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a b s t r a c t

Magnetorheological fluids (MRFs) exhibit rapidly adjustable viscosity in the presence of a magnetic field,
and are increasingly used in adaptive shock absorbers for high speed impacts, corresponding to high fluid
shear rates. However, the MRF properties are typically measured at very low (γ ̇o1000 s�1) shear rates
due to limited commercial rheometer capabilities. A custom high shear rate (γ ̇410,000 s�1) Searle
cell magnetorheometer, along with a full scale rotary-vane magnetorheological energy absorber
(γ ̇425,000 s�1) are employed to analyze MRF property scaling across shear rates using a nondimen-
sional Mason number to generate an MRF master curve. Incorporating a Reynolds temperature correction
factor, data from both experiments is shown to collapse to a single master curve, supporting the use of
Mason number to correlate low- and high-shear rate characterization data.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Magnetorheological energy absorbers (MREAs) have been suc-
cessfully implemented in semiactive crashworthy systems to
protect occupants against impact, shock and blastloads, especially
to protect the lumbar region of the human spine [1–3]. Shear rates
in these MREAs typically range up to 25,000 s�1 or higher. How-
ever, data from low shear rate (up to 1000 s�1) characterization
tests are typically extrapolated up to these high shear rates be-
cause of the dearth of high shear rate data. Both MR yield stress
and fluid viscosity have been shown to vary with temperature
[4,5]. Furthermore, MRFs are highly shear thinning materials, so
they exhibit a significant reduction in viscosity as shear rate in-
creases [6]. For these reasons, a wide variety of fluid character-
ization tests, which vary temperature, shear rate, and applied
magnetic field are currently required to adequately determine the
performance of a given MR fluid utilized in certain devices and
environments, and consequently, predictive models such as the
Herschel–Bulkley (HB) constitutive model typically employed to
characterize measured rheological behavior must rely on a huge
data set of characterization tests to be useful across the entire
range of expected operating conditions. It is desireable therefore to
reduce the overall amount of data required for determination of
).
the MR fluid behavior, while maintaining the ability to accurately
predict any off-nominal change in performance.

The objective of this study is to use a nondimensional Mason
number incorporating temperature dependent parameters to scale
fluid performance data between a custom Searle-type magne-
torheometer, capable of high quality test measurements at shear
rates up to 10,000 s�1, and a practical shear mode rotary vane
magnetorheological energy absorber (RVMREA), which operates at
shear rates over 25,000 s�1, to assess the performance of a com-
mercially available magnetorheological fluid (LORD Corporation
MRF-140CG) over this range of shear rates. Thus, a limited set of
test data is shown to provide enough information for the critical
design of RVMREAs operating over this shear rate range
(0–25,000 s�1).

1.1. Magnetorheological fluid

A magnetorheological fluid (MRF) consists of magnetizable
particles suspended in a nonmagnetizable carrier fluid. Commer-
cially available MRFs use carbonyl iron spheres on the order of 1–
10mm in diameter as the magnetizable particles, either a silicon- or
hydrocarbon-based oil as the carrier fluid, and various additives to
improve stability and settling rate.

In the absence of an applied magnetic field, the particles are
randomly dispersed and will move with the fluid as it flows. When
exposed to a magnetic field, the particles form chains parallel to
the magnetic field lines and the MRF “solidifies.” These two
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Fig. 1. States of magnetorheological fluid: (a) in the absence of field, the particles
flow freely, (b) particles form chains that resist flow in the presence of magnetic
field.
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conditions of MRF, called “passive” and “active” respectively, can
be seen in Fig. 1. The particle chains resist fluid motion until a
certain yield stress is reached, beyond which fluid motion will
occur, called post-yield flow [7].

In practical MRF devices, the magnetic field is produced by a
controllable electromagnet. In this way the applied magnetic field,
and thus the yield stress, can be continuously and instantaneously
adjusted (response timeo15 ms), so that an appropriate amount
of energy can be dissipated within the MREA. A well-developed
MRF used in production devices will have a yield stress from 30 to
100 kPa at magnetic saturation.

