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9  Abstract
10 This paper reports the experimental tests on the behaviour of a commercial MR fluid at high shear

11  rates and the effect of the gap. Three gaps were considered at multiple magnetic fields and shear rates.
12 From an extended set of almost two hundred experimental flow curves, a set of parameters for the
13  apparent viscosity are retrieved by using the Ostwald de Waele model for non-Newtonian fluids. It is
14 possible to simplify the parameter correlation by making the following considerations: the consistency
15  of the model depends only on the magnetic field, the flow index depends on the fluid type and the gap
16  shows an important effect only at null or very low magnetic fields. This lead to a simple and useful
17 model, especially in the design phase of a MR based product. During the off state, with no applied field,
18  itis possible to use a standard viscous model. During the active state, with high magnetic field, a strong
19  non-Newtonian nature becomes prevalent over the viscous one even at very high shear rate; the magnetic
20  field dominates the apparent viscosity change, while the gap does not play any relevant role on the
21  system behaviour. This simple assumption allows the designer to dimension the gap only considering
22 the non-active state, as in standard viscous systems, and taking into account only the magnetic effect in
23 the active state, where the gap does not change the proposed fluid model.
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1. INTRODUCTION

The behaviour and the characterization of magnetorheological fluids (MRF) at high shear rate is a
topic that is only partially discussed in scientific and technical literature. The main challenge in this
particular field is to obtain a correct measure from the experimental tests. The use of MRFs in modern
engineering system [1,2] is already quite wide spread due to excellent controllability [3,4]. Considering
the field of rotatory actuators MRFs are becoming more and more popular due to their outstanding
properties in terms of controllable torque, fast response time, noise reduction and small dimensions
compared to standard dry friction based systems, but at the moment limited to low rotational speed. In
order to keep the pace with the development of electric drives capable of very high torque and rotational
speed the MRF behaviour at very high shear rate must be investigated, since the viscous forces could
play an important role. When the MR fluids are subjected to high shear rate, it is not trivial to separate
the rheological behaviour and the magnetic one. Rheological behaviour is related to the fluid viscosity,
turbulences and fluid flow, while the magnetic behaviour is affected by the intensity of the magnetic
field and the materials involved in the magnetic circuit. Other important factors, which add complexity
to the problem and make the data interpretation quite difficult, are the change in viscosity, due to the
friction between the ferromagnetic particles [5], due to heat generation and the redistribution the
particles under the centrifugal force given by the rheometer. Mazlan et al. [6,7] while studying the basic
properties of MR fluids demonstrated that the relationship between the particles lead to a spatial re-
organization during compressive or tensile tests. The changes in the magnetic field are due to the fluid
gap modification and due to the different phase volume of the system, as expected for hard particles. A
similar approach was used in other works about the so called squeeze-strengthen effect [8-17] in which
many researchers demonstrates that there is a strong enhancement of the apparent yield stress of the
fluid when there is a combination of shear and compression. This behaviour is due to the formation of
larger particles columns, as stated by [11,18] thanks to the compressive state resulting in a higher yield
stress when the magnetic field is applied. This effect was thoroughly investigated in shear [17] and
appears also in flow [8,19], but its application in MR system needs better understanding. Other

