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Magnetorheological fluids (MRFs) are a class of smart magnetic controlled

materials whose rheological properties can be controlled by a magnetic

field. These materials have advantages of short response time, high dynamic

range and low energy consumption. Due to their excellent properties, MRFs

have a widely application potential in the field of impact mitigation. As the shear

rate dependent viscosity of MRFs is astonishing for the shear thinning effect,

thus it is crucial to study the rheological properties cross a wide range of shear

rates for guiding the design and application of MRFs based adaptive impact

absorbers. Commercial rotational rheometers are usually used to test the

rheological properties of MRFs, but their range of measuring shear rates are

limited. Commercial capillary rheometers are designed to measure the

rheological behavior over a wide range of shear rates, but they’re usually

lack of ability to measure with magnetic field. In order to study the

rheological properties of MRFs under higher shear rate and applied magnetic

field, a lab-made speed-controlled capillary magneto-rheometer is developed

in the presnt work; The expressions for equivalent shear rate and apparent

viscosity of MRFs under the dimensional constraint of the set-up are derived. In

addition, the theoretical expression of shear rate of MRFs is modified by

Rabinowitsch correction. Then, the rheological properties of three particle

volume fractions (10%, 15%, and 20%)of MRFs with different magnetic field

strengths (6 mT, 13 mT, 20 mT, and 25 mT)are tested and analyzed, and the

rheological characteristic curves of MRFs with shear rate range of 101s−1–105s−1

are obtained with the normalized characterization using Mason number.

According to the experimental results, the MRFs show an obvious shear

thinning phenomenon as shear rate increases, and in the Mason number

based normalized characterization, the curves of different particle volume

fractions are collapse to a master curve.
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1 Introduction

Magnetorheological fluids (MRFs) are a class of smart

materials composed of micro soft ferromagnetic or

paramagnetic particles dispersed in a carrier fluid, whose

rheological properties can be controlled when stimulated with

magnetic field (Rabinow., 1948; Kolekar et al., 2014; Kamble

et al., 2015). When there is no external magnetic field, it exhibits

like a Newtonian fluid with low viscosity. However, under the

application of an external magnetic field, it exhibits like a Non-

Newtonian fluid, and phase changes from a free-flowing liquid to

a semi-solid or even a solid in a milliseconds level time, showing

strong controllable rheological characteristics. This phenomenon

is characterized by low energy consumption, easy control,

reversible and rapid response (Carlson et al., 1996). Based on

the above advantages, MRFs have attracted the research attention

of many scholars in the field of impact mitigation applications

over a large range of shear rate. Therefore, the study on the

rheological characteristics of MRFs has a great guiding

significance in device design and engineering application

(Yang et al., 2002).

Rotational rheometers (Becnel et al., 2014) and capillary

rheometers (Allebrandi et al., 2019) are usually used to measure

the rheological properties of polymers. The rotational

rheometers are the most widely used type of rheometer,

which are used to measure the rheological properties of

fluids at low shear rates. The capillary rheometers are used

to measure the shear viscosity at high shear rates. It is divided

into speed-controlled and pressure-controlled. The maximum

shear rate of commercial rotational rheometers is usually below

105/s, and some capillary rheometers can reach 107/s. However,

these lack the ability to apply a magnetic field. So, it is necessary

to develop high shear rate rheometers with an applied magnetic

field to study the rheological properties of magnetic liquids.

Fernando (Goncalves et al., 2005) utilized a capillary rheometer

to investigate the impact of residence time in the field on the

degree of establishment of MRFs formation, when the shear rate

range was 0.14 × 101–2.5 × 105/s. Allebrandi (Allebrandi et al.,

2019) designed an ultra-high shear rate rheometer with a

magnetic field to measure the rheological properties of

magnetic liquids at shear rates between 104–1.16 × 106/s.

Tammaro (Tammaro et al., 2021) designed of a

microcapillary rheometer that allows to perform experiments

rapidly and in a broad range of shear rates (i.e., from

10−1–103/s), using small amounts of material (i.e., just few

milligrams). In the study of rheological properties of

polymers, in order to correlate the characterization of

rheological features in the experiment under both low and

high shear rates, Mason number (Klingenberg et al., 2007;

Ruiz-López et al., 2017) is often used to produce the master

curve representing the law of the experimental data with a

dimensionless way, so as to achieve more accurately depicting

the rheological properties of MRFs.

