch magnetorheological fluid seal;

magnetic fluid (green).

burst pressure. The burst pressure is the maximum difference
of pressures between the sealed environments over which the
leakage is observed. A typical static burst pressure of FFs is in
the tens of kPa; Kordonski [6] published a static burst pres-
sure of 0.5 bar; Sczech [7] was in the range from 0.48 bar to
0.65 bar, dependent on ferrofluid type; while Tomiota [8]
registered 0.3 bar. The dynamic burst pressure of FFs is
usually slightly dependent on rotation [6, 8] and temperature
[9]. The gap between surfaces sealed by FFs is typically in the
range of 0.05 mm to 0.1 mm [6-8, 10]. Sczech [11] published
a numerical study about the influences of the geometry of
pole pieces on a friction torque where the friction torque was
in the range of 0.05-0.5 Nm. Chen [12] published FF for
reciprocating motion. The FFs system is used in a wide range
of equipment worldwide, e.g. vacuum-rotary feedthrough,
fluid seals for fans and blowers or hard disk drive spindle.

Magnetorheological fluid seals (MRFs)

A MRF uses magnetorheological (MR) fluid which is com-
posed of ferromagnetic microparticles, usually in a range

ferromagnetic material (grey), non-ferromagnetic material (yellow),

from 1 pm to 2 pm. The typical application of MR fluid is for
shock absorbers [13, 14], clutches [15] or engine mounts [16].
The main motivation for using bigger particles in the magn-
etic fluid is their higher magnetization [3], which causes
stronger magnetic particle interaction. This causes the sig-
nificant increase of static and dynamic burst pressure of the
seal. The typical static burst pressure of MRFs is in the
hundreds of kPa; Cong [5] published a static burst pressure of
26.1 bar for 4 pole pieces; Kordonski [6] 1.8 bar for one pole
piece; Potoczny [17] 0.6 bar for one pole piece; and Zhang
[18] 4 bar for 6 pole pieces. The dynamic burst pressure of
MRFs is dependent on the speed of rotation [6]. The second
motivation to use MRFs is in MR devices as a magne-
torheological damper or clutch because the same fluid is used
for damping and sealing. The MR fluid exhibits a settling of
ferromagnetic particles in contrast with FF which are stable
[19, 20]. The disadvantage of MRFs is the higher friction
torque compared to FFs which causes a rapid increase in the
temperature of magnetic fluid in the sealed zone (gap). Urreta
[10] published that the friction torque of their design of MRFs
is very high—in the range 2-8 Nm at a rotation 100 rpm.
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Figure 3. Virgin magnetization curve of low carbon steel S235]RG
(blue), MRF-132DG made of Lord corporation (red) [25].

Hegger [21] presents MRFs of MR fluid actuator which
exhibits friction torque 1.2 Nm. Such a high friction torque is
obviously caused by tearing the chains of microparticles in
the sealed zone during rotation.

Aim of research

The most promising area for the magnetic seal is with low
friction torque and high dynamic burst pressure. The main
aim of our research was to develop a new design of magnetic
fluid seal which provides greater burst pressure than FFs and
lower friction torque than standard MRFs.

Materials and methods

The main idea behind the new type of magnetic fluid seal

The main idea behind our new type of magnetic fluid seal
with a low friction torque is based on the magnetic pinch
operating mode of MR fluid, which was published by Gon-
calves [22] and Goldasz [23, 24]. The main difference
between the standard and magnetic pinch design of the
magnetic fluid seal is the arrangement of the magnetic circuit
and material of the shaft. The sealed shaft must be made from
non-magnetic material—see figure 2. The magnetic circuit
geometry must allow the flow of magnetic flux from one pole
piece to another pole piece through a sealed zone filled by
magnetic fluid. This design is specific in that the ferromag-
netic particles create chain links between two pole pieces,

which is parallel to the shaft axis. There is no tearing of the
particles chain and therefore, a lower friction torque is
expected. The sealing effect is ensured by pressing the chains
of particles on the surface of the shaft.

The MR fluid use instead of the commonly used FF
should provide a greater burst pressure. In the following
sections, this type of design is the so-called pinch magne-
torheological fluid seal (pinch MRFs). The presented design
of pinch MRFs consists of two ferromagnetic pole pieces, the
electromagnetic coil, MR fluid and sealed non-magnetic shaft
—see figure 2. The magnetostatic analysis was used for the
proper selection of the magnetic circuit dimension respecting
maximum magnetic flux density in sealed zone.

Magnetostatic model of Pinch MRFs

The magnetostatic model was created in Ansys Electronics
Desktop 2017 and the geometry of the magnetic circuit was
simplified to the 2D axisymmetric problem. The electro-
magnetic field distribution in case of magnetostatic simulation
is obtained by solution of Maxwell equations below the entire
domain.

V x H=]j, (1)
V.B=0, (2)

where B-magnetic flux density, H-magnetic field strength,
and j-electric current density. The virgin magnetization curve
of used low carbon steel S235JRG was set on the geometry of
pole pieces—see figure 3 blue. The virgin magnetization
curve of MR fluid MRF-132DG was taken from a Lord
company datasheet [25].

The relative permeability e, = 1.000 021 was set on the
shaft (EN AW-2017) and ring. The geometry was discretized
by 19353 triangular elements. In the sealed zone a smooth
mesh was used with average element size of 0.04 mm—see
figure 4. A magnetomotive force 100 A turns was applied on
the geometry of the electromagnetic coil which corresponds
to an electric current of 1 A and 100 turns of the coil. The
magnetostatic analysis was used for the determination of a
selected dimension in the sealed zone. The magnetic flux
density presented in the results is the maximum magnetic flux
density on the line A-B (on the surface of the shaft)}—see
figure 4 left.

Calculation of burst pressure and friction torque

The internal pressure in the tested hydraulic system tends to
push the MR fluid from the sealing zone to the surrounding.
The MR fluid operating mode is close to the mentioned effect.
In the pinch operating mode, the ferromagnetic particles are
chained in a different direction than it is expected in the valve
mode. Therefore, the burst pressure calculation is considered
to be simplified. The burst pressure of pinch MRFs is
approximately calculated by Bingham model for valve mode
of MR fluid by following equation [21, 26]:

O¢ - TBWL) 4,

A =
P L d

3
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Figure 5. Yield stress of MRF on the line A-B dependency on
positon for electric current 1 A from magnetostatic model.

where Ap is the burst pressure of seal, d is the gap size,
T(B(L)) is the yield stress of MR fluid, L, is the length of
seal, ¢y is a parameter considered to be 3 [21].

The pole pieces are stationary and the shaft rotates during
operation. This situation can be simplified by geometry of two
parallel plates, one being stationary and the other in motion.
This corresponds to the MR fluid shear operating mode. The
friction torque calculation is based on shear mode of MR fluid
by following equation:

b r(B(L).m.Dy?
M, = fo L, )

where M; is the friction torque and D, is the sealed shaft
diameter.

The shaft surface is a crucial area for burst pressure and
friction torque of pinch MRFs. Therefore, the input to the
equation (3) is the area under curve 7 — L which corresponds
to the magnetic field on shaft surface from magnetostatic
model—see figure 5.

Experimental test device

The new test device was developed for testing friction torque
and the burst pressure of magnetic seals—see figure 6. The

test device consists of the sealed shaft, which is supported by
two bearings.

The MRF is pressured by the expansion chamber and
sealed by a conventional rotational seal on the one side and by
MREFs on the other side. The test device is driven by a Sie-
mens electric motor with frequency inverter. The description
of experimental test device is also presented in [27].

Friction torque measurement method

The test device was set as rotatable: it was driven by an
electric motor via the clutch—see figure 6. During rotation of
the shaft, the magnetic seal and the whole test device create
friction torque. The value of friction torque was determined
from the measured force at load cell HBM DF2SR-3 and the
known length of the lever. The measured friction torque is
composed of friction torque of a tested magnetic fluid seal and
the friction torque of test devices (bearing, rubber seals, etc).
Therefore, the friction torque of the magnetic fluid seal was
determined as the difference between the measured friction
torque Mm and the friction torque of the test device M,.
Every measurement had 20 s. The measured data was recor-
ded with a sampling frequency of 100 Hz by a front-end
Dewetron USB-50-USB2-8 connected to the laptop.

The first 5s of the experiment was transitioning to the
required speed of rotation. The data from the next 15s was
used for determining the average friction torque of the system
—see figure 7. It was measured friction torque of test device
M, (bearings, rubber seal etc) where MRFs seal was not
placed inside by presented methodology, see figure 7. This
friction torque moment must be always measured after reas-
sembling of the test device.

The friction torque of tested magnetic seal M; was
determined by the equation:

M;(n) = M,,(n) — My(n), (5)

where n is in rotation (1 minfl). The measurements of the
friction torque of the magnetic fluid seals were provided at a
frequency of rotation of 20 Hz (1200 min~") for different
electric currents in the range 0.3-2 A and also for rotational
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Figure 6. New experimental test devices: function principle, test devices during experiment.

speed in the range from 10 to 50 Hz for atmospheric pressure
at constant electric current 1 A.

Burst pressure measurement method

The expansion chamber with the hydraulic valve and pressure
sensor HBM P8AP/20 bar were connected to the test device.
The hydraulic system with the tested magnetic fluid seal was
pressurized by the expansion chamber with an external pump.
The pressure in the hydraulic system was increased step by
step during the experiment. The hydraulic valve connecting
the hydraulic system and the expansion chamber was closed
before the experiment because of the elimination of a gas
spring, which allows the detection of an MRF leakage by the
pressure drop. The burst pressure was measured as a max-
imum of pressure before the MR fluid leakage occurred,
which was detected as the sharp pressure drop in hydraulic
system—see figure 8. The pressure in the hydraulic system
and rotation was measured during the experiment. An

example of the internal pressure increasing in the hydraulic
system and burst pressure are shown in figure 8.

The burst pressure of the tested magnetic fluid seal was
measured in static mode (0 Hz) for a different current applied
on the coil in the range from O to 1 A. The influence of the
shaft rotation on the burst pressure was measured with a
constant electric current of 2 A in the coil with 100 turns.

Results and discussion

Pinch MRF

Magnetic flux lines (left) and magnetic flux density (right)
from the magnetostatic analysis for an electric current of 1 A
are shown in figure 9. The magnetic flux flows from one pole
piece to another through the sealed zone where a sealed plug
is formed. The sealed plug is a region with a high con-
centration of magnetic flux density in MR fluid causes high



Smart Mater. Struct. 28 (2019) 047002

Technical Note

300

250

\\—_—-“

200 +

150

\

100

50

'
LI B

Friction torque [N.mm]

Constant speed of rotation

=g

0 1 I I 1 1 1 1 1 ? 1 i i I I
10 15 20
Time [sec]

R

o
v

=
u
o

300 ¢

250 +
y =0.0386x + 184.93

200 £ R? = 0.9492
150

100 +

w
o
i

Friction torque of test device [N.mm]

o

0 500 1000 1500 2000 2500 3000 3500
Rotation [1/min]

Figure 7. Example of friction torque measurement and evaluation of
average friction torque of test devices (upper); friction torque of test
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Figure 8. Example of increasing internal pressure and determination
of bursts pressure; static burst pressure of pinch MRFs at electric
current 1 A.

level of yield stress of MR fluid which creates the sealing
effect.

The dependency of maximum flux density on the line
A-B (figure 4) on an electric current is shown in figure 10.
The position of line A-B is on the surface of the shaft because
it is the critical area for sealing. The magnetic flux map for
each point is shown in figure 10. The red colour refers to a
magnetic flux density of 1T which corresponds to the yield
stress 45 kPa of MRF-132DG.

