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ABSTRACT

Magnetorheological fluid (MRF) is the dispersion of magnetic particles in a
base liquid. They are controllable fluids whose flow properties can be changed by
applying an external magnetic field. The design of the MR system and composition of
MR fluid significantly impact the performance. Sedimentation stability and high yield
stress of an MRF are essential parameters for better damping performance for any
practical MR application. Initially, investigations have been carried out on carbonyl
iron particles to determine the morphology, particle size, crystal structure, and
saturation magnetization for their feasibility of synthesizing magnetorheological

fluids in-house.

In the first section of the study, the synthesis of various MRFs from commonly
used carrier fluids and additives was carried out. The MRF samples were prepared for
25 % volume fractions of carbonyl iron (CI) powder in either silicone oil (350 cSt) or
hydraulic oil (50 cSt) and by using lithium or calcium-based additives or a
combination of both additives. The sedimentation stability and yield behaviour at
different temperatures show a remarkable drop in sedimentation rate and yield stress
for all the MR fluid samples. The characterization of the prepared MR fluids reveals
that silicone oil fluid samples are more stable and have high yield stress values. One
of the samples among the silicone oil based MRF is selected to further characterize its
dynamic performance in magnetorheological fluid damper fabricated based on
geometric dimensions obtained from the response surface optimization technique. The
results indicate a 164.45 % and 135.48 % increase in damping force at higher

amplitude and frequencies at 0 A and 1 A currents.

Further, similar tests have been carried out by synthesizing one more MRF
with silicone oil (50 cSt) + lithium base grease as the additive. The samples stability
and yield stress with temperature are carried out, and performance analysis shows a
remarkable change in damping force than earlier MRFs in the present study. The
dynamic range obtained is practically more viable in 50 cSt silicone oil carrier fluid
MREF than 350 cSt and 50 cSt in MRF samples, with less variability.



The second part of the study aims to evaluate the temperature effect of MR
fluid on performance while the damper is working. The range of critical parameters
used to fabricate the MR damper is selected using the Technique for Order of
Preference by Similarity to Ideal Solution performance score (TOPSIS). The
temperature of the MR fluid is measured using an embedded thermocouple while the
damper is operating at different loading parameters. The results reveal that the fluid
temperature rises significantly from atmospheric to 125.39 °C, decreasing damping
force by 66.32 % at higher loading parameters. The theoretical model predicts a
temperature increase similar to the experimental values, with an average error of
10.24 % in the on-state condition. Particle characterization after dynamic testing
reveals particle morphology has not changed, but the saturation magnetization of the
particles reduced by 57 % at higher temperatures (127 °C). It is observed through
thermogravimetric analysis (TGA) that the fluid's life is reduced by 0.25 %, which is
negligible after dynamic testing of the liquid for approximately 85000 cycles. Finally,
to imitate the temperature effect on the particle, particles were heat-treated at 200 °C,
400 °C, and 600 °C. Through scanning electron microscope (SEM) images, it is
confirmed that deterioration of the particle starts after 200 °C if the fluid is operated

for a prolonged amount of time.

Along similar lines, the better MR fluid, which gives good sedimentation and
yield stress, is further used to study the torque generation in two-rotor MR brake. The
objective of this study is to know the torque generation capacity of the MR brake
(Total mass=1.62 kg). The fabrication of MR brake is based on the Finite Element
Method Magnetics (FEMM), which shows approximately 0.145 T magnetic flux
density in the shearing gap. The MR brake's characterization shows an increase in
torque with increased current and speed. Lastly, the tests have been carried out to
identify the effect of sedimentation on torque generation at 52 °C after 15 hours of
sedimentation. TGA and SEM analysis of the MR fluid and particles shows that 322
°C is the start of destabilization of the fluid, and after complete destabilization, the
particle starts to melt at 400 °C, which acts as critical point in controlling the MR

fluid system input parameters.



Keywords: Magnetorheological fluid, Temperature effect on sedimentation,
Herschel-Bulkley model, Magnetorheological fluid damper, Magnetorheological fluid
brak.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Intelligent materials are gradually employed in various technologies due to
their inherent benefits over contemporary technologies. Changes in flow properties of
the smart materials to the external electrical field, magnetic field, etc., can be
programmed in a controllable way. The various intelligent or smart materials types
include controllable magnetorheological (MR) and electrorheological (ER) fluids, MR
elastomers, shape memory alloys, piezoelectric, electro-active polymers, etc. The
potential application of smart materials can be seen in vibration control, health
monitoring of mechanical systems with special applications in the automobile
industry, aerospace, mechanical and civil engineering structures, prosthetic
technology, etc. (Gotdasz and Bogdan (2014)).