interesting consideration on the rheological behaviour of the MR fluids, especially considering the fluid-
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dynamics and the magneto-static of the system are investigated in [20] by using a Searle type rheometer
equipped with several rotors, with square, round and lobate profiles. Ulicny [21] considers the variation
in the MR fluid behaviour in presence of step changes of magnetic flux and shows that the viscous effect
plays a minor role. The typical laboratory device used to test MR fluids is the magneto-rheometer and
in [22] Schramm describes the factors which influence the behaviour of MR fluid inside a traditional
rheometer with concentric cylinders. The first observation is that a suitable rheometer for MR fluids
analysis should prevent the magnetic force from influencing the measurement, therefore the magnetic
path and the materials have to be carefully designed, taking into account the temperature issue as well,
as shown in [23,24]. The second important consideration is the effect of the fluid gap, which is crucial
to compute the shear rate applied to the fluid. It is shown that a gap reduction reduces the non-linearity
inside the fluid gap and makes the shear rate computation more precise from the rheological standpoint.
In case of thin gaps or slow shear rate the MR fluid stays in a stable - laminar condition, while in case
of high shear rates Taylor vortex and instability phenomena may arise inside the gap, leading to less
precise measures, as shown by Guth and Maas in [25]. They also show the potential engineering
application of MRFs at high shear rate (up to 34000 s%). In keeping with the previous works, the present
research aims at characterizing experimentally the behaviour of a commercial MR fluid at high shear
rates, with particular emphasis on the influence of different gaps and at developing a reliable and
efficient model to describe their behaviour in real engineering application. The model developed,
adapted on the Ostwald de Waele reference model, is very simple to be applied, since it shows that the
flow curves collapses on a single one for the three gaps considered if the magnetic field is present, which

simplifies the magneto-mechanical design of the system.

2. MATERIALS AND METHODS

Magnetorheological fluids are a suspension of ferromagnetic particles in a non-magnetic carrier fluid
[26]. When there is no magnetic field applied, the magnetic particles are randomly dispersed in the fluid
and the behaviour is slightly non-Newtonian. When a magnetic field is applied, the particles behaves

like magnetic dipoles and align along the magnetic flux lines, forming chains able to resist to the shear
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stress up to an apparent yield stress, called z,. The yield stress is a function of the magnetic field intensity.
When the external shear stress applied to the fluid is below the threshold stress zy, the fluid sustains the
external load like a solid. When the external stress exceeds zy, the fluid starts to flow again, typically
with a shear thinning behaviour. One of the best rheological model with which to describes the fluid

behaviour is the Hershel-Bulkley model [27], namely:
T=1, +Ky" @)

Where 1y is the yield stress, function of the magnetic induction, K is the consistency, y is the shear
rate and n is the flow index. The fluid we consider is the MRF 132-DG from Lord Corporation [28].
This particular formulation uses a synthetic oil as a carrier, with nearly 80% weight content of
ferromagnetic particles. The producer datasheet reports a yield stress around 50 kPa when the magnetic
field is above 300 KA/m. Although it is not specified in the producer TDS we can find some information
in literature work [8-17] about the average dimension of the spherical MR particles, which is around
20um, with a density around 2950-3150 kg/m®. The settling and the agglomeration of the particles is
prevented thanks to proprietary surfactants and additives. We decided to investigate the rheological
properties of this particular fluid since the industrial applications of MR fluids are always based on
commercially available MRFs. Even though he results are presented for the Lord MRF 132-DG , the
proposed methodology has a general applicability, provided that the parameters of each particular fluid

are retrieved by specific experimental tests, following the procedure described in this work.

2.1. Searle Magnetorheometer
Searle magnetorheometer is a particular rheometer design where the rotor spins and the fluid is sheared
between it and a fixed housing. The rotor transfers the torque to the stator through the fluid under test.
The rotation speed is measured through an encoder/resolver system and the transmitted torque is
measured through a sensor that connects the housing to the ground. The main component of the Searle
magnetorheometer are described in Figure 1a, namely: the housing, the rotor, the coils, the bearings and

the top cover. The MR fluid reservoir and the rotor are placed inside the housing and supported by the
4
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bearings, the rotor is linked through an elastic joint to a motor and shears the MR fluid in the gaps. The
magnetic system is a single coil made in AWG24 with 530 turns, and it is equipped with a thermocouple
to avoid dangerous over-temperature problems. There are three small holes in the top cover in order to
connect the coil and the sensor to the power electronic outside the magnetorheometer. The two bearings
are mounted onto the housing, with a slight mechanical interference. These bearings are coupled to the
rotor and allows the system to spin with a very good precision around its axis. The radial eccentricity
was measured with a mechanical comparator and is less than 0.02 mm, therefore the gap height is nearly
constant. Once the fluid is poured in the system and the rotor is placed the top cover is fixed to the
housing granting a sealing of the parts and a closed magnetic flux path, as described in the following
section. Figure 1b shows the main geometrical parameters of the system, i.e. the rotor dimensions and
the gap height. Since the aim of the work is to evaluate the influence of the gap on the MR fluid
properties, we used three different rotors with three different Rg dimensions: Rg = 8, 8.5 and 8.9 mm

and maintained the external radius of the stator constant (Rs = 9mm).