The important dimensions of the final design of pinch
MRFs were determined from the magnetostatic model- see
figure 11 and table 1. The influence of each dimension (b, c,

d, a, ) on the maximum magnetic flux density on the line
A-B while keeping others dimensions was tested. The most
important dimensions are 3, d, and c¢. The higher are the
parameters d and c, the lower is the magnetic flux density.
The higher is the parameter 3, the higher is the magnetic flux
density. The geometry presented in table 1 was manufactured
and tested.

The standard design of MRFs (figure 1), in the next
sections named standard MRFs, was also designed and
manufactured for comparison of the standard and pinch ver-
sion of the seal by the same methodology measurement and
with the same magnetic fluid. The standard MRFs has the
same packaging geometry and number of coil turns. The
length of the pole piece is 6 mm. The standard MRFs contains
two sealed zones compared to one sealed zone of pinch
MREFs. Therefore, the friction torque and burst pressure are
presented for two and one sealed zones in standard MRFs.

Friction torque of seals

The friction torque dependency on an electric current was
measured for standard and pinch MRFs—see figure 12. The
friction torque rapidly increases with the increasing electric
current in standard MRFs. The level of friction torque
120 N mm was measured in standard MRFs at the electric
current of 0.6 A (red square), which corresponds with a power
loss of 15 W at a rotation of 1200 min~'. For standard MRFs
with one sealing zone, the friction torque is determined as half
of the measured value—see figure 12 (blue triangle). The
pinch MRFs exhibits constant friction torque (independent on
electric current) which oscillate around 12 Nmm for the
whole range of the electric current (purple circle), which
corresponds with a power loss of 1.5W at a rotation of
1200 min~".

The pinch MRFs exhibits 10 times lower friction torque
than standard MRFs with two sealed zones and 5 times lower
friction torque than standard MRFs with one sealed zone at an
electric current of 0.6 A. This ratio significantly increases
with the increase of the electric current. It should be noted that
the friction torque was measured with no internal pressure in
the MRF. The difference between the presented friction tor-
que model and experiment at the electric current 0.6 A was
40%. The measured data oscillates around calculated data.
The oscillations are probably due to the accuracy of the
measurement method of friction torque itself. The friction
torque dependency on rotational speed was also measured for
standard and pinch MRFs at the electric current 1 A—see
figure 13. The friction torque rapidly increases with the
increasing rotation for each MRFs. However, the rotation
increase is less significant than the electric current.

Static burst pressure of seals

The static burst pressure dependency on an electric current
was measured for standard and pinch MRFs—see figure 14.

The static burst pressure increases with the increasing
electric current in both MRFs. However, the increase of burst
pressure of pinch MRFs between 0 and 0.4 A is significantly
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Figure 9. Magnetic flux lines (up); magnetic flux density (down).

lower in comparison to the burst pressure increase in stan-
dard MRFs.

Presumably, the ferromagnetic particles are not suffi-
ciently pressed on the shaft surface at low electric current.
After exceeding 0.4 A, a significant increase in burst pressure
was observed. The standard MRFs with one sealed zone
achieved approximately 1.8 times higher burst pressure than
pinch variant at electric current 0.6 A. The static burst pres-
sure is similar between standard MRFs with one sealed zone
and pinch MRFs at electric current 0.8 A. Presented static

burst pressure model describes well measured data in the
range 0.5-0.7 A. However, the model is inaccurate in other
cases of electric current. This big difference is probably due to
neglecting the direction of the ferromagnetic particle chaining
in the model.

The problem of carrier fluid leakage in standard MRFs
through the sealed zone was observed—see figure 15.

Similar observation presented Hegger [21]. The leakage
causes a gradual decrease in internal pressure in the tested
system during measurement. The first small volume of leakage



Smart Mater. Struct. 28 (2019) 047002

Technical Note

1200
= 1000 —+
= C
> C
£ 800 +
= L
L] L.
=] L.
x 600 -+
3 -
* -
Q -
= 400 +
[t [
- i
S 200 +

g i

Figure 10. Maximum magnetic flux density on the surface of shaft dependency on electric current (left), magnetic flux density map for

different current with constant scale (right).

fluid was observed after 3 min of the experiment. The fluid was
accumulated at the bottom of the gap due to gravitation. The
significant fluid volume leakage was observed after 9 min In
this case, the internal pressure gradually decreases from 7 to
O bar. The pinch MRFs exhibits no leakage of carrier fluid in
contrast with standard MRFs. The carrier fluid in the standard
MRFs percolated through the sieve of chained ferromagnetic
particles. The carrier fluid is held in spaces between the particle
chains by capillary forces [21]. For the leakage reduction is
possible to use the lower size of the ferromagnetic particles,

increase the viscosity of the carrier fluid or the addition of
nanoparticles. However, the leakage of carrier fluid is a major
problem for long-term operation of MRFs and there is no
mechanism to re-mix MRF.

Dynamic burst pressure

Figure 16 shows the measured influence of the shaft rotation
on burst pressure of pinch MRFs at an electric current of 2 A.
The burst pressure significantly decreases with the increasing
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Figure 12. Friction torque of standard and pinch MRFs dependency
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Table 1. The dimension of pinch MRFs from magnetostatic model.

Name Value Unit Name Value Unit
a 0.3 mm D, 18 mm
b 14 mm L, 27 mm
c 0.5 mm «Q 10 deg
d 0.2 mm §] 55 deg
D, 88 mm

rotation of the shaft. The measured data was approximated by
the power function with exponent —1.025.

The presented burst pressure of pinch MRFs at a high-
speed rotation is significantly higher than the published
design of FFs. The second advantage is that the pinch MRFs
are not sensitive to magnetic shunt, which is dangerous
especially in the design with the small sealing gap, as with
standard MRFs or FFs. The significant leakage of carrier fluid
was observed during the measurement of standard MRFs with
rotation by the same methodology. Therefore, it was not
possible to determine burst pressure dependence on rotation
in standard MRFs.
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Figure 13. Friction torque of standard and pinch MRFs dependency
on rotation.
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Figure 14. Static burst pressure of standard and pinch MRFs
dependency on electric current.

Conclusion

In this paper, the novel MRF with low friction torque was
designed and tested. The presented novel design of MRFs is
based on the pinch mode of MRF and combines advantages
of FFs and standard MRFs. The results are summarized in the
following points:

» The presented pinch version of MRFs exhibits much
lower friction torque (12 N mm) than standard MRFs (two
sealed zones 120 N mm and one sealed zone 60 N mm) at
the same rotation (1200 min~ ') and electric current
(0.6 A). The friction torque of pinch MRFs is independent
on the magnetic field in the sealed zone because it is
caused only by liquid friction.

The static burst pressure of pinch MRFs is lower (1.8
times) than standard MRFs with one sealed zone at the
same electric current (0.6 A). However, the static pressure
of pinch MRFs is higher than any pressure burst
measured with FFs.

The burst pressure of pinch MRFs is influenced by shaft
rotation, according to experiments.

The pinch MRFs allows sealing of a shaft made of non-
magnetic material.
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Figure 16. Influence of rotation to burst pressure of pinch MRFs.

* The leakage of carrier fluid of standard MRFs was
observed visually and by a pressure drop in the tested
system. The leakage was observed in static mode;
however, it was more intense with the shaft rotation.
This problem was not observed in pinch MRFs.

The future research will be focused on testing pinch
MREFs for the sealing of sliding movement. The influence of
surface roughness or wear of the shaft on the friction torque
and burst pressure or a new model that will more accurately
describe the burst pressure of the pinch MRFs will also be the
subject of future research.

Acknowledgments

This paper and experiments have been made possible thanks
to the kind sponsorship of various grants and numerous
agencies. We would like to thank specifically the GACR 17-
10660 J, GACR 17-26162 S and FSI-S-17-4428.

ORCID iDs

M Kubik ® https: //orcid.org /0000-0003-0105-2921
Z Strecker ® https: //orcid.org/0000-0002-1598-487X

References

[1] Rabinow J 1948 The magnetic fluid clutch Trans. Am. Inst.
Electr. Eng. 67 1308-15
[2] Papell S 1965 Low viscosity magnetic fluid obtained by the
collodial suspensions of magnetic particles US Patent
31509663A
[3] Matuszewski L and Szydlo Z 2008 The application of magnetic
fluids in sealing nodes designed for operation in difficult
conditions and in machines used in sea environment Pol.
Marit. Res. 3 49-58
[4] Ferrotec (USA) Corporation 2001 FerroTec history
[5] Cong M, Dai P and Shi H 2009 A study on wafer-handling
robot with coaxial twin-shaft magnetic fluid seals Intell.
Robot. Appl. 1123-37
[6] Kordonski W I and Gorodkin S R 1996 Magnetorheological
fluid-based seal J. Intell. Mater. Syst. Struct. 7 0-3
[7] Szczech M and Horak W 2015 Tightness testing of rotary
ferromagnetic fluid seal working in water environment /nd.
Lubr. Tribol. 67 455-9
[8] Tomioka J and Miyanaga N 2017 Blood sealing properties of
magnetic fluid seals Tribol. Int. 113 338-43
[9] Szczgch M 2018 Experimental study on the pressure
distribution mechanism among stages of the magnetic fluid
seal IEEE Trans. Magn. 54 1-7
[10] Urreta H, Aguirre G, Kuzhir P and Lopez de Lacalle L N 2018
Seals based on magnetic fluids for high precision spindles of
machine tools Int. J. Precis. Eng. Manuf. 19 495-503
[11] Szczech M and Horak W 2017 The influence of selected
parameters on magnetic fluid seal tightness and motion
resistanc Tribologia 4 71-6
[12] Chen Y, Li D, Zhang Y and He C 2018 Numerical analysis and
experimental study on magnetic fluid reciprocating seals
IEEE Trans. Magn. 55 1-6



Smart Mater. Struct. 28 (2019) 047002

Technical Note

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Kubik M, Machacek O, Strecker Z, Roupec J and Mazirek [
2017 Design and testing of magnetorheological valve with
fast force response time and great dynamic force range
Smart Mater. Struct. 26 1-9

Strecker Z, Roupec J, Mazurek I, Machacek O, Kubik M and
Klapka M 2015 Design of magnetorheological damper
with short time response J. Intell. Mater. Syst. Struct. 26
1951-8

Ubaidillah U, Imaduddin F, Nizam M and Mazlan S A 2015
Response of A Magnetorheologi cal Brake under Inertial
Loads Int. J. Electr. Eng. Inform. 7 308-22

Goldasz J and Sapinski B 2011 Modeling of magnetorheological
mounts in various operation mode Acta Mech. Autom. 5 29-39

Potoczny M and Zachara B 2012 Influence of
magnetorheological fluid volume onto obtained critical
pressures on rotary shaft seals Key Eng. Mater. 490 119-27

Zhang Y and Chen Y 2018 A comparative study of ferrofluid
seal and magnetorheological fluid seal /EEE Trans. Magn.
54 1-7

Niu F H, Hu Z D, Yan H, Zhang H S and Yang J J 2018
Sedimentation and redispersibility of magnetorheological
suspensions while settling under gravity Smart Mater.
Struct. 27 12

11

(20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

Roupec J, Berka P, Maziirek I, Strecker Z, Kubik M,
Maché4cek O and Andani M T 2017 A novel method for
measurement of MR fluid sedimentation and its
experimental verification Smart Mater. Struct. 26 107001

Hegger C and Maas J 2018 Smart sealing for
magnetorheological fluid actuators J. Intell. Mater. Syst.
Struct. 1-121045389X1775426

Goncalves F D and Carlson J D 2009 An alternate operation
mode for MR fluids—Magnetic Gradient Pinch J. Phys.:
Conf. Ser. 149 4

Goldasz J and Sapiriski B 2017 Magnetostatic analysis of a pinch
mode magnetorheological valve Acta Mech. Autom. 11 229-32

Goldasz J and Sapinski B 2015 Insight into Magnetorheological
Shock Absorbers (Cham: Springer International Publishing)
(https://doi.org/10.1007 /978-3-319-13233-4)