In this paper, a lab-made speed-controlled capillary

magneto-rheometer was developed for rheological

characterization of MRFs. It was utilized for testing the

rheological properties of MRF prepared with different

volume fractions and stimulated with different magnetic

fields over a shear rates range from 101s−1 to 105s−1.
Normalized rheological characteristics based on Mason

number are conducted, and the corresponding characteristic

curves were obtained and analyzed.

2 Principle and structure

2.1 Principle and structure of capillary
rheology

A capillary magneto-rheometer proposed for characterizing

the rheological properties of MRFs over a large range of shear

rates and a lab-made prototype was built and employed in the

experiments. The structure of the capillary channel can be

simplified as shown in Figure 1.

The following five assumptions are made before deducing the

equation of capillary rheological properties:

(1) Unidirectional shear;

(2) Laminar flow (no bubbles are produced during the flow);

(3) Wall adherence;

(4) Isothermal flow;

(5) Incompressible flow.

As shown in Figure 1, the Navier-Stokes equation (N-S

equation) for the viscous fluid in the laminar flow inside a

horizontal straight circular pipe with uniform pipe diameter is:

( · v)v + zv
zt

� f − 1
ρ
P + η

ρ
2v, (1)

where f is volume force on a fluid, P is pressure, ] is velocity.

For a horizontal circular tube, the force of gravity on the fluid

can be ignored and only the axial velocity is considered. By

assuming that the continuity equation is satisfied, the pressure

difference between two ends is constant and the fluid moves

steadily, then the N-S equation can be simplified as:

FIGURE 1
Geometric structure of capillary flow.
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η2v − P � 0. (2)

According to the selected column coordinate system, z is the

axial coordinate, r is the radial coordinate, then:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

zP
zr

� 0

z2v
zr2

+ 1
r
zv
zr

� 1
η

zP
zz

. (3)

Figure 2 shows the distribution of pressure, velocity and

shear force in the longitudinal cross profile of the pipeline.

According to the boundary conditions and initial conditions,

the integral of the above equation gives the following velocity

profile:

v � ΔP
4η*L

(r20 − r2). (4)

Where η is viscosity, L is the length of capillary tube, r is radius of

capillary tube.

With Eq 4, the quantitative relationships among volume flow

Q, aspect ratio of pipe, outlet and inlet pressure difference,

viscosity and shear rate can be described by Poiseuille’s law:

Q � πr40
8η*L

ΔP. (5)

According to the principle of pipe geometry and fluid

mechanics, the shear rate at the wall is then calculated as:

γ � dv
dr

� 4Q
πr30

, (6)

and the shear force at the corresponding wall is given by:

τ � ΔP*πr20
2πr0*L

� r0*ΔP
2L

� ΔP

4
L
D

. (7)

Where D is the diameter of capillary tube.

Finally, according to the shear force and shear rate, the

apparent viscosity can be described as:

η � r0*ΔP
2γ*L

. (8)

Considering the actual geometry of the capillary tube and

working conditions of magneto-rheometer, it is necessary to

modify the calculation models to get the more accurate shear

rate. Therefore, Rabinowitsch should be applied for the flow

model, and reliable viscosity data can be obtained when these

corrections are applied.

The Rabinowitsch correction:

γtrue � γapp(3n + 1
4n

) � 4Q
πr30

(3n + 1
4n

), (9)

where γtrue is the corrected shear rate, γapp is the calculated shear

rate from the measured flow rate, n is the rheological index. The

rheological index n is a parameter related to the material

properties and the strength of the applied magnetic field. The

rheological index varies with different magnetic field strengths

and composition of MRFs.

In order to validate the Rabinowitsch correction for the shear

rates in capillary tube, a finite element simulation of capillary

flow based on COMSOL Multiphysics was conducted. The

comparison of the shear rates estimated in different methods

are shown in Table 1. In the simulations, the shear rates in first

column were calculated from the given inlet flow rate using Eq 6,

the shear rates in second column were calculated from the given

inlet flow rate using the Rabinowitsch correction Eq 9, and the

shear rates in third column were calculated from the outlet flow

rate using Eq 6. According to the comparison results, it can be

obtained that the accuracy of shear rates estimated after

Rabinowitsch correction have been improved significantly.