Winslow and Rabinow (1947-48) first reported the magnetic and
electrorheological fluids, where magnetic particles were dispersed in a non-
conducting liquid medium that can be activated through magnetic and electric fields.
However, due to technical limits, commercialization was hindered. Although in the
past 20 years, many researchers successfully implemented mechanical devices such as
damper, brake, and clutch applications using MR fluid. The inherent disadvantages of
the ER fluid, like more voltage consumption, sensitivity at lower temperatures, and

lesser performance, create less importance when compared to MR fluids.

This chapter includes the basic terminologies related to magnetorheological
fluids flow behaviour, a brief introduction to the MR damper and MR brake, and its
controllable behaviour. Finally, a few mathematical models of the MR fluid and MR

dampers are disclosed.



1.2 MAGNETORHEOLOGICAL (MR) FLUID

These are the class of smart fluids that consist of magnetic particles suspended
in the base fluid. Generally, the magnetic particles are pure carbonyl (CI) iron or
cobalt powder and the base liquid may be silicone or fork oil. The additives were
added in small percentages to minimize the settling rate of the magnetic particles. In
the absence of a magnetic field, the particles were dispersed in a carrier fluid, as
shown in figure 1.1(a). However, using a magnetic field introduces a dipole moment
in the particles and tends to align in the direction of the external magnetic field, as
illustrated in figure 1.1(b). The formation of the chain in the direction of the magnetic
field is reversible, and this reversible yield stress in MR fluid can be controlled based

on the increase in the applied magnetic field.

Formation of chain in the
direction of magnetic field lines

Magnetic particles

B =0, magnetic field B =0, magnetic field

(a)Without magnetic field (b) With magnetic field

Figure 1.1 Magnetorheological fluid behaviour with and without magnetic field

The MR fluid in without magnetic field shows Newtonian behaviour, and with
the application of a magnetic field, MR fluid shows non-Newtonian behaviour. Flow
property study of MR fluid is carried out in pre and post-yield stress regions through
constitutive models, which is given by Jolly et al. (1999) and is shown in equation
(1.1) and (1.2).

T=G". y,when t < 1g yieid (1.1)
T = T. TB, yield + W. ¥V, WheN T > Tg, yieia (1.2)

Where, ¥ = shear rate (s%), 1(8)= yield stress (Pa) p = viscosity (Pa-s), B = magnetic

flux density (T), G” = shear modulus, and t = shear stress (Pa)
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1.2.1 MR fluid models

The factors which affect MR fluid properties are magnetic particle concentration,
base liquid viscosity, additive, and external magnetic field etc. The induction of yield
stress or viscosity change due to application of magnetic field is also called MR effect.
Due to this magnetic effect, MR fluid behaves as a semi-solid like in the pre-yield
region with absence of flow. When the applied shear crosses yield stress the MR fluid
starts to flow creating a post-yield region where MR fluids mainly work. The non-
linear flow characteristics of the MR fluids can be evaluated using various
mathematical models (Mitsoulis et al. (2007)). The design of MR fluid technology
will be based on rheological models. Some of the most suitably reported non-linear

rheological models for MR fluids are discussed below.

a. Bingham — Plastic model: The present model describes Newtonian viscosity in
equivalence with variable shear stress parameters. The characteristics of the
flow of fluid and shear stress can be using equation (1.3) is shown in figure
1.2(a).

T=18+ MY, |t| > 18 (1.3)

Where, 15 = yield stress dependent on magnetic field, n = apparent viscosity and y =

shear rate

b. Herschel — Bulkley (HB) model: The post-yield shear thinning nature of MR
fluids was considered in this model. The variation in shear stress with respect
to shear rate is expressed as shown in figure 1.2a and equation 1.4.

t=1 +K@)", || > 18 (1.4)

Where tg = yield stress depends on the magnetic field, n and K is flow and

consistency index and y = shear rate

c. Casson model: The behaviour of the fluid is shown in figure 1.2(a), and the
fluid shear stress can be modelled according to the equation Mitsoulis (2007)

VT =18 + \/T, 7| > 78 (1.5)
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d. Biviscous model: In this model, the rheology of MR fluids is characterized in
terms of pre-yield and post-yield behaviour, as shown in Figure 1.2(b). The
shear stress can be estimated by the following equation Goldasz and Sapinski
(2015)

_{ my
T_{rB + ny TST (1.6)

Here, n, and 7 are the elastic and viscous fluid properties. It can be noticed that in a
limiting case of 7, — oo, this model tends to be the Bingham model. Ghaffari et al.