LORD corporation 2011 MRF-132DG Magneto-Rheological
Fluid Lord technical datal.ord corporation 2

Zhao S, Sheng Q, Lin S, Zhang F and Jiao L 2016 The model
of seal mechanism for magnetic fluid and related
experimental study Mechanika 22 2604

Kubik M, Machac¢ek O and Maztirek I 2018 Magnetorheological
fluid seal with minimum friction torque Eng. Mech. 2018
445-8



IOP Publishing

Smart Materials and Structures

Smart Mater. Struct. 28 (2019) 055016 (13pp)

Structured magnetic circuit for

https://doi.org/10.1088,/1361-665X/ab0b8e

magnetorheological damper made by

selective laser melting technology

Zbynék Strecker®, Michal Kubik®, Petr Vitek, Jakub Roupec,
David Palousek and Vit Sreibr

Faculty of Mechanical Engineering, Brno University of Technology, Brno, Czech Republic
E-mail: strecker@fme.vutbr.cz

Received 2 January 2019, revised 13 February 2019
Accepted for publication 28 February 2019
Published 5 April 2019

®

CrossMark
Abstract
Eddy currents are the main reason causing for the long response time of a magnetorheological
(MR) damper. Eddy currents are often unwanted parasitic phenomenon for many
electromagnetic machines working with an alternating magnetic field. Their reduction can be
secured by the use of material with high electrical resistivity such as ferrites or soft magnetic
composites. These materials, however, exhibit bad mechanical properties and cannot be used in
mechanically loaded parts. Eddy currents can also be reduced by the appropriate structure which
must secure high conductivity for the magnetic flux but low electrical conductivity for the
electric current flowing perpendicularly to the magnetic flux. This leads to complex structures
which, in most cases, cannot be manufactured by conventional methods. This paper describes the
design, manufacturing and verification of simulations of the magnetic circuit for a MR damper.
Structured magnetic cores printed by selective laser melting technology connects the benefits of
low-carbon steel (good mechanical properties, high magnetic saturation and high relative
permeability) with benefits of sintered materials (high electric resistivity). The results proved that
using the potential of additive manufacturing can not only reduce the eddy currents (and thus
shorten the response time and reduce losses), but significantly reduce the weight as well. This
technology enables the combination of performance parameters of electromagnetic machines,
which cannot be reached by any other existing method.

Keywords: selective laser melting, eddy currents, magnetorheological damper, magnetic circuit,
beam structures, response time

(Some figures may appear in colour only in the online journal)

1. Introduction

The magnetic design of a magnetorheological (MR) damper
piston determines the two main performance features of the
MR damper—response time and dynamic force range. Many
designs of MR dampers were focused on maximizing the
dynamic force range [1-4]. The measurements of a com-
mercial MR damper’s secondary response time (0%—95%)
quantified it to 20 ms [5]. The overall response time of MR
damper is also strongly dependent on the power supply type
for the coil. The use of current controller instead of the
voltage controller can significantly reduce the overall

0964-1726/19,/055016+13$33.00

response time [6]. Although many studies simulating sus-
pension systems with MR dampers controlled by semi-active
algorithms do not take into consideration the response time of
MR dampers [7-9], papers [10—12] showed the considerable
influence of the MR damper response time on suspension
efficiency. The simulations and measurements showed that
for a passenger car with a typical unsprung mass natural
frequency of 18 Hz, the primary response time (0%—63%)
must be much shorter than 8§ ms. The use of an MR damper
with a longer response time in the suspension system con-
trolled by a modified groundhook algorithm can not improve
the grip of the wheel.

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Magnetic flux lines in toroid core.

There are, therefore, efforts to develop the MR damper
with a shorter response time. The main reason for the MR
damper’s long response time is that the pistons are usually
made of steel, thus the eddy currents are induced in the piston
during rapid changes of magnetic field. One way of achieving
the short response time is the use of material with high
electric resistivity such as ferrite N87 [13], or soft magnetic
composites [14]. Such constructions can secure the overall
response time of the damper up to 1.5 ms. Dampers with
pistons made of ferrite or SMC material, however, exhibit
smaller magnetic saturation or smaller relative magnetic
permeability causing a reduced dynamic force range. Other
disadvantages are the bad mechanical properties and poor
machinability. It is also possible to use cobalt alloys like
Vacoflux with several times higher resistivity than construc-
tional steel [15] and with good mechanical properties. The
eddy currents are, however, reduced only partly in this case.
The second way is the shape approach. Axial grooves inter-
secting the path of eddy currents can significantly reduce their
magnitude [16]. There are, however, technological limitations
for fabrication of the grooves.

Simple grooves are not the most advantageous shape of
insulation. There is a more efficient way of reducing the eddy
currents, as described in the patent [17]. The principle of the
structured core design can be explained on a simple toroid
core. Figure 1 shows the shape of magnetic flux lines in the
toroid core. Figure 2 shows the vector of magnetic flux
density in the cross-section plane and figure 3 shows the
vectors of generated eddy currents, which are always in a
perpendicular plane to the magnetic flux lines. The structure
consisting of rods following the magnetic flux lines in the
steady state and isolated from each other (as shown in
figure 4) should significantly reduce the eddy currents. The
optimization of structures can also provide further benefits in
the lower weight and better cooling of the core. Such a
structure has been either very difficult or impossible to
manufacture by conventional machining.

Such structures can be, however, fabricated by additive
manufacturing. Selective laser melting (SLM) processing
strategy for strut-lattice structure production was described by
Vrana [18]. Different process parameters must be used for

T (] 20 48 gmen)

Figure 2. Visualization of magnetic flux on the cross-section plane.

TR (] 20 40 jeny

Figure 3. Visualization of eddy currents generated cross-section
plane.

Connecting bridges Ferror
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I
I
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Figure 4. Structure advantageous in elimination of eddy currents.

structures and solid material. Recently, the possibility of
printing from magnetically conductive materials was pre-
sented by several teams. Zhang et al [19-21] described and
experimentally evaluated printing parameters of Fe—Ni alloy.
Palousek et al [22] demonstrated the possibility of print from
pure iron. Garibaldi [23] was able to print parts from Fe—Si
steel, which is very suitable for the magnetic circuit.

This paper describes the design and experimental eva-
luation of a structured core for an MR damper made of pure
iron manufactured by 3D SLM print. The aim of the research
was to create the MR damper with a short response time, great
dynamic force range, good mechanical properties and low
weight.
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Table 1. Particle size distribution of ATOMET FeAM powder.

D10% 15 ym
D50% 28 um
D90% 44 ym
D99% 60 pym

2. Materials and methods

2.1. Material properties

The structured cores were designed and printed from
>99.8 % pure iron. Although silicone steel has better prop-
erties for magnetic circuits working with AC magnetic fields,
the pure iron was selected because of good SLM manu-
facturability and availability of powdery state. ATOMET
FeAM powder with size distribution according to the table 1
was supplied by the Rio Tinto company.

This material is, however, not advantageous for electro-
magnetic circuits because of its high electric conductivity. For
future application, silicone steel or cobalt iron alloy promises
much better performance. However, excessive research in
printing parameters must be performed.

Magnetic material properties were measured on 4 toroid
samples (inner diameter 34 mm, outer diameter 40 mm and
thickness 5mm) on a Remagraph machine. The printing
parameters were according to the table 2.

Magnetic properties, especially relative permeability,
may be affected by heat treatment during the manufacture.
Therefore, the set of two sample toroids were printed for each
set of printing parameters. One toroid from the set was
annealed, one of them not. Subsequently, magnetic properties
of the samples were compared. The heat treated samples were
firstly packed into the austenitic foil and inserted into
annealing furnace. The samples were annealed at 950 °C for
4 'h, consequently slowly cooled down in the closed, turned
off annealing furnace.

The electric resistivity of the printed material was mea-
sured on block samples with dimensions 5 x 5 x 90 mm.
The measured ultimate tensile strength of heat treated samples
was 315 MPa.

2.2. Principle and limitations of SLM printing

The principle of SLM printing is shown in figure 5. The
printed part is sliced into layers with a defined thickness,
which are printed separately. As a first step, the recoater
spreads the defined thickness of the metal powder from the
powder supply container to the build chamber. Consequently,
the laser beam is focused on the places with final geometry
and melts the powder. After melting all the geometry in the
processed layer, the base plate moves one step down and the
recoater spreads the next layer and the whole process is
repeated. The printing chamber is pre-heated and filled with
an inert atmosphere. Although in theory this principle enables
the printing of almost any shape, in reality the final print
quality has many limitations. The biggest limitation is

Table 2. Printing parameters of samples for B—H curve measurement.

Scanning Hatch
Annealing  Power velocity distance
Sample A No 400W 750 mms”' 90 m
Sample B Yes 400W 750 mms”' 90 pm
Sample C No 200W 300 mms 117 pm
Sample D Yes 200 W 300 mms ™' 117 pm
Powder Laser beam
supply
Recoater -
Manufactured
part T

Inert Atmosphere

Figure 6. Dimension analysis of samples printed with different
printing parameters (cross section of beams).

probably the deformation of layers due to thermal expansion.
The layer cools down unequally, which develops the
mechanical stress. This stress causes shape deformation in the
printed part. In order to minimize this effect, the processed
layer must be connected to the previous layer or to the base
plate or the heat is dissipated through supports. The various
heat conductivity in specific points of a printed part also
influences the temperature of melting. The forming of the weld
is influenced not only by laser power and scanning velocity
(and therefore energy), but by the speed of the heat transfer
from the melt pool as well. The heat from the laser is trans-
ferred to the platform, to the powder and to the supports. Thin
walls transfer heat faster than volumetric parts, which thus
keeps a higher temperature inside. Therefore, different process
parameters have to be set for thin walls and for volumetric
parts. Figure 6 shows the magnified section of the same geo-
metry printed with different laser parameters. The section from
the left picture shows lower porosity, but the surface roughness
is inappropriate for thin walls. Based on the results, process
parameters of the hatching of the first sample and border set-
tings of the second sample were combined. Values of the
chosen parameters are described in table 3.
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Table 3. Process parameters used for 3D printing of

the core.

Hatching

Laser power 200 W
Scanning velocity 300 mms !
Hatch distance 117 pm
Layer thickness 50 pm
Borders

Laser power 100 W
Scanning velocity 400 mms !

Table 4. Definition of current for transient simulation.

Current rise Current drop
Time (ms) Current (A) Time (ms) Current (A)
0 0 0 2
1 0 1 2
1.3 2 1.3 0
25 2 25 0
I ,\_’—‘1‘ =] Eddy currents lines Magnetic
| flux lines
i
= | Cap ~f
= ! Outer
| cylinder ™
liss MR Fluid -
Bobbin j
810
228
828,3
2346 e
Piston rod

Figure 7. Geometry of the simulated piston (a) dimensions, (b) 1/8
section used for simulations—full variant.

Based on empirical results of the 3D print, the minimal
insulation distance (figure 6) in the virtual model for the
beams was chosen at 0.5 mm, the thinnest wall was chosen at
0.2 mm. It is clear that a decrease in the insultation distance
would cause individual beams to meet in some places and
therefore the degradation of eddy currents elimination.

2.3. Magnetic simulation of the piston

The magnetic model was created in Ansys Electronics 17.1.
Due to the nature of the task, the simulation model was
performed in 3D. Thanks to the geometrical symmetry of the
MR damper piston, the simulation model has been simplified
to 1/8 as is shown in figure 7. The gap was filled with air or
MR fluid LORD MREF-132DG (B-H curve from datasheet).

1.8
E 16 ——
s -l
; 1.4
% 1.2 = = = Sample A
o 1 s
< - - = Sample B
E 0.8
2 06 Sample C
204 Vi eee-- Sample D
o
s 02 Behanit
0
0 1 2 3 4 5

Magnetic Field H (kA/m)

Figure 8. Electric circuit used for magnetic simulations.
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winding

@
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Figure 9. Measured B-H curves.