2.2 Principle of viscosity calculation

In this paper, the theoretical magnetic response viscosity of

MRFs with different magnetic field stimulations are calculated

based on the theoretical equation.

The viscosity of particle suspension can be obtained by

Einstein equation (Vand, 1945):

η0 � ηb(1 + 2.5ϕ), (10)

where ηb is the base fluid viscosity, and ϕ is the particle volume

fraction. Here the Rosensweig’s improved equation (Chi et al.,

1993) is employed for larger particle volume concentration:

η0 �
ηb

1 + bϕ + cϕ2, (11)

where b and c are the coefficients identified under test. According

to the fitting calculation, b � −5.04 and c � 7.09 is adopted for

the lab-prepared MRFs in this paper.

FIGURE 2
Flow velocity and shear force distribution of MRFs in pipeline
interface.
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In the presence of an applied magnetic field, the increment of

the magnetic response viscosity of MRFs relative to the zero-field

viscosity can be calculated by the following equation; (Chen,

2007; Zuo, 2018):

ηmag − η0 � η0(32ϕ 0.5αL(α)
1 + 0.5αL(α)sin

2 β), (12)

according to the Langevin function:

M � MpL(α) , α � πd3
pμ0HMp

6k0T
, L(α) � coth α − 1

α
, (13)

the expression of magnetic response viscosity is simplified as

follows:

ηmag � η0 + η0
⎛⎜⎝3
2

1
1
ϕ
+ 12κ0T

πd3
pμ0HM

⎞⎟⎠,
(14)

whereMp is theMagnetization of solid particles, ϕ is the particle

volume fraction, κ0 is the Boltzmann’s constant,

κ0 � 1.38 × 10−23J/K, T is the Absolute temperature, dp is

average diameter of aggregate molecules, μ0 is the Vacuum

permeability, H is external magnetic field strength, M is

magnetization of MRFs, β is the Angle between the magnetic

liquid vortex vector and the direction of the applied magnetic

field.

3 Experimental

3.1 Experimental set-up

In order to describe the rheological properties of MRFs under

high shear rate, a speed-controlled capillary rheometer was

developed in this paper. The capillary rheometer is available

to measure the apparent viscosity of materials in a wide range of

shear rates by adjusting the capillary diameter and pressure/

velocity in testing and studying the rheological properties of

MRFs. The capillary tube can be divided into three parts:

entrance development channel, damping channel and exit

channel. In order to generate a completely laminar flow and

reduce the influence of the inlet on pressure measurement, an

injection inlet of the MRFs was utilized at the entrance channel

TABLE 1 Comparison of the shear rates estimated in different methods.

Shear rates estimated
from given inlet
flow (1/s)

Shear rate estimated
from the modified
formula (1/s)

Shear rates estimated
from outlet flow
(1/s)

32.0 46.2 46.8

217 313 316

4,350 6,280 6,400

10,100 14,600 14,800

90,000 130,000 132,000

FIGURE 3
Principle structure block diagram of lab-made speed-controlled capillary rheometer.
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and the measuring position is located in the damping channel of

the rheometer. Generally, a magnetic field is applied in this

section of the pipeline and a pressure sensor is installed; The

outlet channel is used to drain the MRFs and recover it. The flow

medium to be measured is injected into the capillary tube at

different speeds under different magnetic field excitations to

form a certain range of shear rate (101s−1–105s−1), the

pressure difference and the flow rate at both ends of the

capillary tube are measured to calculate the rheological

characteristic curves of the flow medium to be measured.

The lab-made speed-controlled capillary magneto-rheometer

mainly consists of four systems: Drive system, control system,

data acquisition system and MRFs collection system. The

construction scheme of the experimental set-up is shown in

Figure 3:

The composition of the control system is shown in Figure 4,

including PC, motion control card, servo driver and servo

cylinder. Both control and data acquisition systems are

achieved by programming with Labview. The PC side is

connected with network cable, programmed with LabView,

and handled the motion control card by calling the dynamic

link library DLL function; The LHEM-2424-4PD-00 motion

control card is adopted, which is equipped with network cable

interface, USB interface and RS485 serial port. It has 24 IO input

ports and 16 IO output ports, and it is able to carry out 4-axis

operation control at the same time; ASD620B series Servo driver

was adopted which can be used for speed control, position

control and torque control; The model of servo motor with

the ability of self-locking is 80ST-M02430A-N, whose maximum

speed and minimum speed are 5,000 r/min and 1r/min,

respectively. The power supply is controlled by the servo

driver, and the motor rotation angle is recorded by the

encoder. The motor shaft is connected to an electric cylinder,

which converts rotational motion into linear motion and pushes

the needle piston into injection.