1.2. Mason number and apparent viscosity

Classic work by Mason and colleagues showed that a non-
dimensionalized ratio of dominating physical forces described
particle behavior in shear and electric fields, and influenced fol-
lowing researchers to use a similar ratio [8]. This dimensionless
group came to be known as the Mason number. A minimized ex-
pression for a Mason number is shown below as the ratio of hy-
drodynamic force to polarization force.

≡ =Mn
F
F

hydrodynamic
polarization (1)

H

0

Building on this framework, a Mason number for MRFs was
developed based on the fluid shear rate and suspension magne-
tization [9]. Because the magnetization, M , is a nonlinear function
of magnetic field strength within each particle, an appropriate
polarization force term was a function of particle magnetization
[10].

While the research by Klingenberg et al. [9] applied the same
expression as for the hydrodynamic force as the original work,
given as

πη γ= ̇F a6 (2)H
c

2

where ηc is the carrier fluid viscosity, a is the particle radius, and γ ̇
is the shear strain rate, they calculate the polarization force term
as a modified point-dipole which accounts for nonlinearities in
particle magnetization, Mp. Realizing that the magnetic moment is
related to the average magnetization of a single spherical particle,
m, by

π σ=m M
6 (3)p

3

where s is the particle diameter, and that the bulk suspension
magnetization, 〈 〉M is related to the particle magnetization by the
solids loading fraction, ϕ, given by the equation

ϕ
= 〈 〉M M

1
(4)p
Klingenberg et al. [9] derive the magnetic polarization force to
be the expression shown below:

π μ σ

ϕ
=

〈 〉
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where μ0 is the permeability of free space, π × −4 10 [V s/A m]7 .
An expression for Mason number in an MRF is given as

γ
η ϕ
μ μ
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where μc is the carrier fluid permeability. The Mason number given
by Eq. (6) reduces the abscissa of the experimental characteriza-
tion plots to a nondimensional expression, but in order to achieve
the data collapse to a master curve it is helpful to also non-
dimensionalize the ordinate. An accepted way to do this is to use
apparent viscosity, the ratio of total shear stress by shear rate, and
normalize this value by the high shear rate viscosity in the absence
of applied field, as shown in the following equation:

η η η^ = ∞/ (7)app

When experimental measurements of MR fluid apparent viscosity
are plotted versus Mason number, the curves for various shear
rates and magnetic field strengths collapse to a single function.
Originally validated using low shear rate γ ̇ < −( 1000 s )1 measure-
ments, it was later shown to hold true in high shear rate operation
[6] in carefully controlled laboratory experiments. It is proposed
here that this nondimensional analysis can be effectively extended
to model practical MREA devices under real-world conditions.

The experimentally measured variables are the shear rate, γ ,̇
torque, M , and suspension magnetization, 〈 〉M , and using this
nondimensional group allows for disparate experimental data to
be modeled as a single curve, greatly expanding the useable in-
formation about MR fluid behavior over a wide range of operating
conditions.

It is worth mentioning that there are a number of other Mason
numbers modified to account for surface friction and flow channel
topography [11], suspensions of magnetizable particles in non-
conducting media versus nonconducting particles in ferromag-
netic media [12], and particle sizes in inverse ferrofluids [13].
Another study points out that there is an inconsistency in the
choice of the characteristic particle dimension in Klingenberg's
Mason number, specifically the use of particle radius, a, in the
hydrodynamic force term of Eq. (2) and particle diameter, σ , in the
magnetostatic force term of Eq. (3). The adjusted Mason number,

⁎Mn , would therefore be = ⋅⁎Mn Mn32 [14]. This definition of
Mason number is used for the remainder of this study.

The rotary vane MREA is designed as a crash protection device,
so it is expected to operate at high shear rates γ ̇ ≥ −( 25, 000 s )1 ,
approximately 25� greater than can be achieved on commercial
rheometers. We replace dynamic viscosity with the apparent
viscosity, ηapp. defined as the instantaneous ratio of the shear stress
to the shear rate, and write the two term Bingham plastic model as
shown below:

η
τ
γ

μ=
̇

+
(8)app

y

This requirement of using normalized apparent viscosity is
because an MRF with a higher solids loading will be stronger due
to a higher available yield stress, but the off state viscosity will also
be larger. Therefore, a direct comparison across solids loading can
be achieved by such a normalization. By relating the bulk sus-
pension magnetization to the polarizing force through volume
fraction in Eqs. (3) and (4), the Mason number implicitly accounts



Table 1
Thermal scaling factor for viscosity–temperature
relationship.