"
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Figure 1. Partial section view of the Searle magnetorheometer (a) and main dimensions (b).



10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

Therefore, we have three difference fluid gaps: h=Rs- Rr = 1, 0.5, 0.1 mm. We decided to investigate
a gap of 0.1mm, which is quite low, compared to commercial MRF systems, for two main reason. The
first motivation is to achieve very high shear rates with a compact test set-up. The second reason is to
demonstrate the feasibility of a system with such a small gap, which gives strong advantages from the
magnetic standpoint. The axial activation length is only the portion of the rotor where the flux lines
concatenate and is two time Le= 6 mm, while the total axial length of the rotor surrounded by the MR
fluid is L=24mm. The shear stress value z, acting on the stator wall can be directly linked to the torque
measured by the sensor as follows [22,29,30]

S e
21Lp(Rg + h)?
where T is the torque, and h is the gap height. Using the same notation and considering the angular

rotation speed w it is possible to express the shear rate, y, on the external rotor surface:

R
y=w 3)

Where the upper group equals to the linear speed onto the rotor surface. We are aware that the
equation (3) is an approximation, since the shear rate decreases linearly from its maximum value on the
rotor surface down to zero onto the stator surface. Nevertheless when the gap are quite thin [30] this
approximation is lead to negligible errors. As reported in literature [31,32], very refined methods are
available to correct the measurement error due to three main reasons: gap error, confinement and slip.
The gap error is due to eccentricity and only in case of 0.1mm gap the effect could be relevant.
Nevertheless, the main findings are due to differential behaviour of the MR fluid with and without
magnetic field, which is not dependent on the possible error on the thinnest gap. Moreover, the
eccentricity lead to a local gap variation, but the gap dimension computed on the entire rotor profile is
on average at the nominal value, since the gap errors self-compensate. The confinement problem occurs

only when the gap is about five times the characteristic dimension of the included phase [33], which is
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not the case for the considered MR fluid. The third problem is the MR fluid slip, as the rheometer

surfaces are smooth and in absence of magnetic field the fluid could slip [31,34].

2.2. Magnetic simulations

Since we have three gap heights, it is necessary to evaluate the magnetic field inside the gap for each
gap. It is not enough to apply the same current to the coils since the reluctance of the magnetic circuit
changes and therefore a magnetic simulation of the system is needed. The aim is to find the current that
produces the same induction in the three gaps. We used the free software FEMM 4.2 [35] which allows
us to perform an axisymmetric simulation of the magnetorheometer. Figure 2 reports the results of one
the simulations in terms of induction of magnetic field in the gap. It is immediate to notice that the flux
lines are confined in some portions of the system, which are made of ferromagnetic materials (rotor
shaft and magnetic path), such as mild steel. The other parts of the magnetorheometer are made of
aluminium (housing and top cover) which is diamagnetic and prevents the flux to be dispersed.

We reported in Figure 3 the effect of the gap height in term of correlation between applied current
and induction field obtained from the simulations and it is immediate to notice that is not possible to
compare the same current when the gap is different, due to the change in the magnetic field. In order to
reach the same value of magnetic field as the gap increase, it is needed a larger current value, dependent
on the magnetic circuit, since the magnetic permeability of the MR fluid is considerably lower than the
steel one. The interpolation of the points in Figure 3 is used in the experimental tests to tune the applied
current for each gap and to obtain the desired magnetic field. It is important to highlight the strong
increase in the magnetic field, for a given current, when the gap is 0.1mm, which means that the

performances of a system with a gap this low would be very high.