The composition of the data acquisition system is shown

in Figure 5, which includes pressure sensors on both sides of

the pipeline, flowmeters, and NI data acquisition cards. The

FIGURE 4
Composition of control system.

FIGURE 5
Composition of data acquisition.

FIGURE 6
The magnetic field strength of Helmholtz coil varies with the
output voltage of power supply.
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data acquisition card collects the voltage and pulse signal of

the sensors, reads the signal in the Labview control panel and

outputs with data table.Two pipe pressure sensors and a ring

pressure sensor are used in this experimental system. Two

pipeline pressure sensors are Aier AE-S series micro high-

frequency dynamic pressure transmitters, with a range of

0–3.5 and 0–40 MPa, with an accuracy of ±0.25% of full

scale. The annular pressure sensor is installed at the end of

the push rod of the electric cylinder to measure the thrust of

the push rod. The pressure measurement range is 30 KN and

the measurement accuracy is ± 0.05%. The flowmeter is a

small flow elliptical gear flowmeter, whose measurement

range is 0.5–150 ml/min with a measurement accuracy of

0.2%. A Helmholtz coil is used to provide a stable

magnetic field for the experiments. The Helmholtz coil has

a cylindrical region with a height range of 0.8R and a radius

range of 0.3R.

Using a programmed DC power supply with a maximum

output voltage of 24 V, the magnetic field strength at the center of

the Helmholtz coil is measured with a gaussmeter, and the

variation curve of the magnetic field strength with the output

voltage of the power supply is shown in Figure 6:

The four voltages selected for the experiment are 5, 10, 15,

and 20 V, and the corresponding magnetic field strengths are 6,

13, 20, and 25 mT, respectively. The Helmholtz coils are

arranged on both sides of the capillary tube, and a uniform

magnetic field perpendicular to the pipe axis is applied to the

capillary tube. The structure diagram and physical diagram of

the lab-made capillary rheometer set-up finally built are shown

in Figure 7 and Figure 8:

3.2 Experiment

3.2.1 Experiment calibration
The given viscosity of a pure silicone oil and its measured

viscosity using commercial rotary viscometer (SNB-2 Digital

viscometer) are taken to compare for calibrating the lab-made

capillary rheometer. Considering the given viscosity as standard,

the corresponding mearsuring errors of the commercial rotary

viscometer and the lab-made capillary rheometer were evaluated

as shown in Table 2.

According to the comparison shown in Table 2, it can be

obtained that the relative error measured by the commercial

viscometer is 9.4% while the relative error measured by the lab-

made capillary magneto-rheometer is 4.2%. Thus, the experimental

data in the following subsections of this paper are all measured with

the lab-made magneto-rheometer. The rheological properties of

pure silicone oils were tested using the lab-made capillary rheometer

at different shear rates, and themeasured curves between shear stress

and shear rate were obtained as shown in Figure 9. It can be seen that

the relationship between shear stress and shear rate is linear, which

satisfies the constant viscosity of pure silicone oil as a Newtonian

fluid.

FIGURE 7
Structure diagram of lab-made speed-controlled capillary rheometer.

FIGURE 8
Physical picture of the test set-up.
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3.2.2 Experimental study
In order to study the magnetorheological properties of

MRFs over a large range of shear rate under magnetic field

stimulation, a lab-made capillary magneto-rheometer is

developed. The influence of different particle volume fraction

and different magnetic fields on the rheological properties of

MRFs over a large range of shear rate are experimentally

studied. Among them, the selected MRF particle size is

2–3μm; The range of shear rate is 101s−1–105s−1, and the

corresponding shear rates adopted in experiments are

4.62 × 101s−1、3.13 × 102s−1、 6.28 × 103s−1, 1.46 × 104s−1

and 1.30 × 105s−1; Three MRFs with volume fractions of

10%, 15% and 20% are selected for testing, as shown in

Table 3; Four magnetic fields with intensities 6, 13, 20 and

25 mT are selected for testing.