Fluid β

MR132-DG, η = 0 092.0 0.0664

MR140-CG, η = 0 21.0 0.0653

Fig. 2. Quarter-section of the Searle magnetorheometer cell.

Table 2
Searle cell magnetorheometer dimensions.

Measurement

Searle cell parameter
Active gap length, Lc 12.0 mm

Bob radius, R 8.75 mm
Cup radius 9.0 mm
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for the fact that the same applied magnetic field will result in
different, solids loading-dependent polarizing force.

1.3. Temperature correction factor

A typical hydrocarbon-based MR fluid has a viscosity that is
related to its temperature through the relation given below [5,15]:

η η= βϕ −e (9)T T
0

( )0

Using this relationship, a temperature-dependent Mason
number can be defined from Eqs. (6) and (9) as

γ
η ϕ

μ μ
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where the carrier fluid viscosity, ηc, is measured at reference
temperature, T0. The β-coefficients for 32 vol% and 40 vol% fluids
are both approximately 0.066, given in Table 1.
Active gap height, h 0.25 mm
Active fluid volume 2.36 mm3

RVMREA parameter
Vane active length, Lv 74.2 mm

Vane mean radius, Rv avg, 49.5 mm

Vane thickness 5.1 mm
Bobbin, cylinder radii 46.55, 52.55 mm
Active gap heights hi, ho 0.4, 0.5 mm

Active fluid volume 95.6 mm3
2. Experimental setup

A common method to measure the behavior of an MRF is to use
two concentric co-rotating cylinders, or Couette geometry, to im-
part a known angular velocity on the fluid while applying a vari-
able magnetic field and measuring the torque produced. The re-
lationship between these two measurements, known as flow
curves, are the hallmark of rheometric studies and provide prac-
tical characterizations of fluid behavior. This is the same mode of
operation used in the RVMREA, so an inner rotating cylinder (bob),
combined with a fixed outer cylinder (cup), known collectively as
a Searle cell, was chosen as the most appropriate magnetorhe-
ometer configuration [16].

2.1. Searle cell magnetorheometer

For this custom Searle cell magnetorheometer, torque–shear
stress and rotation speed–shear rate relationships can be obtained
from specifications for the cell geometry, schematically shown in
Fig. 2.

These relationships are given in [17] and shown as follows.
Shear stress, τ , is given as

τ
π

=
+

M
L R h2 ( ) (11)c

2

where M is the measured torque. For the high shear rate magne-
torheometer used in this research, the specific geometric para-
meters are listed Table 2.

An expression for the shear rate is obtained using cylindrical
coordinates θ〈^ ^ ^〉r z, , , and noting that the 3D velocity vector field
can be simplified to just a scalar, θv , by assuming that the inner bob
is sufficiently long in the axial direction relative to the gap size,
such that vz¼0, and ensuring that the bob rotates at a constant
angular velocity, such that vr ¼0.

For narrow gaps, it can be assumed that the fluid is fully
sheared in the θ̂ -direction with the gradient in the r̂ -direction (the
velocity profile is linear in r̂ ) as shown below [18]:

= +θv C r C (12)1 2

The constants C1 and C2 can be found using the boundary
conditions for the Searle cell design, namely that of stationary cup,

=θv 0 at = +r R h, and a rotating bob, ω=θv R i at =r R. This yields

ω= + −
θv

R R h r
h

( )
(13)i

The rate-of-deformation tensor is sparse and can therefore be
calculated as merely the derivative of Eq. (13) with respect to r ,
which greatly simplifies the issue of shear rate estimation and
results in the narrow-gap shear rate expression [16] given below:

γ π̇̇̇̇ = ΩR
h

 2
60 (14)

Control and data acquisition in the magnetorheometer are ac-
complished through the graphical programming software LabVIEW
by National Instruments [19]. To generate the desired input rota-
tion speed, a 0.75 HP (560 W) electric servomotor, model Silver-
Max 34-HC1 by QuickSilver Controls, Inc., is connected through a
QCI CLCF-01 motor controller which receives voltage commands
from the desktop PC running LabVIEW. This servomotor is capable
of a maximum of 3000 rpm at 100 oz in (0.706 N m) of torque,
ensuring that the commanded voltage results in a reliable motor
speed [20]. This performance was also verified using an optical
tachometer to measure the speed of rotation at a given voltage,
which confirmed the input accuracy.