(2015) shows the detailed view of all the rheological models that can be referred.

bt) Bingham-plastic model |
g Pre-yield | Post-yield
2 € l—
1
: Lo
= = g |
z w |
g N ,
@ Y | .
I \
Ty= Yield stress 1 . \l
I Applied current
I
Shear rate Shear l‘ate

Figure 1.2 (a) Non-linear models (b) shear stress versus shear strain for different
MR fluid models

The dynamic yield shear stress increases with an increment in a magnetic field.
In the absence of a magnetic field, the shear stress of the fluid is due to its own
viscosity and is termed viscous-induced shear stress. In the presence of a magnetic
field, the fluid shear stress comprises two components: viscous-induced shear stress
and field-dependent yield shear stress. The field-dependent yield shear stress of MR
fluid is evaluated by adopting two rheological regimes of MR fluid, as shown in figure
1.2(b). In the pre-yield region, MR fluid behaves like a linear viscoelastic material, a
nonlinear viscoelastic material in the yield region and plastic material in the post-yield
part. The rheological property in the post-yield area, field-dependent dynamic yield
shear stress, is considered in the design of MR fluid devices like dampers, brakes,

clutches, etc. In the design of smart structures such as MR fluid sandwich beams and
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MR elastomer sandwich beams for vibration control, the field-dependent complex
modulus in the pre-yield region is a significant property considered Choi and Han
(2012).

1.2.2 MR fluid operating modes

There are four Modes of operation MR fluid: There are four main operating
modes of the MR damper. They are
a. Flow mode: the fluid flows between two stationaries planar (or concentric) surfaces
due to a pressure difference. The changes in the rheology of the fluid are controlled by
an external field that is normal to the direction of the flow.
b. Shear mode: the fluid flows between two surfaces that move relative to each other.
Again, the external magnetic field is normal to the direction of the fluid flow, thus
causing changes in the rheology of the fluid.
c. Squeeze mode: the fluid is sandwiched between two planar parallel surfaces. The
distance between the poles varies according to the prescribed displacement or force
input.
d. Pinch mode: the MR valve features magnetic poles in an axial arrangement along
the flow channel. The magnetic field controls the effective diameter of the semi-
orifice—the fluid is solidified at the fluid layers near the magnetic poles. Figure
1.3(a)-(d) shows the various operational modes.

¢ ¢ Direction of magnetic field

-
v

—

—* H e > e
pressurised fluid flow | . pressurised fluid flow -

Moving pole i

Direction of magnetic field

(a) Flow mode (b) Shear mode
gneLc fie!
T Force | |
( Fluid flow | - pressurised fluid flow
< | N
] I I S I
(c) Squeeze mode (d) Pinch mode|

Figure 1.3 Operating modes of the MR fluids
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1.3 MAGNETORHEOLOGICAL DAMPER

MR damper is an energy dissipating device which semi-active that uses MR
fluid to induce governable damping force. The MR damper consists of a reciprocating
electromagnetic piston having an electromagnetic coil which is also called an
electromagnetic circuit. The piston glides inside a cylinder, separating the cylindrical
compartment into upper and lower segments. When the piston rod moves, the MR
fluid flows through the annular gap. When the current is supplied to the coil, a
magnetic field is generated around the piston creating resistance to the flow of fluid in
the gap. The force produced by the MR damper is divided into three components they
are viscous force and frictional force which is uncontrollable in nature and the third
one controllable force which is dependent on the magnetic field. The variation in the
damping force can be decided by the application magnetic field. Prabhakar et al.
(2009) carried out experimental studies on performance of the MR damper and figure
1.4 depicts the magnetorheological damper and its parts. Using the control strategy,
the desired magnitude of the current is provided to the coil so that the magnetic field
produced will induce the necessary damping force in the system.

Outer Cylinder End Blank

M - ” I & ‘: .t 1
Top Fitment /

| (\

Figure 1.4 MR damper and its components (Prabhakar et al. (2009))



1.3.1 Types of MR Damper
The MR dampers are classified mainly into three types based on their

construction, namely:

e Monotube damper

e Twin tube damper and

e Twin rod single tube damper

—@ @ bo

Electrical cables
for dec power supply

Electrical cables

'\_Qdc power suypl,

Piston rod

Coil windings

Coil windings

Floating piston {ERR
Nitrogen gas Frat - - : MR fluid $—__|

Bottom holder /

(a) Monotube MR damper (b) Twin tube MR damper (c) Twin rod MR damper

Figure 1.5 (a-c) MR dampers and their types

The monotube MR damper consists of a single cylinder for the piston, MR
fluid and an accumulator for accommodating volume changes during piston rod
movement. A floating piston separates the MR fluid from the accumulator chamber,
which consists of high-pressure nitrogen gas, as shown in figure 1.5(a). An annular
gap between the piston and cylinder permits fluid to flow between the chambers while
the piston is in motion. When current is supplied to the piston coil, the MR fluid in the
shear gap is subjected to a magnetic field, which offers more resistance to fluid flow,

thus inducing more damping force. To avoid cavitation, high-pressure gas is necessary
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for the accumulator below the floating piston. However, it requires a very high surface

finish on the cylinder inner surface, sealing requirements and friction.