2.3. Experimental Test apparatus

Figure 4 depicts the experimental test rig used for all the magnetorheological tests. The torque sensor
is mounted on a rigid frame and supports the housing of the magnetorheometer, which is already filled
the MR fluid. Afterwards, the electric direct drive motor is connected to the rotor shaft by means of an

elastic joint. The power electronic used for the coils is able to inject up to 3 Amps and this causes an
7



important heating of the system. Therefore, a cooling system is needed to maintain the coils at the desired
temperature. The cooling system is able to maintain the system at 25°C by circulating the refrigerator
fluid in the copper piping showed in Figure 4.

The maximum speed of the magnetorheometer for each experimental test is reached with a step-by-
step approach. Eight constant shear rate steps are needed to reach the maximum prescribed speed. The
shear rate and the shear stress are measured at each step in order to improve the precision of the lower
curves. The tangential linear velocities of the external surface of the rotor used in the experiments are:
0.5,0.8,1.1,1.6,2.1, 2.3, 2.5 m/s. These linear velocities lead to a different shear rates according to the
three gaps height (See eq. 3). The torque signal is processed using a dedicated software in LABVIEW
environment, after a signal conditioner (TM-02). The prescribed current is turned on at the beginning of

the test so all the different steps are under the same magnetic condition.

2.032e+000 : >2.139e+000
1.925e+000 : 2.032e+000
1.818e+000 ; 1.925e+000
1.711e+000 : 1.818e+000
1.604e+000 : 1.711e+000
1.497e+000 : 1.604e+000
1.390e+000 ; 1.497e+000
1.283e+000 : 1.390e+000
1.176e+000 : 1.283e+000
1.069e+000 : 1.176e+000
9.624e-001 : 1.069e+000
8.555e-001 : 9.624e-001
7.485e-001 : 8.555e-001
6.416e-001 : 7.485e-001
5.347e-001 : 6.416e-001
4.277e-001 : 5.347e-001
3.208e-001 : 4.277e-001
2.13%e-001 : 3.208e-001
1.06%e-001 : 2.13%e-001
<0.000e+000 : 1.06%9e-001

ity Plot: |B], Tesla

[=]
@
3
@

Figure 2. Flux induction lines inside the magnetorheometer (h=1 mm, | = 2.2 A).
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Figure 4. Experimental set-up, with cooling system
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3. RESULTS

According to the data collected in the experimental tests, it was possible to build the typical flow
curves to study the behaviour of fluids. This leads to three levels of maximum shear rate for each gap
thickness: in particular 2500 s™* with h = 1 mm, 5000 s with h = 0.5 mm and 25000 s with h = 0.1
mm. Figure 5a-c-e reports the flow curves for each gap used. An additional feature that is interesting to
evaluate is the apparent viscosity of the fluid, #, which is related, such as the shear stress, to the shear
rate. The apparent viscosity was calculated, by simply dividing the shear stress z by the respective shear
rate y. MR fluids, which belong to a sub-category of pseudoplastic fluids, show a decrease in apparent
viscosity as the velocity gradient increases, as can be seen from the graphs in Figure 5b-d-f. An
immediate qualitative data analysis shows a flattening of the flow curves, especially in the post-yielding
phase in the fluid, which makes shear stress z only slightly dependent on the shear rate. Goncalves [36]
noticed the same effect, but due to exposure time of the MR fluid to the magnetic field. The apparent
viscosity gradually decreases as the shear rate increases, as expected, but there is a noticeable collapse
of the curves at different magnetic fields only for the lower gaps. Figure 6a depicts in a Log-Log chart
the apparent viscosity for all the gaps. Each magnetic field is represented by a different colour. Figure
6b represents only the curve with a magnetic field above 77 KA/m a threshold value above which it is
nearly impossible to discriminate the different gaps. i.e. the three curves of the same colours are

superimposed.