Fig. 3. Searle cell magnetorheometer.
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The torque output is measured by a 100 ounce-inch
(0.706 N m) torque transducer, model RTS-100, and the voltage
signal is passed through a TM-02 signal conditioner, both by
Transducer Techniques, which interfaces with the PC through a
National Instruments BNC-2110 data acquisition box. The test
setup is shown in Fig. 3.

The control and data acquisition program produces a staircase
voltage signal, a waveform consisting of a series of discrete steps,
shown in Fig. 4. This provides eight quasi-steady shear rate levels
and allows for any transient effects to diminish following the
speed changes. The user controls the maximum desired rotation
speed, and the program divides this maximum into equally spaced
steps, commands the servomotor, and outputs torque and tem-
perature data.

In addition to plots of motor RPM and torque output, the
magnetorheometer Searle cell was fit with a custom cooling jacket
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Fig. 4. Raw Searle cell magnetorheometer data for applied current of 0.5 A.
made from 12 turns of 0.25 in. copper tubing and an internal
K-type thermocouple. The cooling jacket is connected to a circu-
lator pump with thermostat-controlled refrigerating and heating
capability, Julabo model F25-MD, allowing precise control over the
internal fluid sample temperature. The internal thermocouple is
inserted through the top cap of the magnetorheometer and rests
within the central fluid chamber, without passing through the
active gap region to avoid interfering with the flow.

The cooling jacket is a nonintrusive feature which allowed for
isothermal tests to be performed. Using the cooling jacket to bring
the entire MR cell to a steady temperature prior to starting an
experiment, it is therefore possible to maintain a near constant
temperature in the fluid sample while gathering rheometric data
during the 21 s tests.

2.2. Rotary vane MREA

The RVMREA was designed such that the MRF is directly
sheared in the presence of magnetic field within two “active gaps”.
Its configuration, shown in Fig. 5, uses a thin cylindrical vane, at-
tached to a shaft, which rotates between a stationary coil housing
and body cylinder, so that the fluid is sheared within the MR fluid
gaps. The magnetic field is supplied using an electromagnet, so the
yield stress can be continuously, reversibly, and rapidly adjusted
[15].

To evaluate the performance of the rotary vane MREA, a high
speed transmission test rig (US Drives, Inc. Phoenix AC drive,
connected to a Vector 75 HP drive motor) was used for torque
measurements at speeds corresponding to low crash velocities.
The complete test setup is shown in Fig. 6. The MREA was
mounted on a stationary frame, while the rotary shaft of the MREA
was connected to a DC motor via two flexible couplings and a
torque sensor. A non-contact laser tachometer measured rota-
tional speed, and a thermocouple was fixed to the outer surface of
the RVMREA cylinder to monitor RVMREA temperature variation
during testing (not shown in Fig. 6).

The DC motor is provides a rotational speed of up to 1800 rpm,
which translates into a velocity of approximately 2.5 m/s (8 ft/s)
with a 1 in. diameter shaft, =R 1 in.s A BKPrecision XLN10014 DC
power supply was used to supply constant current to the RVMREA
during testing.

During the initial round of characterization tests, the nominal
currents supplied were 0, 1.5 and 3.5 A. For each applied current,
Fig. 5. Quarter section of RVMREA.



Fig. 6. Rotary vane MREA and test setup.
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Fig. 7. Raw RVMREA experiment data for 3.5 A applied current.
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the rotational speed for testing was increased from 0 rpm to
1800 rpm within 3 s and held at 1800 rpm for 2 s.

The relationship between torque output and total MR fluid
shear stress within the RVMREA can be obtained through a
modified version of Eq. (11), where the Searle cup inner radius

+R h( ) has been replaced with an expression reflecting the new
shear surface radii. The equation below reflects the fact that, in the
case of the multiple shear gaps of the RVMREA (between the coil
armature and the inner vane surface, referred to as the “inner
gap”, and between the outer vane surface and the cylinder damper
body, referred to as the “outer gap”), the total fluid shear stress can
be amplified by using more shear surfaces, or vanes.