The piston-rod is made of steel S235JRG. The B—H curves for
the bobbin and outer cylinder correspond to the pure iron
(commercial name Behanit) (figure 8). The winding consisted
of 120 turns. The coil was excited by the electric circuit
(figure 9) with piecewise linear current supply (IPWL) with
the course of current according to table 4. The electric rise and
drop of the electric current were chosen according to the
measured real currents. The series resistance was 1.1 €2. Two
types of simulations were performed—static simulations to
determine B—/ dependency and transient simulations to
determine the response of magnetic flux density in the gap.
The time step of transient analysis was time-dependent and
varied from 0.05 to 2 ms, the length-based mesh consisted of
29 892 elements in the case of the solid MR piston and
213 372 elements in the case of the geometrically optimized
MR piston. The static simulations were done for currents
between 0 and 5 A. The transient simulations were done for
current decrease linearly from 2to 0 A during 0.3 ms.

2.4. Design of the structure

The structures were designed according to the patent [17].
Firstly, the magnetostatic model of the solid piston was done
and the shape of the magnetic flux lines was found (figure 7(b),
figure 10). Consequently, the individual beams were created by
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Figure 10. The vector of current density 1 ms after turning the
current off.
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Figure 11. Initial structured variant.

sweeping the profile curve along the magnetic flux line curve
(figures 11 and 12). The eddy currents generated during the
rapid change of the magnetic flux are always in a perpendicular
plane to the magnetic flux, as is also shown in figure 7(b). This
figure, however, shows only the assumed direction in the pis-
ton geometry. The exact density of the electric current in time
is, in the case of complex geometry, impossible to calculate
analytically and therefore, the FEM model must be used.
Figure 11 shows the initial design of the structure which should
decrease the flow of eddy currents. Without an FEM model, it
is not possible to quantize the reduction of eddy currents and
also to determine the reduction of the response time.

The simulated magnetic flux distribution of a full piston
version is shown in figure 13, the current density in the time
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. BOODE-201
.5333E-801
. 2667E-081
. BBOAE-001

(c)

Figure 12. Structured core 2—constant cross-section for magn-
etic flux.

of 1 ms after turning off the electric current to the coil is
shown in figure 10. It is obvious that eddy currents are not
distributed homogeneously. The majority of eddy currents
flow close to the surface of the bobbin and outer cylinder.
With the help of the model, it is possible to tune the
structure according to the main demands. If the response time is
preferred, the structure will consist of many thin beams. Iso-
lation distances around the beams will, unfortunately, reduce
the cross-section of material usable for magnetic flux which
will decrease the dynamic force range. If the dynamic force
range is preferred, the structure will consist of beams with a
bigger cross-section or from a structure with beams only in
places with a high eddy-current density. The minimization of
weight is possible by keeping the same cross-section for
the magnetic flux equal within the whole magnetic circuit.
This cross-section is given by the plane with the smallest
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Figure 13. The vector of magnetic flux density (steady state).

cross-section (in full material model). The final design of the
structure is always a trade-off between response time, dynamic
force range and the weight of the MR damper’s magnetic
circuit.

The smallest insulation distance and the thinnest wall in
the model were chosen as 0.3 mm. The space between the
beams was filled by two-component plastic—PR751.

2.5. Experimental setup for measurement of response time
and B-I curve on air

This measurement was carried out for the verification of the
simulation model. The output from the model was a magnetic
flux density in the gap at various times after the electric
current to the coil was switched on or switched off. The
simulations were calculated with the MRF in the gap. How-
ever, for comparison of the model and the measurement, air
was used in the gap instead of the MRF. The measurement of
magnetic flux density by a Hall probe can only be conducted
in environment with relative permeability p. = 1. It can be
assumed that the model verified with an air-filled gap will be
valid for a gap filled with MR fluid. Two types of measure-
ment with almost identical configuration were carried out: (a)
measurement of static properties of the magnetic circuit
(dependence of magnetic flux density on input current to the
coil); and (b) response of the magnetic flux density on the
electric current step (see figure 14). For the response time
measurement, our own patented current controller was used
instead of the common power supply. The controller drives
the rise and drop of a current using the overvoltage technique
described in paper [13]. The controller is supplied by 30 V
and the input signal is generated from an Arduino Due board.

Magnetic flux
density

DEWE 50

Power supply

Hall probe

Current

Voltage

Controller '

!
!

¢

Response!

. ]

¢ mode

I Control signal

Current clamps
Fil -

b

Arduino board

Figure 14. Scheme of measurement configuration.

The current drop from 2to 0 A took up to 0.2ms. The
magnetic flux density was measured by a teslameter F W Bell
5180 with an ultra-thin transverse probe STB1X-0201 (see
figure 15). The magnitude of the electric current in the coil
was obtained by measuring with a Fluke i30s current clamp.
These two signals together with the voltage on the coil con-
tacts were recorded and conditioned with a sampling fre-
quency of 200 kHz by a front-end Dewetron USB-50-USB2-8
connected to the laptop.

2.6. Experimental setup for measurement of response time of
the MR damper

The MR cross-section of the MR damper used for measure-
ment is shown in figure 16. The dimensions of the piston are
shown in figure 7(a).

For the measurements, a hydraulic damper tester pro-
duced by the Inova company was used (see figure 17). The
damping force was measured by load gauge HBM U2AD1 /2,
the position of the piston-rod by resistance sensor VLP15
$A150, and the current was calculated from the voltage drop
on 0.1 © power shunt. These three signals were recorded and
conditioned with a sampling frequency of 50kHz by the
analyser Dewe-800 (see figure 18). The piston velocity was
calculated by derivation of the piston position. The temper-
ature was monitored in order not to exceed 40 °C.

Firstly, the F—v—I curves were measured (dependence of
damping force on piston velocity for different currents). The
dynamic force range of the damper was also calculated from
this dependency as a rate between the force in activated to the
force in non-activated state.

The piston movement was excited by a triangle signal of
position ensuring the unchanging velocity during the whole
stroke. The control signal was generated directly by the Inova
control computer. This control signal was connected as an
input into the current controller used in section 2.5. The
current was switched on and switched off alternately always
after two strokes. The exact moment of switching on or off
was in the centre of the stroke, see figures 17 and 18.
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Figure 15. Testing device for the measurement of the overall
response time of the damping force.

Bronze cups Accumulator
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Figure 16. Detail from measurement of MR valve with Hall probe.

Figure 17. Tester with tested MR damper.

The measurement of the transient response was carried
out for piston velocities 0.1, 0.2, 0.3 m s~ ! and for currents in
the range from Oto 2 A.

3. Results and discussion

3.1. Material properties

The comparison between the measured B—H curves of sam-
ples from table 2 is shown in figure 8: although the samples A

Power supply

DEWE 800

Position
‘ i Force
»J“F“" i ’w
Current MR damper
Controller
g ) -
1 Control signal
Arduino board Hydraulic piston I
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Figure 19. Detail of damper’s force response on electric current step
0-2 A with determination of primary response time 7}, and
secondary response time 7.

and C are printed with different printing parameters, the B—H
curves are practically the same. Samples B and D are fol-
lowing heat treatment. It is obvious that heat treatment sig-
nificantly increases relative permeability p,.. The initial part of
the B—H curve is almost the same, but the magnetic saturation
differs up to 8%. This difference is probably caused not by
different printing parameters, but by corrosion of sample B
during heat treatment. Although the heat treated parts were
packed in austenitic foil, the air closed in the package reacted
with iron. The corrosion decreased the cross-section on part of
the toroid. The B—H curves of heat treated samples printed by
the SLM method also show that for magnetic intensity up to
0.4kAm™", they correspond to the B—H curve for Behanit.
For intensities between 0.4 and 1kA m™', the relative per-
meability is even higher than in the case of Behanit. The
magnetic saturation for SLM printed material is around 10%
lower than for Behanit.

The measured electric resistance of the printed iron
samples was 0.101 x 107° Qm. This value was also used for
magnetic simulations
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Figure 20. Structured core 1—with constant isolation distances.

3.2. Structures suitable for MR damper piston

Figure 20 shows the first structured design of the core. This
design consists of beams with a variable cross-section isolated
by gaps with a constant thickness of 0.3 mm. This secures the
low response time and high dynamic force range, but it is not
optimal from the point of view of weight because the cross-
section of the magnetic circuit is not constant. The maximal
flux density is limited by the place with the smallest cross-
section. In all the other parts, the cross-section can be reduced
with only a small drop of maximum magnetic flux in the
magnetic circuit (figure 12). This design maintains the overall
cross-section of beams for the whole path of magnetic flux.
The disadvantage is visible in figure 12(c) which shows the
magnetic flux density distribution in the gap (simulation with
MR fluid Lord MRF132-DG and current 2 A). The insulation
around the beams causes non-homogeneous distribution in the
active zone (however, this design may also advantageously be
used to create a bypass slot). Therefore, the design in figure 21
was made. The cross-section of beams remains the same except
for the small region around the active zone where the beams
are widened (figure 21). Table 5 compares the average
magnetic induction in the gap, the response time and the
weight of the three variants. The simulations were conducted
with MR fluid in the gap and with the outer cylinder without

9.8667E-001
8. GODDE-881
7.33336-001
6.9667E-001
4. BODOE-G81
5.5333€-001

Figure 21. Structured core 3—optimization for low weight and
homogeneous magnetic flux density in the gap.

Figure 22. The printed bobbin and outer cylinder with plastic
material in the isolation distances.

structures. Due to the generation of eddy currents in the outer
cylinder, the response times are longer than the responses
measured with the structured outer cylinder.

3.3. Measured B-I curve and time response with air in the gap

The comparison of the measured and simulated B—I curve of
the structured piston, version 3 (figure 22) is shown in
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Table 5. Comparison of parameters of designed structures.

Type of design Magnetic induction in the gap (7) Primary response time (ms) Weight (g)
Constant isolation distances 0.47 4.89 80.8
Constant cross-section 0.39 3.54 60.8
Homogenous magnetic flux 0.42 4.64 61.6
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(figure 24(b)).

3.4. Measurement of dynamic force range and response time
of structured MR damper

The F-v-I dependencies are shown in figure 25(a). It is
obvious that the piston is magnetically saturated for currents
above 2 A. Applying a current above this limit has minimal
impact on force increase. From these curves the dynamic
force range can be derived. The dynamic force range for the
given current was calculated as the ratio between the force
measured for given current in activated state and force for the
same piston velocity in non-activated state (zero current).
Figure 26 shows the course of the damper’s force in
response to the step of the control signal. The response time
for turning on is 1.6 ms, while the response time for the
falling edge is slightly shorter — 1.3 ms. This figure also

Figure 24. The magnetic flux density in the air-filled gap—
comparison between simulation and measurement (a) electric current
rise (b) electric current drop.

shows that there is always a delay of approximately 0.5 ms
after switching the current on or off when the force remains
almost the same. We observed that this delay is independent
of the material of the piston. This delay is probably caused by
the response time of the MR fluid itself. It can be anticipated
that the response time of the MR damper can not be reduced
by the elimination of eddy currents under this value. In
figure 26, the rise of the force between the second and the
third millisecond can be observed, although the electric cur-
rent to the coil is turned off. This is probably caused by the
resonance oscillations of the MR fluid inside the MR damper.
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Figure 27(b) shows the response time of the force for the
rising edge of the control signal. Although the rise of the
current is shorter for the piston velocity of 0.1 ms ™", the force
response time is significantly longer. For a piston velocity
higher than 0.2 m s, the response time of the damper’s force
is practically independent of piston velocity or the exciting
current.