4. DISCUSSION

The time needed to achieve the equilibrium between the applied shear rate and the correspondent
shear stress is much lower as low viscosity is. This leads to a short time to reach equilibrium when the
shear rate is high while a longer test is needed when y is low. The evidence of this phenomenon is an
increase of the shear stress with increasing shear rate below 1000 s* as can be seen in Figure 5a,c. In
addition, due to partial residual magnetization of the rotor, it is possible to hypothesize a slight residual

activation of the fluid which could influence the measured torque especially at the slow speed [37].
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The flattening curve was also found in [25], where it was hypothesized that high shear rate interferes
with the process of forming the particle columns, causing a decrease in the value of the shear stress
function of the magnetic field. From the model in [25] a critical shear rate value is found below which
the linear correlation between shear rate and shear stress holds. Above the threshold, value there is a
reduced number of active particle columns and hence a slight decrease correspondence between shear
stress and shear rate. Guth et al. [25,38] also suggested that the high speeds are also responsible for a
weakening of the magnetic field in the activation gap, although this is not proven experimentally. In
order to overcome the problem of the particular conformation of the flow curves and to obtain a better
interpretation of the experimental data, we decided to deepen the analysis of the apparent viscosity
curves.

We tried to apply the standard Herschel-Bulkley model, commonly used in the MR fluid
characterization, [39,40], but we found that these data fit best an exponential law, rather than the
Herschel-Bulkley one. It is thus possible to obtain characteristic parameters to quantify the influence of
the high shear rate and the gap thickness on the torque response of the MR fluid. Figure 6a shows that
the gap influence is visible for magnetic field values less than or equal to 37 kA/m. For values above 77
kA/m (Figure 6b), the apparent viscosity trends are almost perfectly superimposed and there is no
appreciable influence on the gap.

For a first assessment of the influence of gap thickness, we applied the simplified model of Oswald

and Waele [24], [25], which was originally built for non-Newtonian fluids:

n = Ky®-1 (4)

Where K represents the consistency of the fluid and n is the flow index.

According to this law the shear stress present in the Herschel-Bulkley model is included in the overall
shear stress, i.e. the magnetic and the viscous contribution are not separated anymore. We applied to
these data a simple regression using Matlab in order to obtain the parameters K and n which best fit the

experimental data, as reported in Table 1.
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Figure 6. Log-Log diagram of the apparent viscosity # vs shear rate y, for all the gaps combined

(a) and considering only magnetic field above 77 kA/m (b).

Once the values of K and n were determined, it was possible to make a correlation between these
data and the input variables. Figure 7 depicts K and n as a function of the applied magnetic field, for
each of the three gaps used. The consistency parameter grows almost linearly with the magnitude of the
magnetic field, while the magnetic field does not particularly affect the flow index variation. Even the
gap thickness seems almost independent of the flow index, while the consistency K, for null or very low
values (37 kA/m), grows with the gap thickness decrease. This variation is quite evident at no field,
where it passes from about 663 Pa-s", with h=1 mm, to about 7900 Pa-s", with h=0.1 mm. The variation
of K at 37 kA/m, is still important, but then fades at higher H. These results suggest a relevant influence
of the thickness h on the fluid-dynamic phenomena within the gap only at low magnetic field. Then,
when the field is applied, the magnetic forces are predominant, masking this dependence.

In order to obtain a simplified model of fluid, it is useful to parameterize the Oswald de Waele
equation according to the applied magnetic field. The only parameter to be influenced by H is the
consistency K, which shows a strong linearity. The flow index seems quite independent on the magnetic

field and on the gap, so we simply decided to use its average 1=0.02272. Once the flow index is set, we
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recomputed the K value using Matlab and retrieved the following linear relationship, which holds only

for the Lord MR 132-DG fluid:

Noaw = K(H)y ™D = (118H + 2700)y(0-2272-1) )

which is valid using the following units: H (KA/m), ¥ (s™1),  (Pa-s).