τ
π

=
+

M
L R R2 ( ) (15)v a o

2 2

Here, Lv is the vane length, Ra is the coil armature outer radius
and Ro is the inside radius of the cylinder damper body. For the
inner gap, the shear stress expression contains only the Ra term;
similarly, the outer gap shear stress expression contains only the
Ro term. The relevant dimensions of the RVMREA are given in
Table 2. The fluid shear rate within each narrow gap as a function
of rotation rate in rpm, Ω, is given as the following set of equations
[18]:

γ π Ω̇ =
R

h
2
60 (16)i

v i

i

,

γ π Ω̇ =
R

h
2
60 (17)o

v o

o

,

The commercially available MRF selected for the scaling study
is LORD Corporation's MRF-140CG, containing 40 vol% of Fe par-
ticles. Each characterization was performed using a velocity profile
incorporating a 2 s ramp and 3 s hold at 1800 rpm. In between
tests the sample was allowed to return to ambient temperature
(25 °C), resting for approximately 15 min between consecutive test
runs. The RVMREA was then magnetized above the level used
during the previous test to mitigate any remnant magnetization
effects. A typical data set (Fig. 7) collected the commanded rota-
tion input, the responding measured torque output, and the
temperature.
3. Results

3.1. Flow curves

Force versus velocity plots can be converted from torque and
rotation speed for both the Searle magnetorheometer using Eqs.
(11) and (14), and for the RVMREA using Eqs. (15) and (16), re-
spectively. These tests generated flow curves across a range of
applied magnetic field strengths, and results are shown in
Figs. 8 and 9. Note that the largest current applied to the RVMREA,
3.5 A, corresponds to a magnetic field strength around 150 kA/m,
resulting in the “saturation” – or maximum attainable yield stress
– of the MRF. However, the correlation between applied current
and shear stress differs between the smaller Searle cell magne-
torheometer and the larger RVMREA, an issue that can be ad-
dressed by using the Mason number analysis presented later.

3.2. Temperature corrected Mason number

As shown in Fig. 10, without a temperature-corrected Mason
number, the characterization data fail to collapse to the expected
master curve because of the substantial effect temperature has on
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the carrier fluid viscosity. As one would expect, low-temperature
tests exhibit a higher fluid viscosity and thus a higher viscous force
component than high-temperature tests. Due to the fact that the
Mason number is directly proportional to the viscosity, the tem-
perature correction term from Eq. (9) accounts for this and effec-
tively shifts the lower-temperature curves rightward. Fig. 11 shows
the results of using the temperature-corrected Mason number
given by Eq. (10). The data collapse to a single master curve,
showing that temperature can now be presented along with shear
rate, solids loading, and suspension magnetization to completely
characterize the MR fluid performance across a wide range of
shear rates. The carefully detailed experiments that provided the
various data sets used in this series of analysis have become un-
necessary, as a single master curve of normalized apparent visc-
osity versus Mason number can now be used to extrapolate to a
wide array of operating conditions.

3.3. Comparison of Mason number at different device scales

Unlike the experiments using the Searle cell magnetorhe-
ometer instrument, the rotation testing of the rotary vane MREA
was not performed with a controlled temperature environment.
Each test was begun from room temperature, but from Fig. 9 it is
clear that increased amounts of resistive and viscous heating oc-
curred at higher applied currents. To minimize variations from this
temperature difference, the first six seconds of experimental
measurements can be used from each data set to yield a common,
average temperature of approximately 55 °C.