The shorter rise of the electric current for the piston
velocity implies the lower inductance of the magnetic circuit.
The only part which can influence the inductance of the
magnetic circuit is the concentration of iron particles in the
gap of the MR damper. The magnetic field probably causes
the catching of particles from the flowing MR fluid, which
raises the concentration of the MR particles in the gap. When
the piston velocity (and hence the flow of MR fluid through
the gap) is small, the process of collecting particles is slower,
which extends the response time (figure 27). So for small
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Figure 26. The response time of force on step of control signal
(a) rising edge (b) falling edge.

piston velocities, the average concentration of the iron parti-
cles is smaller than in case of higher piston velocity. The
lower iron particles concentration causes lower inductance of
the coil. Lower inductance causes faster rise of the electric
current, in case of the constant supply voltage.

4. Conclusions

An SLM print of magnetic structured magnetic cores pro-
mises great potential for the development of electromagnetic
machines. The presented results show that it is possible to
design and manufacture magnetic circuits with the remarkable
combination of low eddy-current losses (short response time),
high magnetic flux (high dynamic force range), low weight
and good mechanical properties. Such a combination of fea-
tures has only recently been manufactured and only by 3D
printing. Table 6 illustrates the comparison of MR dampers
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Table 6. Performance comparison of pistons.

Type of piston

Primary response time (ms)

Secondary response time (ms)

Magnetic flux density (7) (2 A, air in the gap)

Weight (g)

Dynamic force range (-)

Solid piston (11SMn30)
SMC piston

Grooved piston (11SMn30)
Structured piston (Fe)

6.2

1.06
1.36
1.32

30.9
1.3
1.75
1.68

0.174
0.154
0.17
0.18

208
193
177
156

5.73
4.03
5.33
5.12

910650 (6102) 82 1oNAS “19je|\ LewS

|B 18 18)0811S 7
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Figure 27. The dependency of response time on piston velocity and
electric current (a) response time of electric current (b) response time
of damper’s force.

with pistons made of various materials or various technolo-
gies for a piston velocity 0.2ms " and a falling edge of the
control signal. The magnetic flux density was measured for an
electric current of 2 A and with an air-filled gap. The struc-
tured version is almost as fast as the MR damper with a piston
made of SMC, but the dynamic force range is more than 20 %
higher. The dynamic force range of an MR damper with a
structured piston is almost the same as the MR damper with a
grooved piston, but the response time is shorter and the
weight is 13% reduced. It is also important to remember that
the structured piston was made of pure iron, which is an
unsuitable material for a magnetic circuit with fast changes of
magnetic field due to the low electrical resistivity and hence a
high level of eddy-current generation. Printing from low-
carbon steel, silicone steel or Vacoflux would enable the
ability to increase the size of the beams and so reduce the
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Figure 28. Course of force in dependency on control signal.

number of isolation gaps. This would increase the dynamic
force range while maintaining the low response time. The
same effect can also be achieved by tuning the printing pro-
cess. Improving the surfaces will enable the ability to reduce
the thickness of insulation.

The structured cores can be used for all electromagnetic
machines working with AC fields. For electromagnetic
valves, it can shorten the response time by two effect—
reduction of the weight (and thus increasing the resonance
frequency) and reduce of eddy currents. Reduction of weight
will decrease the inertia moment of electromotor rotors,
which will shorten the response time of the motor. Moreover,
the reduction of eddy currents will increase the efficiency and
reduce the need of cooling.

This technology enables the ability to reach the combi-
nation of performance parameters of electromagnetic
machines, which cannot be reached by any other existing
method.
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Hysteresis is one of key factors influencing the output of magnetorheological (MR) actuators. The actuators reveal two primary
sources of hysteresis. The hydro(mechanical) hysteresis can be related to flow dynamics mechanisms and is frequency- or rate-
dependent. For comparison, the magnetic hysteresis is an inherent property of ferromagnetic materials forming the magnetic
circuit of the actuators. The need for a good quality hysteresis model has been early recognized in studies on MR actuators;
however, few studies have provided models which could be used in the design stage. In the paper we reveal a hybrid multiphysics
model of a flow-mode MR actuator which could be used for that purpose. The model relies on the information which can be
extracted primarily from material datasheets and engineering drawings. We reveal key details of the model and then verify it
against measured data. Finally, we employ it in a parameter sensitivity study to examine the influence of magnetic hysteresis and

other relevant factors on the output of the actuator.

1. Introduction

Magnetorheological (MR) dampers are fairly well-known
devices utilizing MR fluids which, when subjected to
magnetic stimuli of sufficient strength, generate yield stress
[1]. So far, the unique technology has been commercialized
in semiactive passenger vehicle suspensions, powertrain
mounts [2], or optical finishing [3]. Low power consump-
tion, fast and reversible responses, and high dynamic range
have made the devices attractive for use in vibration control
systems in particular [4]. As MR dampers are generally
operated in real-time control systems, their dynamic per-
formance is equally important as or more important than
their steady-state characteristics. Steady-state characteristics
only provide the evidence of an actuator or a damper
meeting the required force/torque range (or force/torque)
targets. Their dynamic behaviour needs to be quantified at
the same time if it is used in a real-life control process. Thus,
understanding the contributions of various factors com-
plicating the force or torque build-up dynamic process is
critical for the development of a realistic application. Briefly,

with MR actuators, there is ample evidence of several factors
complicating the force/torque generation process, namely,
mechanical/hydraulic hysteresis, magnetic hysteresis, con-
trol circuit dynamics such as eddy currents, driver dynamics,
temperature, flow losses, friction, and nonlinear relationship
between the material’s yield stress and the induced flux
[5-7]. These factors influence the device’s ability to generate
the output force/torque and need to be accounted, for in-
stance, for in the control algorithm development process.
In this study, we pay particular attention to modeling the
damper’s hysteretic behaviour. In general, MR devices reveal
two primary sources of hysteresis. The (hydro-)mechanical
hysteresis can be related to the damped dynamics of a heavy
slug of MR fluid (MRF) bouncing against compliant col-
umns of MRF in fluid chambers. The effect is rate- or fre-
quency-dependent, and its magnitude varies with the
current applied, too. It disappears as the mechanical exci-
tation frequency approaches zero [8]. The magnetic hys-
teresis is different. It is present in all electromagnetic devices,
e.g., electromagnetic solenoids [9], motors [10], and mag-
netorheological actuators [11]. First of all, it is the inherent



property of ferromagnetic materials forming the magnetic
circuit of the MR valve; the hysteresis of carbonyl iron-
(CIP-) based MFRs is virtually nonexistent [12]. Next, it does
not vanish as the inducing current frequency approaches DC
limit. Also, temperature, load history, and mechanical
stresses have a negative influence on the hysteresis and
magnetization characteristics of ferromagnetic materials
[13]. For instance, it is a common practice to subject ma-
chined ferromagnetic components to heat treatment for
internal stress and hysteresis as well as coercive force
reduction.

The need for a good quality hysteresis model has been
early recognized in studies on MR actuators, and the reader
should refer, e.g., to Zheng et al. [14] for a review of suitable
phenomenological models as well as to the well-known study
of Spencer et al. [15]. In general, the posteriori parametric
models were obtained by examining the force-position and
force-velocity relationships by fitting by model response to
the actuator’s output. Such models are suitable for control
studies only. In the device’s development process, other
approaches are required. In that aspect, many MR-related
research studies neglected the particular contributor’s
presence. The topic, however, has been well identified in the
field of conventional solenoid actuators where various
models were developed to copy the hysteretic behaviour of
the actuators. For instance, Mayergoyz [16] applied the
Preisach model to model the hysteretic behaviour of a so-
lenoid actuator. In the Preisach model, the hysteresis is the
sum of elementary hysteresis loops. Next, Coleman and
Hodgdon [17] developed a first-order differential equation
that links the field strength H and the flux density B. One
model whose parameters can be related to physical prop-
erties of ferromagnetic materials is the Jiles—Atherton (J-A)
model [18, 19]. The model was extended to include both the
impact of eddy currents and temperature on hysteresis and
magnetisation curves [20, 21]. All of the above models can be
vectorized. Tellinen [22] proposed a simple scalar model for
handling the hysteresis based on the limiting hysteresis loop
from physical measurements of ferromagnetic materials.
With MR actuators, however, although the significance of a
good quality hysteretic model has been recognized early, the
topic does not seem to have deserved enough attention.
Significant contributions include Han et al. [23] who ex-
amined the field dependent hysteresis of ER fluids. The
authors used the familiar Preisach approach. Moreover, Han
etal. [7] used the Preisach model to identify the hysteresis of
an MR fluid. Yadmellat and Kermani developed a model of
an MR clutch in which the developed hysteresis model was
assessed against the Preisach operator [24]. For comparison,
in their early study using the Coleman-Hodgdon model, An
and Kwon modelled the hysteretic behaviour of an MR
clutch, and by examining the torque-current loops showed
that the hysteresis is an important contributor to the device’s
output [25]. The model parameters were identified from
physical measurements (of magnetisation characteristics) of
the materials forming the magnetic circuit of the clutch.
Next, Jedryczka et al. presented a finite-element (FE) model
of an MR clutch based on the J-A approach [26]. Moreover,
Guo et al. presented a transient multidomain model of a
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flow-mode damper based on the J-A approach and then
verified it against the novel FE vector hysteresis technique
[27]. The inverse J-A model was recently examined by Zheng
et al. [14] to copy the transient behaviour of an MR flow-
mode damper. Goldasz et al. [28] proposed an extension of
the Bouc—-Wen model in an attempt to separate the magnetic
hysteresis from the mechanical one. The authors proposed a
simple lumped parameter model of the actuator including a
hysteretic operator. The model was verified against selected
sinusoidal AC excitation inputs and provided acceptable
accuracy for practical purposes. Still, when compared to the
vast number of research studies using parametric phe-
nomenological hysteretic models, the topic does not seem
intensively studied as already mentioned. That may be due to
few existing comprehensive electromagnetic models of such
actuators.

Another aspect is dynamics. Clearly, the insight into the
dynamics of MR actuators should be provided through
transient models. Such a comprehensive model would at-
tempt to copy not only the dynamics of the fluid flow
through the valve and the flux dynamics but account for the
physics outside the control valve as well. Suitable lumped
parameter models usually utilize a network of elements
representing physical domains of interest (hydraulic, ther-
mal, electric, and magnetic) and connections (interfaces)
between them [2]. For example, the electrical circuit of the
actuator can be represented in the form of a resistor-non-
linear inductor network model [5]. Their main disadvantage
is the necessity of using various simplifying assumptions,
e.g., uniform yield stress/flux, fully developed flow, etc. On
the contrary, continuum multiphysics (magnetics and flow
dynamics) models utilize fewer assumptions and can be
exercised on realistic geometries, however, at a significant
computational expense [29].

As such, in the paper, we propose a hybrid multiphysics
model of the magnetorheological damper which separates
the magnetic hysteresis of the magnetic circuit of the ac-
tuator from that of the mechanical hardware. Briefly, the
electromagnetic domain is modelled using the vector hys-
teresis FE model (present in Ansys Maxwell) based on the
extension of well-known Maxwell equations [30], and the
hydraulic section is described through dimensionless
biplastic Bingham approach [31].

The paper is organized as follows. First, we present an
MR damper geometry and key material properties. Then, in
the following section, we reveal key details of the FE model
of the actuator such as magnetic hysteresis and the coupled
lumped parameter hydromechanical model. Next, we show
measurements of magnetic hysteresis loops and a com-
parison of the measurements against the FE electromagnet
model. Finally, we show results of a parametric study (also
involving the hybrid model) in an attempt to examine the
hysteresis influence on the output of the MR actuator and
then draw conclusions.

2. Magnetorheological Damper

In the study, an MR flow-mode damper configuration having
a single coil assembly in the electromagnet and one annular
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flow path in the control valve is of research interest. The
damper is presented in Figure 1. The hydraulic tube houses (1)
the piston (2), the piston rod (3), the floating piston (4) and
the rod guide assembly (5). The piston separates the MR fluid
volume into rebound chamber volume and the compression
chamber volume. The floating piston separates the fluid from
the gas chamber. The MR valve located in the piston control
controls the fluid flow between the rebound and compression
chamber and vice versa. The MR valve is a conventional
control valve by design. It consists of the piston core (6), the
sleeve (7), the nonmagnetic flanges or plates (8), the coil
assembly (9), and the connecting wires (10) for connecting to
an external power supply. It is the most common single-tube
MR damper configuration.