Table 1. Ostwald de Waele parameters based on the experimental data.

h=1mm h=0.5mm h=0.1mm
" K, (Pas") n K, (Pas") n K, (Pas") n
(kA/m)

222 28659.44 0.02256 31610.48 0.01965 30867.49 0.00996
207 27484.07 0.02648 29266.51 0.01810 28468.53 0.01557
188 24948.89 0.03018 25623.56 0.02097 22182.33 0.03709
178 24432.38 0.02727 22744.66 0.02853 21644.3 0.02950
166 22844.86 0.02801 20470.62 0.03652 20873.42 0.01916
153 21564.19 0.02578 19878.36 0.02945 19652 0.01623
139 20219.8 0.01864 18494.73 0.02291 17758.69 0.01141
114 17478.5 0.01116 14377.38 0.03521 14495.21 0.02338
77 12604.69 0.00327 10556.79 0.03836 12268.82 0.02047
37 4176.671 0.01733 6590.102 0.02931 9033.781 0.02686
0 663.5475 0.01554 2949.679 0.03456 7923.72 0.00045

This proposed model described by Equation (5), was compared with all the set of experimental data
available and the statistical coefficient of determination R? is computed to verify the goodness of the
model [41]. The results are depicted in Figure 8, for all the set of data and summarized in Figure 9. The

first nine charts, Figure 8a-i shows all the experimental points, which lie almost on a single line,

12

13

coincident with the proposed model.
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Figure 7. Correlation of the consistency K (a) and flow index n with the applied magnetic field

The last two charts Figure 8I-m are different, the three gaps tested produces a set of data quite
different from the other and the model is not able to predict the system behaviour correctly without the
information about the gap. Even though the model perfectly fit (R* greater than 0.99) almost all the data
when the magnetic field is above 77 kA/m while there is a very large error below this value. This
confirms that for sufficiently high fields, the fluid can be modelled using a single set of parameters even
using different thickness gaps, while nulls of different thicknesses involve different pairs of parameters
to describe the MR fluid. The proposed model is valid only for a particular MR fluid, but is interesting
to notice two important findings. The off-state behaviour (null or low MR field) can be compared and
analysed as if the fluid were a non-Newtonian non-intelligent fluid, which means that the gap thickness
and the fluid dynamic will play an important role in the system design, both at low and high shear rate.
The on-state behaviour is on the contrary dominated by the presence of strong magnetic fields, which
mask the viscous effect and drive the system design. Therefore, it is possible to design a MR system

considering separately the two conditions, with a strong advantage in terms of behaviour prediction.
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Figure 8. Comparison between experimental data (dots) and proposed model (solid lines)
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Figure 9. Coefficient of determination R? as a function of the magnetic field H. The correlation is

very good a part from the two last low magnetic field considered.

5. CONCLUSION

This paper analyses the behaviour of a MR fluids at high shear rates and in particular the effect of
the gap on the modelling of the fluid, mainly investigating its effect on the shear stress and apparent
viscosity. Three gaps were considered at multiple magnetic fields and shear rates. From an extended set
of almost two hundred experimental flow curves, we noticed a quite low variation of the flow curves at
very high shear rates and magnetic field. From quantitative analyses of the apparent viscosity a set of
parameters for the apparent viscosity are retrieved by using a literature model for non-Newtonian fluids,
known as Ostwald de Waele. It is possible to simplify the parameter correlation by making the following
considerations: the consistency of the model depends only on the magnetic field, the flow index depends
on the fluid type and the gap shows an important effect only at null or very low (below 77 kA/m)
magnetic fields.

This lead to a very useful approach especially in the design phase of a MR based product. During the
off state it is possible to disregard the magnetic effect and use a standard viscous model for non-
Newtonian fluid, which considers the effect of the gap. This model can be calibrated using a standard
rheometer able test the fluid at the desired gap, since no magnetic field is needed. During the active
state, the viscous forces are not prevalent even at very high shear rates and the magnetic field dominates

the apparent viscosity change, while the gap does not play any significant role.
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