In the experiments, the calculated mass fraction values and

measured zero field viscosity of MRFs with different volume

fractions are also shown in Table 3.

In the experiments, the lab-made speed-controlled

rheometer is employed to measure the pressure drop and flow

rate at both ends of the capillary, and MRFs are prepared with

different particle volume fractions. The shear force and viscosity

are calculated by the pressure drop, flow rate and geometric

dimension using the method described in Eq 7 and Eq 8. The

effects of particle volume fraction and magnetic field excitation

on the rheological characteristics of MRFs are experimentally

studied.

When the tube flow rate is limited, the capillary with a

smaller diameter should be chosen in order to achieve the

shear rate 104s−1–105s−1 according to the shear rate

calculation Eq 9. The outer diameter shown in Table 4 is

selected for adaptation in these experiments. The quartz glass

capillary with small inner diameter is nested in the

metal tube.

3.2.3 Experimental results and analysis
In the experiments, the pipeline pressure signals are collected

and converted to obtain the pressure drop at steady state. The

curves of shear stress and viscosity considering various influences

(shear rate, volume fraction, magnetic field strength) were

obtained experimentally. According to the geometry of

capillary tube and fluid mechanics, the shear rate at the wall

is determined with Eq 6.

In Figure 10, it is found that the internal pressure of the

pipeline is too large for crystal tube when the shear rate exceeds

105s−1. Therefore, in this work, we only discuss the situation of

shear rates up to 105s−1.

3.2.3.1 Rheological properties of MRFs in a wide range of

shear rates

In order to describe the overall rheological characteristics of

MRFs under the magnetic field stimulation over a large range of

shear rate, anMR Fluids samlpe with volume fraction of 20% was

prepared and tested under magnetic field of 25 mT and the

rheological characteristic curve was obtained, as shown in

Figure 10.

TABLE 2 Comparison of the viscosities obtained in different methods.

Given product parameters The commercial rotary
viscometer (SNB-2 digital viscometer)

Lab-made capillary experimental
setup

0.971 (pa*s) 0.88 (pa*s) 0.93 (pa*s)

— 9.4% 4.2%

FIGURE 9
Relationship between shear stress and shear rate of silicone
oil measured by the custom capillary rheometer.

TABLE 3 Mass fraction and zero field viscosity values of MRF with
different volume fractions.

Volume fraction (%) 10 15 20

Mass fraction (%) 0.4747 0.5894 0.6703

Zero field viscosity (pa*s) 1.69 2.43 3.54
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It can be seen from Figure 11 the apparent viscosity curve

shows an obvious shear thinning phenomenon over

101s−1–105s−1. When the shear rate is larger than 104s−1, the
phenomenon of shear thinning of the apparent viscosity is

reduced, and the apparent viscosity is close to zero field

viscosity (Table 3).

3.2.3.2 Influencing factors of apparent viscosity

The effects of the apparent viscosity in the non-Newtonian

flow are usually described by the dimensionless Mason number

(Sherman et al., 2015), which represents the relationship between

fluid force Fτ and the couple force Fd of a single particle, that is,

the relationship between the shear stress Fτ of MRFs and the

microscopic magnetic force Fd:

Mn � Fτ

Fd
� 9ηcϕ

2

2μ0μc

γ

M2. (15)

where ηc is the viscosity of carrier fluid, ϕ is the particle volume

fraction of suspension, μ0 is the vacuum permeability, μc is the

permeability to the carrier fluids, andM is the overall magnetization.

The Mason number demonstrate the connection between viscosity,

shear rate, and magnetic field intensity, and this “data collapse”

(Becnel et al., 2015) processing can explain how multiple factors

interact to affect viscosity in a linear range. Compared with other

conventional rheological characterization based on shear rate, the

main advantage of normalized rheological characterization based on

the Mason number is that a wide range of reliable rheological

characteristic curves can be obtained through limited experiments,

and the characteristic curves under different amplitudes can be

folded and shrunk to one rheological master curve.

TABLE 4 The inner diameter and aspect ratio of the capillary used in the experiments.

Capillary section shape Inner diameter (mm) Length
to diameter ratio-L/D

Circular 0.2 20

30

40

0.4 20

30

40

0.6 20

30

40

FIGURE 11
Apparent viscosity as a function of shear rate.FIGURE 10

Relationship betweenmean velocity and theoretical apparent
shear rate of capillary tubes with different inner diameters.
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When Mason number is used to normalize rheological curves,

the following equation from can be used to fit the data (Becnel et al.,

2015).