The twin-tube MR damper is shown in figure 1.5(b) and consists of two tubes
arranged concentrically. MR fluid is filled in the inner tube while partially in the space
between the inner and outer tube. Air at atmospheric pressure or some inert gas at
high pressure occupies the remaining space in the outer tube. A base valve separates
the inner and outer tubes. The inner tube houses the piston, and the volume changes
occurring during the piston rod movement are accommodated by the MR fluid moving
from the inner tube to the outer tube through the base valve. This configuration does
not require high precision machining as in the case of a monotube MR damper. In the
twin rod single tube MR damper, as depicted in figure 1.5(c), the piston has piston
rods on either side and protrudes from either end of the cylinder. It does not need an

accumulator as there are no volume changes during piston movement.

1.4 MAGNETORHEOLOGICAL BRAKE

Generally hydraulic brakes are used in contemporary mechanical systems.
Nonetheless, conventional brakes have many disadvantages such as large size,
increased temperature, less performance, more response time due to higher pressure
build up etc. Alternatively, brakes with magnetorheological fluids will have higher
performance, lesser temperature, less response time, lower mass, and lesser additional
components etc. with quicker response time using optimal control strategies.
Henceforth, brakes with magnetorheological fluids have immense probability to

replace conventional brakes due to their inherent advantages.

The components of MR brake are outer casing, rotor discs, stationary stator
disc, and copper coil on a bobbin and MR fluid gap. A schematic diagram of a single
disc MR brake is given figure below. Fluid is filled in the gap between the stator and
rotor disc where the copper coil is wound on the stator top surface which is having
certain depth. The coil around the stator is supplied with electric current which
generates magnetic flux density towards the rotor, through the MR fluid creating a
braking effect. Avraam et al. (2010) and Attia et al., (2014) had discussed different
types of MR brakes such as single plate brake, multiplate brakes, inverted drum
brakes, and T-shaped brakes using different electromagnetic design to create higher

8
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magnetic field in the fluid flow gap. Though, single rotor brake is compacted and very
easy to manufacture different types of brakes design are needed to enhance the torque

capacity. Figures 1.6-1.9 shows different types of MR brake

Figure 1.6 depict the disk type brake which is easier to fabricate but has higher
inertia and lesser torque to volume proportion. The drum brake with inverted in shape
which is compact and has hollow discs that encompas the coil which reduces the
inertia of the disc than drum brake. Due to the larger availability of the area around

the rotor disc T-shaped brake produces more torque.

Magnetic Material
Non-magnetic Material

Coil

Casing

d —— Coils

Bobbin

Gap with MR

4 — MR Fluid

Rotor Disc

| Rotating Shaft

Figure 1.6 T-shaped MR brake

Figure 1.7 shows the disk type MR brake the drum type MR brake is also
popular and in use. In this case, the rotor of the brake is a long cylinder and magnetic
field is applied along the radial direction. The magnetic field is made majorly to flow
radially and not around the end faces of the brake. Here, the coil is wound on the

bobbin fixed to the housing.
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Figure 1.7 Drum type MR brake

Figure 1.8 shows the combination of disk type and drum-type MR brake. Here

side housings are made of magnetic material unlike for drum-type MR brake. Thus,

the magnetic flux caused by the coil flows in axial as well as radial directions.

Magnetic Material

Non-magnetic Material
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Figure 1.8 Hybrid MR brake

In the case of hybrid T-shaped MR brake, magnetic flux runs across both the

outer and inner annular ducts of the T-flange and the radial ducts of the T-leg a large

braking torque is expected. A typical configuration of the hybrid T-type MRB with

different components is shown in figure 1.9.
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Figure 1.9 Hybrid T-type MR brake

However the complexity in fabrication is more than the other MR brakes. The
simple disc MR brake was first used by Rabinow who invented MR fluid which he
used as an application part. For high torque application such prosthetic knee, and
automotive application multi disc MR brakes can be used. The design and fabrication
are very highly complex and should be studied further to ease the design process of

MR brakes to increase torque generation.