The MR valve’s magnetic circuit (6, 7) is manufactured
out of annealed low-carbon steel 11SMn30 (see the com-
ponents in blue in Figure 1). The bronze (yellow) flanges (8)
define the mutual position of the piston core and sleeve. The
distance between the outer diameter of the annulus and the
inner diameter of the sleeve defines the annular gap height.
The coil assembly (9) incorporates N =120 turns of copper
(purple) wire (0.5 mm diameter).

The connecting wires are routed through the thru-hole in
the piston rod (3) made of steel 42CrMo4 (AISI 4140). The
floating piston, the rod guide, and the remaining compo-
nents are manufactured out of steel S235JR (green). The MR
damper is filled with the fluid MRF132-DG by Lord Corp;
see the magnetisation curve in Figure 2(c). The damper key
dimensions, rheological properties of MR fluid, and gas
chamber details are shown in Table 1. The magnetisation
curves of the annealed low-carbon steel 11SMn30 were
determined using the measurement system Remagraph
C-500. The obtained virgin & hysteresis data can be seen in
Figures 2(a) and 2(b).

The coercitivity and remanence of the 11SMn30 material
sample were determined from the measured hysteresis:
H.=209A/m and remanence B,=1.09T. The material’s
bulk conductivity was set at 5.8 MS/m. Based on similar
measurements of the rod material (42CrMo4), we set its
coercivity to H.=1250 A/m and the bulk conductivity to
4.5MS/m.

3. Modeling

In the section, we present modeling details. Specifically, we
highlight the transient magnetic FE model of the MR valve
including hysteresis followed by a description of a monotube
damper lumped parameter model. The lumped parameter
model is coupled with the transient FE model through the
yield stress-flux density interface. We consider the integrated
model as illustrated in Figure 3. In the presented layout, the
electromagnetic circuit (described in Section 3.1) is driven by
the voltage u supplied by the current driver. The resulting
output flux density B, is then converted into the materials’
(fluid) field-induced yield stress 7, (extracted from the ma-
terial’s datasheet or rheological measurements). Given the
input velocity v, or displacement and the yield stress, we then
calculate the output force according to the equations in
Section 3.2.

3.1. Transient Magnetic Model with Magnetic Hysteresis.
To model the electromagnetic circuit of the MR valve, we
applied the vector hysteresis modeling feature available in
Ansys Maxwell R19. For isotropic material and 2D/3D
problems, the vector play model was recognized to be more
computationally efficient than a vector Preisach model
[30, 33]. In general, the play model assumes a decomposition
of the applied field H into the reversible component H,. and
the irreversible one H;,. Then, the resulting flux density

B = Bre + Bir = !"oM (Hre) + [’{OHir’ (1)

where B,. is the reversible component of flux density and B;,
is the irreversible component. The magnetization M varies
with the reversible field component along an anhysteretic
curve. The process can be visualized as in Figure 4. The
parameters for the model can be identified from the major
hysteresis loop. The major hysteresis loop incorporates two
branches, the ascending branch and the descending branch,
and they can be calculated from each other, the Maxwell
model utilizes only one branch of particular B-H loops. The
algorithm for constructing the major and symmetric minor
hysteresis loops is given in [34].

To develop the FE model, we assumed the valve to be
axially symmetrical around the centerline in a cylindrical
coordinate system. The geometry of the MR damper
piston (valve) was simplified for the transient simulations
(Figure 5(a)). The discretized model can be observed in
Figure 5(b). As shown, the geometry was discretized using
triangular elements. The element length-based refinement
with the maximum length of 0.5 mm was applied to the coil
core and the sleeve. Next, the value of 0.7 mm was applied
to the piston rod and the hydraulic tube, and the criterion
of 0.2 mm was applied to the MR fluid region in the active
zone.

To accomplish transient field simulations, the FE
model was coupled to the external circuit revealed in
Figure 6(a). The lumped circuit documents an ideal cur-
rent source (input) in series with a resistor (coil winding)
and the FE valve object (as represented by the nonlinear
inductor). The model is subjected to prescribed current
waveforms, and the resulting flux density in the annulus B,
is extracted from the simulation results. The flux density B,
presented in the next sections was calculated by averaging
flux density of the middle of the annulus. The information
is required for coupling the FE model with the damper
hydraulics.

The figure also shows the curve fit to the experimental
data for the steel 11SMn30 (Figure 6(b)). The agreement
is satisfactory except for low magnetic field strength and
on the initial magnetization curve only. The core and
sleeve components were assigned the B-H properties of the
11SMn30 alloy and the MRF component that of MRF132-
DG available from Lord Corp. Also, the rod component was
assigned the material properties of the 42CrMo4 steel alloy
as mentioned above. Finally, all data in subsequent simu-
lations were obtained using the fixed step-size solver with the
following settings: constant time step was 0.05 ms, nonlinear
residual was le—7, time integration method was Backward
Euler.
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FiGure 1: Magnetorheological damper. (a) MR damper. (b) Piston (control valve).
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FIGURE 2: Virgin and hysteresis magnetization curves. (a) Hysteresis curve of 11SMn30. (b) Static curve of 11SMn30. (c) Static curve of MRF
132-DG [32].
TaBLE 1: MR damper dimensions and material properties.
Name Value Symbol Unit
Geometry and weight
Piston rod outer diameter 12 d mm
Piston outer diameter 36 D, mm
Annular gap height 0.65 h mm
Active zone length 16 L, mm
Core length 37 L. mm
Piston stroke 150 L mm
Internal diameter of the gap 28 D, mm
Floating piston weight 0.07 m kg
MR fluid properties (MRF-132DG [32])
MR fluid viscosity at 40°C 0.114 U Pa-s
MR fluid isothermal bulk modulus 1500 B MPa
MR fluid density 3090 p kgm™
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TasLE 1: Continued.
Name Value Symbol Unit
Air content in the MR fluid 0.01 a —
Gas chamber
Gas volume (at midstroke) 46000 Vo mm’
Gas temperature 40 T °C
Initial gas pressure 30 Py bar
Initial floating piston position 20 Xg mm
Others
Initial rebound chamber (upper) MR fluid volume 63333 Vo mm?
Initial compression (lower) chamber MR fluid 71250 Ve, mm?
volume
Coil turns 120 N —
Coil resistance 1.0 R, Q
Nondimensional viscosity ratio (est.) 0.1 y —
Yield stress number (est.) 0.5 é —
_ | Electromagnet | o Bg B/ *0_| Damper model | F
" model (FE) | Pt " [Equation (1)-(9)
u i. T
XV,
Driver femd
-—
FIGURE 3: Block diagram of the proposed model.
o A H, H, MA .-
H, e

(a)

()

FiGure 5: Simplified geometry of the piston unit and mesh. (a) Geometry. (b) Mesh.

3.2. Hydromechanical Model. To illustrate or reveal the effect
of fluctuating (transient) magnetic field on the output of the
actuator, a capable damper model is required. Modeling the
behaviour of MR dampers has been clearly the subject of
intensive research, to name only [36-38]. However, we chose
to proceed further with the model of Goldasz and Sapinski in
[2]. The approach is flexible, incorporates most key physical

phenomena occurring in the MR valve and outside of it, and
was successfully verified against several MR piston valve
configurations (monotube damper, valve: single coil, single
annular flow path, magnetic flux bypass feature). Therefore,
in the sections that follow, we describe details of the lumped
parameter model of the damper and the coupling method
with the FE transient model.
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FIGURE 6: External circuit model and magnetisation curve: 11SMn30 (curve fit vs data). (a) External circuit. (b) B-H plot.

3.2.1. MR Damper Model: Theoretical Background. The
schematic geometry of the damper is revealed in Figure 7. In
the presented illustration, the piston separates the upper
(rebound) fluid chamber from the fluid below it (com-
pression chamber). The pressure in the upper chamber is P,,
and its (initial) volume is V. (V). Accordingly, the pressure
in the compression chamber is P, and its (initial) volume is
V. (V). The gas pressure is P, (Py), and the (initial) gas
volume below the floating piston is referred to as V,, (V).
At static conditions, the pressure in each chamber is equal to
Py. The cross-sectional area of the piston is A, and that of
the rod A,. As the piston rod moves, it displaces the floating
piston (separating the lower fluid chamber and the pres-
surised gas). The floating gas cup mass is mg, and its dis-
placement is x,. The friction forces against the rod guide and
the floating piston are Fy, and Fy, respectively. We assume
one annular flow path in the MR valve; dimensions: / is the
gap height; w is the circumferential width (at perimeter);
Ag=wh is the flow channel area. The flow rate through the
annulus is referred to as Q,. Finally, we refer to the dis-
placement of the piston rod as x, and to that of the cylinder
tube as x; (not shown).

The fluid’s behaviour is quantified with the viscosity y,
the density p, the compressibility f, and the field-induced
yield stress 7. The non-Newtonian rheology of the MR fluid
is described using the biplastic Bingham model [31].

We assume that the damper model would account for
the following phenomena: MR effect (using the biplastic
Bingham model mentioned above), compressibility of fluid,
dynamics of the fluid element (“slug”) motion when forced
through the annulus, entrance and exit losses in the annulus,
floating piston mass inertia, and seal friction. Elasticity of the
cylinder tube, various effects due to heating, and the de-
pendency of seal friction on the damper internal pressure are
not accounted for.

First, the gas pressure in the volume below the floating
piston can be modeled by assuming the adiabatic process
(n=1.4). The gas pressure P, is then dependent on the
position of the floating piston x, in the following manner:

n
P, = pgo(i> : (2)
Vo + Apxg

FIGURE 7: Damper model schematic layout.

The pressure variation in the chambers below/above the
piston is modeled assuming isothermal processes and the
conservation of mass approach [39]. Next, the dynamics of
the mass of fluid is considered by examining the motion of
the fluid mass in the annular channel. The resulting system
of ordinary differential equation in the state-space form
which describes the mutual relationships between the re-
bound pressure chamber P,, the compression chamber
pressure P, the floating piston motion velocity v,, and the
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volumetric flow rate through the annulus Q, is shown
below

. (3)
Vr

(Vg_vp Ap+Q
V b

C

(4)
. 1 :
Ve = m_g [AP(PC _Pg) _ngSIgn("g)]’ (5)

5, =% (p.—p A
Qa_pL( r c Pa)‘ (6)

As already mentioned, the behaviour of the energized
MR fluid is described by incorporating the field-dependent
losses into the pressure drop Ap, which is described in detail
in Section 3.2.3; the reader should refer to [2, 39] for a more
detailed derivation of the equations and the experimental
verification method. The pressure term also incorporates the
local flow losses Ap.. The local flow losses as the fluid enter/
exits the annulus are accounted for using the semiempirical
equation [40]:

PR

Ape = K25 Qu). (7)
2
_ Ag
KSE - Kc0r<1 _A_) > (8)
P
0.75
— Ag
KSC - I<cor<1 _A_> > (9)
P

where K/Kgg is the pressure loss coefficient for the sudden
enlargement (exit from the gap), K/Ksc is the pressure loss
coeflicient for the sudden contraction (entrance to the an-
nular gap), and K, is the correction factor. Finally, con-
sidering the forces acting on the piston yields the following
relationship:

Fy=(A,—A,)P,-PA, +F; + Fy,. (10)

The friction force in MR damper is assumed to be the
sum of Stribeck, Coulomb, and viscous components [40]. As
already mentioned, the effects of viscosity change with
temperature (heating) are not included.