The Mason number can be calculated for both the inner and
outer gap regions, but since the shear rate and shear stress are
dependent on the chosen radius, the two Mason number values
are nearly identical; in all proceeding analysis, the inner gap re-
gion is used. Using the high shear rate, field off case to normalize
apparent viscosity results across the entire data set, apparent
viscosity trends with respect to the nondimensional Mason
number shows that data for different shear rates and applied
magnetization collapse to a single curve. Fig. 12 shows that the
data in this study tends to agree with the results from previous
research, although these experiments use MRF sheared in a con-
centric cylinder configuration and at rates approximately 25�
that used in the original work [9].
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This nondimensionalized plot for the rotary vane MREA per-
formance can now be directly compared with the results from the
Searle cell magnetorheometer, even though these systems differ in
maximum operating speed and system scale. Because the rotary
vane MREA has an operating gap diameter nearly 10� that of the
Searle cell magnetorheometer, it can generate 15.5 ft-lbs of torque
at shear rates up to 25,000 s�1, as compared to the Searle cell
instrument's 0.5 ft-lbs of torque at rates up to 10,000 s�1.

Fig. 13 shows the result of both nondimensionalized plots using
Mason number for the full-scale rotary vane damper and the
Searle cell magnetorheometer, each performed using the 40 vol%
MR fluid manufactured by LORD Corporation, MRF-140CG. Note
that while both curves exhibit the characteristic collapse within
themselves, the two lines are not superimposed due to the tem-
perature differences present during each characterization test. This
can be ameliorated by using the temperature-corrected Mason
number (Eq. (10)) to shift the curves by modifying the carrier fluid
viscosity term appropriately. After doing this, Fig. 14 demonstrates
that the two plots lie along the same master curve, indicating that
the performance of these two different shear mode MR energy
Fig. 14. Normalized apparent viscosity versus temperature corrected Mason
number for the Searle magnetorheometer and the RVMREA containing MRF-140CG.
absorbers, operating at different shear rates, magnetic field
strengths and temperatures can be described through the non-
dimensional Mason number.

A curve can be fitted to this data using an equation of the fol-
lowing form [21]:

= +∞
−n n KMn/ 1 (18)app

1

Here K is a fit parameter that can be expressed in terms of two
physically relevant nondimensional ratios, the normalized yield
stress (yield stress over a reference interparticle stress), τ τ⁎/y , and
the normalized plastic viscosity, η η∞/ c. K is sometimes referred to
in the literature as a “critical Mason number”, and this can be
extended to show that K varies linearly with the MR fluid volume
fraction, ϕ. Our analysis uses a modified form of Klingenberg's
Mason number, which contains a volume fraction term, and so this
results in an expression of the well known result that yield stress
varies linearly with volume fraction. In Fig. 14 the form used for K
is given below, where the nondimensional ratio parameters are
η∞¼0.59 Pa s and τ τ⁎/y ¼0.5 [14].

π
τ τ
η η

=
⁎

∞
K 3

/

/ (19)
y

c

Therefore, if the fluid parameters used to determine K are
known, either experimentally determined for novel MR formula-
tions or provided by the manufacturer, the master curve can be
calculated and a temperature correction factor can be used as a
design benchmark for a family of scalable, shear mode devices.
4. Conclusions

Rotary vane MREAs for shock impact operation at shear rates
well over γ ̇¼25,000 s�1 are currently designed using material
properties measured at low shear rate, that is, for shear rates less
than 1000 s�1. This research examines a nondimensional Mason
number analysis used to scale experimental data between differ-
ent devices.

Incorporating a Reynolds temperature correction factor, data
from both experiments is shown to collapse to a single master
curve, supporting the use of Mason number to correlate low- and
high-shear rate characterization data. This nondimensional ana-
lysis shows that the typical low shear rate data can be scaled to a
practical device having over 78 times the active surface area,
across a wide range of temperatures (9–55 °C) and operating
speeds (up to γ ̇¼25,000 s�1), such that performance can be pre-
dicted from only knowledge of the MR fluid properties. Plotting
normalized apparent viscosity versus Mason number causes flow
curve data to collapse at shear rates up to 25,000 s�1.

By accounting for temperature differences, the collapse of the
curves can be improved drastically. The temperature corrected
Mason number provides a simple and effective means of com-
parison between different shear rates, applied field strengths, and
operating temperatures. Plots of apparent viscosity versus Mason
number offer an alternative design metric, which is based solely
on the properties of the chosen MRF and can be reliably scaled to
devices of different size and operating speeds. Connecting la-
boratory experiments with practical applications using Mason
number can expand the design space of MREAs to high velocity
impacts.
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