1.5 MR fluid damper in structural applications

MR fluid damper in structural applications was studied Dyke et al. (1998) for
its effectiveness of MR damper for earthquake amplitude reduction. MR dampers
subjected to random excitations when used in multiple storey building can reduce
seismic vibrations coming from the ground. Yang et al. (2002) developed large scale
(capacity 20 ton) MR damper for structural application and authenticated
experimentally and analytically with the designs. The schematic diagram of the multi-
stage MR damper is shown in figure 1.10. The requirement for low response time can
be countered by the application of the large scale MR damper in structural

implementations.
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Figure 1.10 MR damper for civil engineering applications (Yang et al. (2004)

1.6 MR fluid mounts
Most of the chassis of the engine vibration can be controlled by the mount.
However, hydraulic mounts having rubber and fluid with better controllability
can reduce the vibration. The input to the MR mount will be high frequency
and low amplitude signals which should be suppressed by effective use of MR
mounts. One of the designs which was carried out by Do and Choi (2015)
which is depicted in the figure 1.11 for higher load applications which operate
in all the three modes of MR fluid operations. They also illustrated detailed
guidelines for the development of the mount operated with shear and flow
mode. Zhang et al. (2011) performed dynamic testing and modelling of MR
fluid squeeze mount and found a good match between the mathematical and
test results. Hong and Choi (2005) demonstrated through experiments that
vibration levels of structural system employing controller can be effectively

reduced by means of MR mounts.
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Figure 1.11 Magnetorheological mount (Do and Choi 2015)
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1.7 Magneto-rheological fluid prosthesis

The schematic representation and image of the prosthetic knee damper are
illustrated in figure 1.12. The design and development of prosthetic knee
damper was carried out by Park et al. (2016) with an integrated controller and
performance analysis was evaluated on different grounds. The results show
that performance enhancement was seen at lower speeds than at higher speeds.
The study related to the parameters of the prosthetic knee was evaluated by
Jonsdottir at al. (2009). The torque generation and application of the magnetic
field was calculated. Acharya et al. (2020) worked on MR brake for better
torque generation using an optimal proportion of MR fluid. The idea can be
further implemented to suit for the application in knee joints with reduced size
and arranging multiple plates to increase the torque enhancement and to

increase the applicability of the MR brake.

Thigh

Encoder

Figure 1.12 Prosthetic leg with MR damper and
schematic picture (Park et al. (2016)
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1.8 MR fluid machining devices

Widespread work related to machining operations has been carried out to
developing better finishing method using MR fluid. Song et al. (2011) investigated the
tribology of aluminium, steel, and brass materials by using MR fluid (lord 132DG) for
polishing in the existence and non-appearance of magnetic fields under various
examination conditions. They observed that wear and friction loss is drastically come
down with the application of magnetic field intensity. In another work, they observed
that MR fluid effectively reduced roughness of steel surface while hard surface finish
was obtained in case of brass and aluminium metals. MR fluid with higher particle

concentration caused in better surface finish in case of hard job sample.

Figure 1.13 MR fluid operated polishing tool (lasermaterials.lInl.gov/focus-
areas/optical-finishing))
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1.9 SUMMARY

In this chapter, a brief discussion on MR fluids and their models, MR dampers
and their terminology and Multiplate MR brake and their terminology and
categorizations have been presented. The current chapter provides the general terms
necessary to know the remaining part of this study. Next chapter emphasizes the
literature study related to the design of MR fluid-based devices in MR damper and
MR brake applications.
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1.10 ORGANIZATION OF THESIS

There are six chapters in this thesis i.e. Introduction, Literature study, MR
fluid synthesis, sedimentation study, and characterization with temperature,
performance analysis of the MR damper and two plate rotor MR brake to evaluate the
temperature effect on damping force and torque generation and lastly the conclusions.
Further, inspiration for research is reflected, trailed by defining the objectives and
scope of research. The research methodology followed to carry out the outlined
objectives is described.

Chapter 2. Brief literature on the synthesis of MR fluid, the effect of temperature
sedimentation rate and flow characteristics of the MR fluids and the performance

analysis of MR dampers and MR brakes.

Chapter 3. This chapter discusses the synthesis of different MR fluid samples of
different carrier liquid and additives. Secondly, in this chapter sedimentation rate and
characterization of the MR fluid to know the effect of temperature effect of settling

rate and flow characteristics.

Chapter 4. This chapter evaluates the effect of temperature on the performance of the
MR damper by embedding a thermocouple in the damper to measure the temperature

of the MR fluid inside the damper at various input parameters.

Chapter 5. This chapter details the design, development and characterization of the
scaled down two plate rotor MR brake and, the current chapter also deals with the

effect of sedimentation on torque generation.