We solve the system of equations (2)-(10) using the
multidomain modeling package Simscape which extends
Simulink with tools for object oriented modeling and
simulating multiphysics systems [40]. Our model as
shown in Figure 8 consists of mechanical, hydraulic, and
physical signals domains. Using that environment, the
MR damper model was developed with isothermal hy-
draulic double-acting cylinder components, adiabatic gas
blocks, and friction components. The MR fluid behaviour
as copied specifically by equation (6) was defined by
means of a custom component based on the biplastic

Bingham model approach [31] in series with the local loss
model.

To allow simulations of the transient performance of
the damper, the model was coupled to the FE model in
Ansys Maxwell through the magnetic flux density vs yield
stress relationship, 7y = 7o(B,). The interface assumes zero
delay between the electromagnetic response of the circuit
and the MRF response. MRF measurements indicate the
response time of the fluid to be below 0.6 ms; therefore,
that particular contribution is omitted in the developed
equation set.

3.2.2. Magnetorheological Valve Model. In this section, we
describe the biplastic Bingham computing scheme for de-
termining the pressure drop across the magnetorheological
valve. Specifically, the relationship between the flow rate
through the annulus Q, and the pressure drop Ap, is needed.
The biplastic scheme is preferred rather than the conven-
tional Bingham approach as it is more flexible and allows for
a more effective modeling of low velocity features in the
annulus, e.g., magnetic bypass [2]. Using the dimensionless
representation of the scheme in terms of the pressure
number G and the plasticity S, we express the relationship
between the flow rate Q, and the pressure drop across the
annulus Ap, as

2L, 27yL,

Ap, = p G(S)=mG(S), (11)
where
_hdp,
2L,
(12)
_12uQ,
5= wh?t,’

The two additional parameters, y and J, are referred to as
the artificial viscosity ratio and the (nondimensional) bypass
number (yield stress ratio), respectively. As the biplastic
model was well studied in prior research papers, the reader
should refer there for in-depth details and the parameter
estimation method. Briefly, § controls the intercept force at
the zero piston velocity, and y influences the curve’s slope
below the knee-point of the force-velocity characteristics [2].
The two parameters of the biplastic model are related to the
valve’s geometry rather than material properties. The esti-
mation procedure was highlighted, e.g., in [36]. For example,
based on prior knowledge, the value of § (0.5) was selected
for a valve with no leakage flow path in the annulus. Using
the model, we classify the valve’s behaviour into two flow
regimes: preyield (G<1) and postyield (G > 1). The transi-
tion point coordinates at which the behaviour of the
pseudomaterial changes from the preyield regime to the
postyield regime are equal to G=1, So=yp(2-38+5).
Briefly, when in the postyield regime, the relationship be-
tween G and S can be expressed as
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G= é [3(1-yp(1-9)) +S][2 cos(%a tan2(y,x)> + 1],

(13)
y = 12V-81b% + 12ba?,
x = —108b + 843,
a=%ﬂ—yﬂ—5n+%& (14)

b=3(1-2(1-#),

whereas in the preyield regime, the relationship between the
pressure drop and the flow rate through the annulus is
governed by the following formula:

G=8é [%+3] [2 cos(%atanZ(yl,x1)>+l], (15)

S s\ /sY
2—_ _)
6V§J7W&9Cﬁ>+<w>

X ——27+27£+9 i 2+ i 3
' ys \yo ys) "

The two model parameters (y, §) can be identified from
real damper experimental data or CFD (computational flow
dynamics) simulations. Finally, equation (11) can be mod-
ified to include the contribution of the nonenergized region
above the coil of the length L.— L, through

where

Y1
(16)

21,L,

Ap :TG(S)—'—M' (17)

wh?

a

4. Magnetic Flux Measurements

For the specific electromagnet geometry, we performed a
series of measurements for extracting the flux density in-
formation with respect to the control (exciting) current
input. The goal was to verify the FE model. Therefore, in this
section, we reveal the experimental procedure for acquiring
the magnetic flux relationship against the exciting current
and present the obtained data.

4.1. Test Rig Configuration. The magnetic flux density was
measured in the middle of the air gap with the ultrathin
Hall transverse probe (STB1X-0201) and the magneto-
meter F. W. Bell 5180 at the sampling frequency of 100 Hz.
The coil current magnitude coil was simultaneously ac-
quired by means of the Fluke i30s current clamp. The MR
damper coil was excited using two laboratory power
supplies: (1) Manson SDP2603 device for lower amplitude
current excitations and (2) G. W. Instek PST-3202 power
supply for higher current inputs. The two signals are
recorded simultaneously using the front-end Dewetron
USB-50-USB2-8 data acquisition module connected to the
laptop (Figure 9).

The procedure was performed as follows: (1) current
increase up to the maximum prescribed current I,,,,, which
was followed by decreasing the current down to 0 A, (2)
input voltage polarity change, (3) repeat Step 1, (4) repeat
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Step 2, and (5) repeat Step 1. Using the highlighted pro-
cedure, the magnetic flux density was measured for the
maximum current levels I..,.={0.5, 1, 2, 3, 4, 5} A,
respectively.

The measurements of magnetic flux in the annular gap
were performed without the MR fluid. Note that the relative
permeability of the Hall sensor (u,=1) placed in the thin
annulus with MR fluid would distort the accuracy of the
experiment as the flux flows around the probe as illustrated
in Figure 10. In the simulations, we assume the presence of
MR fluid would not degrade the accuracy of the model.

4.2. Results. The obtained data are revealed in Figure 11 as
plots of flux density vs coil current.

Observations of the plots of flux density vs current reveal
the presence of hysteresis and nonlinear behaviour with the
actuator approaching the saturation at the highest current
level (Imax=5A).

5. Modelling Results

The series of modelling experiments was split into two
stages. First, we validate the transient FE model against the
experimental data, and then we study the behaviour of the
hydraulic model.

5.1. FE Model Verification: Air Gap, No MR Fluid. Here, the
FE model of the damper described in Section 3.1 was verified
against the obtained air gap flux density measurements. The
comparison of the obtained data against the model output
can be observed in Figure 12 as plots of flux density vs coil
current. Due to the low current change rate, the eddy
currents were neglected in the model, and only the hysteresis
contribution was studied.

Again, observations of the plots reveal satisfactory
agreement with the model anywhere except for the smallest
exciting current. Overall, the plots prove the rationality of
the proposed approach.

5.2. Hysteresis Assessment of the MR Valve. Due to reasons
explained in Section 4.1, direct assessment of the hysteretic
behaviour of the MR valve with the fluid in the annulus was
not possible with the available laboratory equipment. How-
ever, CIP- (carbonyl powder iron-) based MR fluids show
virtually zero hysteresis [12]. Therefore, the presence of the
fluid in the annulus only modifies the flux density-current
relationship through its (nonlinear) magnetisation charac-
teristics. Hence, it is reasonable to proceed further under the
assumption that electromagnet model of the actuator was
validated, and it would be accurate also in the scenarios in
which the MR annulus would be filled with the fluid. Due to
the magnetic circuit saturation above 2 A, we reveal the results
for the exciting currents up to 2 A (Figure 13). The nonlinear
contribution of the fluid is evident in the presented results.

Next, we examine the behaviour of the valve model for
the two following variants:

(i) Hysteresis (core loss) ON, eddy currents ON (solid
line)

(ii) Hysteresis (core loss) ON, eddy currents OFF
(dashed line)

The hysteresis model was applied to all 11SMn30
components (core, sleeve). As presented in Figure 14, the
calculated remanent flux density is relatively independent of
the previous magnetic history within the examined coil
current range from 0.5A to 2 A, and the effect of eddy
currents is rather insignificant in the examined case as al-
ready revealed in Figure 14.

Furthermore, we repeated the flux density calculations
for one selected electric current level (I,,,,=2A) for the
following three model variants:

(i) Hysteresis switched OFF, eddy currents switched
OFF (dashed line)

(ii) Hysteresis ON, eddy currents OFF (dotted line)
(iii) Hysteresis ON and eddy currents ON (solid line)

The results are revealed in Figure 15. It is now apparent
that the hysteresis has the biggest impact on the initial
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FIGURrE 10: Illustration of the measurement problem with Hall sensor in the annular gap in the presence of MR fluid [41].
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output of the actuator (up to 100 mT), and the contribution
of the eddy currents is negligible within the examined time
scale. The eddy currents have little effect on the output flux
density in the examined case (Figure 15). Clearly, the first
and second scenarios are only hypothetical ones and unseen

in real MR devices. However, they were included in the
simulation for the purpose of isolating the contribution of a
specific phenomenon.

Now, the obtained flux density output can be converted
into the resulting yield stress and then used in all subsequent
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damper simulations (Figure 16). As seen in the calculated
data, the residual flux results in the field-induced yield stress
of appr. 2.23 kPa.
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F1GURE 16: Time history: yield stress (full line) and electric current
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5.3. Damper Response to Sinusoidal Displacement Inputs.
Using the set of equations (1)-(9) in Section 3.2.1 and
(10)-(16) in Section 3.2.2 as well as the above yield stress
map in Figure 16, we then modelled the response of the
damper subjected to sinusoidal displacement inputs at fixed
(constant) current levels. This was merely for demonstrating
the force output of the damper corresponding to the pre-
scribed current levels. The calculated results are highlighted
as plots of force vs velocity and force vs displacement for the
peak velocity V,=0.3m/s in Figure 17. In the calculated
example, the stroking amplitude X, was 30 mm. Note that
the data are shifted by the gas force proportional to the
product of the gas pressure P, and the piston rod area A,
(equal to 339N). Hysteresis due to compressibility of the
fluid (increasing with the current/flux level), force oscilla-
tions at piston motion reversal points, can be also observed
in the generated plots, too.

Moreover, the influence of remnant flux can be seen in
Figure 18. In the figure, we present the results of off-state
(zero current) simulations with and without de-
magnetization cycle. In the revealed example, the damper
was subjected to a sinusoidal displacement input at the peak
velocity V' = 0.3 m/s. The blue loops reveal the damper re-
sponse after demagnetization, and the red loops copy the off-
state behaviour of the damper which was previously excited
at I.c=2A. The presence of the remanent flux (appr.
54 mT) results in the contribution of 140 N.

5.4. Damper Response to Control Current Step Inputs. The
optimal performance of a S/A (semiactive) control system
with an MR damper requires understanding its dynamic
behaviour. In controller design studies as well as vehicle
simulation, a need for modeling the MR damper system
dynamics arises quite often; the time delay between the force
and the control signal due to, e.g., eddy currents degrades the
system performance. Therefore, in this section, we reveal the
results of a series of simulations in which the influence of
eddy currents, magnetic hysteresis, and hydromechanical
hysteresis (due to compressibility of the fluid) is considered.
In the simulations, we assumed a fast controller [6] capable
of driving the coil to within 2 ms of the commanded values.
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The output is highlighted in Figure 19. As seen, the actuator’s
oft-state output is degraded by the presence of a static
(residual) flux. The actuator is capable of reaching zero flux
only in the hysteresis-free scenario.

In Figure 20, we further examined the force output
varying the coercivity from 0A/m to 200 A/m. It has no
effect on the force output in the current (flux) rise stage;
however, in the current drop case (Figure 20(b)), its con-
tribution became evident as the actuator never reached the
initial force of 240 N (prior to the current excitation).

5.5. Sensitivity to Gap Height: Parametric Study. Next, the
following series of numerical experiments involved studying
the contribution of the MR valve’s geometry on the residual
force (and flux) output. The model setup incorporated the
hysteresis loss model only and no eddy current mechanism.
Throughout the experiment series, the coercivity H. was
varied from 120 A/m to 600 A/m, and the gap size h from
0.65mm to 1.0mm. The generated B-H loop set (core
material) is revealed in Figure 21.