ηapp/η∞ � 1 + KMn−1, (16)

where ηapp is the apparent viscosity, η∞ is the viscosity at high

shear rates in the absence of an applied magnetic field, K is a fit

parameter that can be expressed in terms of two physically

relevant nondimensional ratios and is sometimes referred to

in the literature as a “critical Mason number”.

(1) Volume fraction

To investigate the effect of the volume fraction ofMRFs on its

rheological properties with a shear rate range over 101s−1–105s−1,

the rheological characteristic curves of MRFs with three different

volume fractions under magnetic field stimulation of 25 mT are

experimentally studied. The particle volume fractions of MRFs

are 10%, 15% and 20%, respectively. The resulting curves are

shown in Figure 12A.

It can be seen from Figure 12A, the phenomenon of shear

thinning ofmagnetorheological fluid with different volume fractions

appeared obviously. In specific, the shear thinning phenomenon is

more obvious with the increase of particle volume fraction and this

phenomenon is reduced when the shear rate higher than 4,000 s−1.

Under the same shear rate and magnetic field strength excitations,

the larger the volume fraction, the higher the apparent viscosity.

The normalized apparent viscosity of MRFs with different

volume fractions were calculated using Eq 16 and the Mason

number of MRFs with different volume fractions were calculated

using Eq 15. As shown in Figure 12B, the normalized rheological

FIGURE 12
(A) The apparent viscosity versus apparent shear rate curves with different volume fraction under a magnetic field strength of 25 mT; (B)
Apparent viscosity versus Mason number curves.

FIGURE 13
(A) The apparent viscosity versus apparent shear rate curves with different magnetic field intensities for 20% volume fractionMRFs; (B) Apparent
viscosity versus Mason number curve.
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characteristic curve is obtained. It can be seen that under the

same magnetic field, the rheological characteristics of MRFs with

different volume fractions keep the same trend and they’re all

approaching the formula fitting curve (ηapp/η∞ � 1 + kMn−1).

(2) Magnetic field intensity

In order to study the effect of the magnetic field intensity of

MRFs on its rheological properties with a shear rate range of

101s−1–105s−1. The rheological characteristic curves under four

different magnetic field intensities stimulation of MRFs with

volume fraction of 20% are experimentally studied. The applied

magnetic field intensities of MRFs are 6, 13, 20, and 25 mT, and

the corresponding voltage excitations are 5, 10, 15, and 20,

respectively. The resulting curves is shown in Figure 13A.

It can be seen from Figure 13A that when the samples are

prepared with the same particle volume fraction and measured

under the same shear rate, the greater the magnetic field strength,

the higher the apparent viscosity; Under the condition of the

same particle volume fraction, with the increase of shear rate, the

apparent viscosity is lower, and the shear thinning phenomenon

is more obvious with the increase of coil voltage. It is consistent

with the conclusion of related field research.

In Figures 13A,B normalized characterization based on

Mason number is conducted. The results show that the

apparent viscosity curves obtained under different magnetic

field intensities shrink to a master rheological curve. This

feature allows us to reduce the number of tests in

experiments, and it can be detected if one of the tests has

abnormal error.

4 Conclusion

In order to study the rheological properties of MRFs within

a wide shear rate range, a speed-controlled capillary magneto-

rheometer is developed. The rheological properties of MRF over

the shear rate range of 101s−1–105s−1 are measured by the lab-

made magneto-rheometer and the obtained rheological

characteristic curves are normalized using Mason number.

According to the experimental results, the shear thinning

effect is observed over the whole shear rate range of

101s−1–105s−1. The effects of particle volume fraction and

magnetic field excitation on the rheological characteristics of

MRFs are experimentally studied. In the Mason number based

normalized characterizations, the master curves are obtained

for different particle volume fractions and magnetic field

strengths. According to the resulting curves of normalized

apparent viscosity versus Mason number with different

volume fractions, the obtained curves keep the same trend

and they are all approaching the formula fitting curve

(ηapp/η∞ � 1 + 1.961/Mn). In the normalized characterization

with different magnetic field excitation, the obtained curves

show that the apparent viscosity of MRFs is increased with the

increase of applied magnetic field strength and preserve a

common trend.
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