Chapter 6. The last chapter deals with the contributions of the present work along with

the important conclusions and future scope of work are presented.
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CHAPTER 2

LITERATURE REVIEW AND METHODOLOGY

2.1 INTRODUCTION

The controllability and ease of the MR fluid applicability have gripped the
thoughtfulness of the researchers. The distributed magnetic constituent part in the base
fluid forms a series in the path of the applied magnetic field by changing the flow
properties of the MR fluid. Settling is a common phenomenon observed in nature
when particles of finite mass are dispersed in a fluid medium. Sedimentation stability
determines the life and performance of MR fluid and disposing of it frequently has a
detrimental environmental impact. Various works have been undertaken to find out
parameters that impact the stability and improve the sedimentation stability of MR
fluids. The application part of MR fluid consists of MR damper, MR clutch, MR brake
etc. An evaluation of writings by some of the researchers was detailed in the following
sections. A methodical literature study related MR fluid synthesis, characterisation,
and design and development of MR damper and MR brake with the use of available
lab setup by detailing the obtained results to practical applicability. Even though it can
be reasoned that every part of the system shows a trivial role in the damping and
torque generation process, from a real view it is essential to reflect the temperature

effect on the performance of MR damper and torque generation capacity.

2.2 MAGNETORHEOLOGICAL FLUID

The primary constituents of MR fluids are magnetic particles, dielectric liquid
medium, and additives to suspend the particles for a greater amount of time. The basic
properties that affect the performance of any MR fluid application are particle size,
particle shape, particle concentration, and magnetic saturation of the particle, carrier
fluid viscosity, operating temperature of the fluid system and input parameters coming
on to the system. The major problems associated with MR fluids were the
sedimentation of the particles which decreases the performance of MR system when

unused for longer period of time. Sarkar and Hirani (2015) and Sarkar and Hirani
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(2013) synthesized MR fluid using three different particle sizes with three
concentrations in-house and through characterization they showed the larger particle
size have higher saturation magnetization point but mixed particles with the
combination of particles have higher shear stress at higher shear rates. Zhu et al.
(2021) studied the effect of nano particle doping on the carbonyl iron particles
synthesized using dielectric arc discharge to synthesize bimodal MR fluid with
various ratios of mixing. The outcomes show that there is an increase in chain strength
and weak magnetic saturation in the MR fluid with the addition of nanoparticles and
also they have shown that the rate of sedimentation reduces drastically with an
increase in nanoparticle addition. Additionally, it has been pointed out the range of
magnetic field strength, rheological behaviour, and sedimentation can be reasonably
enhanced with optimal use of nanoparticles in carbonyl iron particles. The figure 2.1

shows the constituents in MR fluid.

Carbonyl ron
particles

Cobalt particles
> Industrial grease
Nickel particles
® ]

. . Iron alloys
Magnetic particles
Magnetorheological fluid
constituents

Carrier fluid (or) Base
fluid

Bentonite, Fumed
silica, gaur gum

[

e Silicone oil

Hydraulic oil or
P
Paraffin oil

Figure 2.1 Constituents of MR fluid

Lately, has been shown by Ashtiani et al. (2015) that several methods have
been adding additives and nanoparticles to the MRFs, coating particles, modifying the

size and shape of the particles, etc. Among these methods, adding additives and
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coating particles seems to improve MRFs' sedimentation stability; nevertheless, they
generally deteriorate MR effects with increased sedimentation stability. Recently,
Song et al. (2009) and Viota et al. (2007) experimented by replacing a few micro-
particles with nano-particles has demonstrated a successful trade-off between stability
and MR effect. However, using nanoparticles improved MRFs stability as Brownian
forces overtook gravity forces at the cost of magnetic saturation was shown by Dong
et al. (2015). Jonkkéri et al. (2015) prepared three MR fluid samples of 15% by
weight with pure microparticles and other two samples were prepared by replacing 5
or 10% microparticles with nano particles to study the effect of nanoparticle
concentration on sedimentation stability and yield behaviour of MR fluids. The results
from the study reveals that 10% weight nanoparticles addition shows reduced settling
rate by marginal yield stress trade off.

In particular, it was proved experimentally by de Vicente et al. (2010) that
sphere, plate, and rod-like iron particles have no significant impact on magneto
rheology but conversely it is results evaluates that rod like shape higher complex
modulus than spherical and plate like structure. Guo et al. (2018) and Pu and Jiang
(2005) prepared MR fluids using multi walled nanotubes and carbon nanotubes to
study the influence of the coating on nanotubes in terms of sedimentation study and
magnetic saturation. The results from the study indicate that sedimentation stability is
increased significantly with the use of coated particles in the synthesis of MR fluid
using ultra-sonication and mechanical stirring. Roupec et al. (2013) showed that
temperature has a vital impact on decreasing viscosity and yield stress of the fluid
from rheometer characterisation. The decrease in yield stress is due to less MR fluid
quantity which decreases the viscosity in-turn reducing the inter-particle interactions.
The enhanced thermal conductivity and reduced sedimentation rate are important
parameters of MR fluid which was studied by Rahim et al. (2017). They prepared the
MR fluid samples with hydraulic oil and additives by adding nano particles such as
copper, aluminium, and fumed silica to reduce the sedimentation rate and enhance the
thermal conductivity. The results show that there is an increase in thermal
conductivity with a reduced sedimentation rate in comparison with commercially

available MRF-132DG. They also concluded that shear yield stress increased in the
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presence and absence of a magnetic field.