The calculated results are shown in Figure 22 for the
maximum electric current of 2 A. The exciting current input
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FIGURE 19: Transient FE model: time history of magnetic flux
density and electric current (dashed green line).

is identical with that in Figure 14. The coercivity influences
the course of the magnetic flux density over time. The greater
the coercive force applied, the slower the slope of magnetic
induction observed. Moreover, the material coercivity also
affects the maximum achievable magnetic flux induction.
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Note that the greater the coercive force, the lower the
maximum magnetic flux density generated. However, the
difference is minor on the order of several percent. The
difference in maximum magnetic flux density can also be
due to the different shape of the generated hysteresis B-H
curve by Ansys Electronics. This effect will have to be further
studied in follow-up research. However, one other con-
clusion can be drawn: the remanent flux density follows the
coercivity change. The greater the coercivity, the greater the
remanent flux density induced.

The relationship of the remanent flux density vs co-
ercivity within the range from 120 to 600 A/m is linear
(Figure 23). The remanent flux density decreases as the
annular gap height is increased.

Furthermore, it was of research interest to compare the
impact of the material coercivity on the ratio Bp,./Brems
where B, is the gap maximum flux density, as there is a
significant influence of the annular gap size on the calculated
flux density ratio at low material coercivity levels (Figure 24).
It is evident that the gap height does not affect the flux
density ratio at higher coercivity levels. This ratio follows the
turn-up ratio change of the MR damper (Figure 25). The
increase of gap size and the coercivity degradation

significantly increase the turn-up ratio Ky of MR damper.
However, the maximum damping forces decrease at the
same time as illustrated in Figure 26.

5.6. Parameter Sensitivity Study: Transient Response. In this
section, we present the results of a parameter sensitivity
study. Here, we examine the influence of the coercive force
H,, the electric conductivity o, and the piston velocity v, on
the damping force under constant velocity excitation
(V, =0.3m/s) and current step inputs.

5.6.1. Influence of Material Coercitivity. To examine the
contribution of the coercivity H,, we simulated the damper
model response to current step inputs within the range from
120 A/m to 600 A/m. In each scenario, we assumed the
material’s electric conductivity ¢ equal to 1 MS/m (which is
typical to some silicon steel alloys or soft magnetic com-
posites) and the presence of eddy currents. The FE results
from the transient model are shown in Figure 27. The coil
current step input is also shown in Figure 27 (green dashed
line).
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The corresponding time histories of the damping force
following the current (flux) rise/decay are revealed in
Figure 28.

5.6.2. Influence of Electric Conductivity. It is well known that
the ferromagnetic material’s electric conductivity has a
rather dramatic effect on the eddy currents induced in
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FIGURE 24: Maximum-to-remanent flux density ratio vs material
coercivity.

solenoid structures. Here, we simulate the transient response
of the damper subjected to 2 A current step inputs. The value
of 5.8 MS/m is typical of low-carbon steel alloys, whereas
1 MS/m characterizes some soft magnetic composite ma-
terials. The resulting time history is revealed in Figure 29. As
shown, as the conductivity decreases, the eddy currents are
reduced, and the response of the damper becomes faster.
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5.6.3. Influence of Piston Velocity. Setting the electrical
conductivity to 1 MS/m and the coercitivity to 200 A/m, we
then tested the influence of the piston velocity on the force.
In the presented examples, the force output time histories
were normalized for better comparison. The obtained results

Shock and Vibration

imply that the slower the piston velocity for control current
rise, the slower the magnitude of the force change rate
generated. After exceeding the piston velocity of 0.2 m/s, the
actuator response in the current rise stage is independent of
the piston velocity (Figure 30). However, the exact velocity
value will depend on the particular damper design. For
comparison, the actuator response in the current drop stage
is independent of the prescribed piston velocity.

Apart from the eddy currents, the main source of slower
force rise is the compressibility of the MR fluid itself. Three
different values of MR fluid bulk modulus were tested to il-
lustrate this effect (Figure 31).

The primary response time of force (63.3% of final force)
was calculated from the simulated data (Figure 30) (Figure 32).
The primary response time for control current rise is influ-
enced by the piston velocity. The lower the piston velocity, the
lower the primary response time. However, the primary re-
sponse time for control current drop is independent of piston
velocity. It is noteworthy that similar trends were experi-
mentally determined in other research studies [42, 43].

6. Conclusions and Summary

In this paper, we present the results of a modeling study
involving a multiphysics model of a flow-mode MR damper.
The model allows integrating an FE electromagnet model of
the device with a hydraulic lumped parameter model of the
device. The modeling approach relies only on the in-
formation which can be extracted from engineering draw-
ings (geometry), material data sheets (material properties),
and therefore, it can be used in studies on the performance of
real actuators or virtual prototypes.

The electromagnet was verified experimentally. Based on
the obtained data, we conclude that the model is capable of
predicting the magnetic hysteretic behaviour of the MR
valve. The results concerning the hydraulic model are
simulated; however, it should be noted that the model is
based on a well-established and experimentally verified
theory [39]. To demonstrate the usefulness of the model, we
applied it in a parametric study, in which the contribution of
various geometric parameters and material properties to the
output of the actuator was studied and analyzed. For in-
stance, we can conclude the following.

(i) Residual magnetic flux is directly related to the
current history and the annular gap height

(ii) Larger annular gaps induce lower remanent (re-
sidual) flux density and then less undesired force
increase (Figures 22 and 23)

(iii) Valves with larger annular gaps height reveal higher
turn-up ratio (dynamic range), however, at the
expense of maximum damping forces (Figures 25
and 26)

(iv) Turn-up ratio (dynamic range) varies with the
coercivity and gap height (Figure 25)
(v) Demagnetizing current cycles are required to re-

duce/eliminate the residual flux (and the force
increment due to the residual flux)



Shock and Vibration 17

- 2000 25
1500 -
C Z 1000 <
L <8 -~
500 -
- 0
0
120 A/m
200 A/m
600 A/m
(a) (b)
2000
1500
Z 1000 - =
= >

500 ~

(c)

F1GURE 28: Impact of the coercivity H. Full line: damping force time history; green dashed line: current step input. (a) Force vs time: current
rise (initial condition = demag.). (b) Force vs time: current drop. (c) Force vs time: current rise (no demag.).

— 5.8 MS/m
—— 1 MS/m

FIGURE 29: Core material’s electric conductivity: Full line: damping force time history; green dashed line: current step input. H. =200 A/m,
V,.=03m/s.

(vi) The electrical conductivity has a major influence on and 32). It is likely due to the compressibility of the
the dynamic behaviour of the actuator (Figure 29) fluid (Figure 31).

(vii) The piston velocity influences the actuator’s re-

sponse time. Low piston velocities degrade the The collected data enhance understanding the key
response time in the current rise stage (Figures 30 ~ mechanisms governing the flux/force output of MR
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actuators. They allow for a clear separation of various
contributors to the static and dynamic behaviour of such
devices. In our opinion, the proposed model can be a useful

tool as it incorporates major key phenomena occurring in
the actuator including magnetic hysteresis and remanence/
coercivity, eddy currents, compressibility, and fluid inertia
(hydraulic hysteresis), the MR effect. It allows separating the
magnetic hysteresis from the hydromechanical one so that
the two phenomena can be examined separately.
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CONCLUSIONS AND IMPLICATIONS
FOR FURTHER RESEARCH

MR fluid development has been going on intensively for more than 35 years. Since then, MR fluid has
undergone tremendous development. The MR fluid has been used in dampers, clutches, brakes, seals,
or engine mounts. Currently, this technology is widely used in automotive. The most important
application is in electronically controlled dampers. However, intensive fundamental research is still
underway in the area of MR fluid itself and the development of new and progressive MR devices. The
recent trend is the use of MR dampers with semi-active control, where the transient behaviour of the
MR damper is very important (damper with short response time).

The habilitation thesis provides a short insight into MR fluid (chapter 2) and MR devices (chapter
3). Specifically, in chapter 2, the rheological, tribological, and transient response of MR fluid is
discussed. The main goal of chapter 2 was to provide the current state of the art and highlight the main
findings and some limitations of the previous studies. At the end of this chapter was presented the
author’s contribution to the field. The main findings of the author on the field of MR fluid fundamental
research are:

Q) The author of the thesis developed a unique rheometer design and a method for measuring
the rheological response time of MR fluid in shear load mode [80]. It was determined the
effect of shear strain rate, carrier fluid viscosity and magnetization on the rheological
response time. The experimentally determined data were generalized in the form of Non-
dimensional response time and Mason number. The master curve (Figure 13) was obtained
from the measurement, which allows calculating the rheological response time of MR fluid
for any MR device operating in shear mode during the design phase.

(i) The author determined the effect of the magnetic field, fluid viscosity and gap size on the
hydrodynamic response time of MR fluid operating in valve mode and shear strain rates
common in MR devices [79]. The measured data were generalized in the form of Non-
dimensional response time on Bingham number, and one master curve was evaluated
(Figure 11). The hydrodynamic response time for different MR damper configurations and
different MR fluids can be determined from the master curve during the design phase.

(iii) The author experimentally determined the MR fluid friction coefficient in a wide range of
Hersey numbers (Stribeck curve) in a typical range of MR devices (Figure 15) [81].

Chapter 3 deals with magnetorheological devices and their transient behaviour. Specifically, the current
state of the art in the MR damper, MR fluid seal and MR damper transient response were presented. The
main factors affecting the MR damper transient response were also presented. At the end of this chapter,
it is presented the author’s contribution to the field. The main findings in the research field (fundamental
and applied research) of MR devices and their transient response are:

(iv) The design of an MR damper with a permanent magnet (fail-safe MR damper) was
developed and tested [135]. The important result was that the permanent magnet
significantly affected the MR damper transient response (Figure 27). This behaviour can be
modelled by transient magnetic simulation quite precisely.

(V) The unique approach for designing of MR damper with a short response time, great dynamic
force range, good mechanical properties, and low weight was presented (Figure 28) [136].
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This method is based on rods made of 3D metal printing manufacturing method. The author
of the thesis also patented this method (EP 3373311 Al).

(vi) The author creates the multiphysics model of the MR damper [137]. The effect of MR fluid
compressibility is important, especially at low piston velocities. The response time course
on piston velocity has an exponential character (Figure 31).

(vii)  The unique design of the MR fluid shaft seal, which allows high burst pressure and low
friction torque, was presented (Figure 32) [138]. The main idea of the seal is based on MR
fluid pinch model loading mode.

It can be stated that the presented papers extend the current state of the art in the field of the transient
response of MR fluid and MR devices. Understanding the transient behavior of MR fluids is essential
for the development of a new generation of MR fluids with the shortest possible response time. Even a
small change in response time can be significant. The presented methods of MR damper design allow
optimizing the response time or weight with regard to the requirements of the given technical
application. Those methods ensure the lowest MR damper response time of around 1.3 ms. This fast
damper significantly increases the performance of semi-actively controlled suspension systems. In
automotive, this damper with semiactive control can improve comfort, improve driving handling or even
shorten braking distances and thus passengers safety. In total, the thesis is composed of 7 papers (5x Q1,
1x Q2 and 1x Q3). All papers were published in peer-reviewed journals with a high impact factor.

It can be stated that the research and development in the field of MR fluids and MR devices are
definitely not over. | assume that the large future research areas are (i) the durability of MR devices
(especially seals), (ii) the durability of MR fluids under long-term loading, (iii) the transient response of
MR fluids, (iv) high-velocity regime of MR fluid, or (v) rheology of new load mode of MR fluid (pinch
mode). In my opinion, all these areas are interesting for high-quality research/ publication. In 2012,
Murphy [141] stated that in 15 years (considered the year 2027), half of the automotive dampers are
expected to rely on MR fluid. Unfortunately, the reality now is different. The main limit of this
technology is the price of MR fluid itself, which is given by the high price of iron particles. So, in my
opinion, the biggest challenge in the field of magnetorheology is the development of a method for
producing high-quality Cl powders quickly and cheaply. In the case of cheaper MR fluid, this
technology will be used in most applications where any damping is required.
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