To study the effect of particle shape and sedimentation rate Shah et al. (2014)
and Piao et al. (2015) used ClI particles and plate like particles and synthesised the MR
fluid using these particles. The results show increased sedimentation stability with
nanoparticles with stable damping performance in small MR damper, and it is
concluded that yield stress increases rapidly with increasing magnetic fields.
Anupama et al. (2018) prepared the MR fluid and ER fluid to compare the effect of
particle shape and saturation magnetization on the yield strength and viscosity of the
fluid. The results indicate that deviation in yield stress after a certain magnetic field
shows the importance of morphology and magnetic saturation of the particles in ther
flow properties of the MR fluid. Zhang et al. (2018) prepared MR fluids from CI
particles coated with polystyrene via dispersion polymerization to form core shell type
particles. The results from reciprocating friction test and wear test shows that there is
an enhanced Tribological property and also with this coating effect there is also an
increase in the settling time with a compromising effect on shear yield stress. It is also
shown by Liu et al. (2013) that coating has a significantly decreasing impact on
performance of the damper and response time is shorter in the case of silica coated

particles because of its affinity towards silicone oil than pristine coated particles.

Given the critical effect of carrier fluid on the rheological characteristics of
MRFs, several works have been reported on using more viscous carrier fluid to
overcome sedimentation problems. Kim et al. (2012) and Lim et al. (2004)synthesized
MR fluids using carbonyl iron particles with poly ethylene oxide and fumed silica to
study the sedimentation and density of the fluid. The results show that the medium
viscosity carrier fluid will have a reasonable effect on MR fluid density and settling
rate. Iglesias et al. (2015), Lopez-Lopez et al. (2006) and Fang et al. (2009) showed
other methods of improving the sedimentation stability of MR fluids by synthesizing
MR fluids with non-magnetic nanoparticles and additives such as oleic acid,
aluminium stearate, silica particles. The results indicate that the sedimentation
stability and flow properties have improved drastically with the additive of non-
magnetic particles and additives, and also it has been proved that dispersion of

particles in the case of silica nanoparticles is highly difficult after settling. Rankin et
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al. (1999) studied the effect of an increase in the magnetic field on the flow properties
of the MR fluid with various configurations of volume concentrations of particles. The
results show that the sedimentation rate is decreased with an increase in particle
concentration and inverse effect in case of yield stress is encountered with increased
particle concentration. Sedlacik et al. (2011) studied the sedimentation and flow
behaviour properties of the MR fluid by using carbonyl iron particles treated with
50% argon and 50% octafluorocyclobutane plasma. To confirm the surface
modification X-ray photoelectron spectroscopy was used. The evaluation of the results
shows that sedimentation rate was reduced drastically with moderate decrease in
magnetic effect. Along the similar lines Zhang et al. (2012) and Fu et al. (2018)
coated carbonyl iron particles with gelatine, grapheme oxide, multi walled nanotubes,
and polystyrene to make shell type particles. The preparation of MR fluids with the
shell CI particles was carried out. The results show an increased flow behaviour and

decreased sedimentation rate due to low density and rough surface on the particle.

Particles size such as small and large particles and their combinations in
different size ratios can significantly increase the rate of settling and mixing of smaller
particles with larger particles will have good agreement with the theoretical models
mentioned was studied by Hernando et al. (2015) by preparing three combination of
size ratio for 30% volume concentration. Choi et al. (2016) and Gorodkin et al. (2000)
synthesized MR fluids of various concentrations to study the effect of concentration
on sediment velocity by visual observation. They concluded that an increase in
particle concentration decreases the sedimentation velocity which was validated by
vertical axis inductance monitoring system and also it is shown that increase in yield
stress with particle concentration. The study of sedimentation and trade-off between
the mixture of nanoparticles in microparticles was carried out by Ngatu and Wereley
(2007), Butt (1996), Holdich (2014) and Zhu et al. (2019) by preparing the MR fluids
of different concentrations and concludes that increase in nanoparticle concentration
reduces the sedimentation but with decreased shear stress which was analysed by

using Bingham plastic model.

Aruna et al. (2019) prepared five combinations MR fluid with the combination

of clay, anti-friction agent and Palmolive oil to study the sedimentation effect and
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concluded that clay as an additive will have vital impact on reducing settling rate than
commercially available MR fluid. On the same lines Bombard et al. (2007) prepared
MR fluid with hydrophilic silica and hydrophobic silica with phosphate coating on
particles. The oscillatory tests show no particular interaction with phosphate coating.
Through characterisation it is proved that hydrophilic silica has a greater interaction
with the carrier fluid. Zuzhi et al. (2016) prepared MR fluid with silane coupling agent
and bentonite as the additive with iron particles. They concluded that, 2.88% and
3.60% mass fraction of silane and bentonite shows the enhanced sedimentation,
viscosity, and yield stress property of the MR fluid. Moreover, Anupama et al. (2018),
Jiang et al. (2011), Morillas et al. (2018) worked on physical parameters of magnetic
particles such as shape, size, concentrations, and particles with bidisperse in form and
magnetic saturation. The interdependency of the all these parameters play an essential

role in sedimentation and flow characteristics variation of the MR fluids.

Researchers have shown experimentally that temperature significantly
influences sedimentation. Rabbani et al. (2015) prepared MR fluid with silicone oil
and stearic and palmitic acid as the additive to study the effect of temperature on
sedimentation and yield behaviour of the fluid. Adding of 3% by weight stearic acid
can reduce the rate of sedimentation to a larger extent. The results from the study
conclude that there was an accelerated sedimentation rate at higher temperatures with
decreased shear stress. In addition, MR fluids viscosity is dependent on shear rate

after attaining magnetic saturation.

Wong et al. (2001) and Zhang et al. (2004) proposed that particle size and high
particle concentration can induce wear on the surface, and yield stress can be
increased by applying external compression load and magnetic field on the fluid. Jha
and Jain (2009) prepared the magnetorheological polishing fluid to study the size and
volume concentration of the particle in finishing operations. The results show shear-
thinning behaviour with a decrease in yield stress due to magnetic saturation at higher
magnetic field strengths. And they also propose Herschel Bulkley and Casson model
will show better fluid behaviour. Hato et al. (2011) prepared MR fluid samples with
pure carbonyl iron particles and two combinations of organoclay nano additives to

study the settling and flow behaviour of the fluids. The results from the study show
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that pure carbonyl iron particle sample gives magnetic effect with higher rate of

settling than nano additive organoclay MR fluids.

Madhavrao Desai et al. (2020) prepared MR fluids in-house and used a twin-tube MR
damper designed based on finite element analysis. It was shown that the amplitude of
vibration from the ground had been significantly reduced in four-wheeler applications.
Hong et al. (2008) studied the effect of two modes of operation in MR dampers. The
experimental results depict that the fluid gap and material properties play a significant
role in increasing damping force and that combining the modes of operations has an
enhanced performance than the single operating mode. EI Wahed and McEwan (2011)
and Yazid et al. (2014) developed mixed mode MR damper on the same lines. The
experimental results show that shear mode and squeeze modes have increased
performance when operated combined and also it’s shown that squeeze mode has
reduced performance than shear mode damper. Wang et al. (2014) worked on the
effect of temperature on carrier fluid viscosity and particles. The experimental
investigation shows that increased operating temperature for a longer time reduces the
magnetic saturation, the coercivity of the particle, and viscosity of the carrier fluid.
And also they conclude that lower activation energy base fluid should be selected for
the synthesis of the MR fluid. Gurubasavaraju et al. (2017) used finite element
analysis to model the shear mode damper and obtained the magnetic flux density in
the flow gap which is in good relation with optimized results. Shivaram and
Gangadharan (2007) fabricated a monotube MR damper to study the influential
parameter among magnetic field, particle concentration, and plug thickness, frequency
and vibration displacement. And they have obtained model equations of various input
parameters using the response surface method. One of the recent applications of the

damper in prosthetic leg is shown in figure 2.9(a) and 2.9(b).

However, the temperature has a significant effect on the properties of the MR
fluid; experimentally, it was shown by Sahin et al. (2009) that yield stress of the MR
greases decreases with an increase in applied magnetic field and temperature. Arief et
al. (2016) and Bahiuddin et al. (2018) showed that the viscosity and dynamic yield
stress of the fluid reduces due to thermal expansion property and the results shows

that constitutive models along taking temperature and magnetic field can be
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implemented to flow behaviour of the MR fluid. Singh et al. (2016) and Wiehe et al.
(2013) synthesized MR fluids of three combinations of different particle
concentrations to study the effect of particle concentration on viscosity of the MR
fluid. It was concluded that settling decreases with increased particle concentration
and also viscosity is reduced drastically with increased temperatures which affects the

performance and life of the MR system.

The essential parameter that decides the performance of any MR fluid system
is sedimentation stability and yield stress which is has more potential in industrial
application such as brakes, clutches, dampers, prosthetic knee, and vibration tool
chatter reduction etc. and also in biomedical applications such as cell treatment
devices and pharmacy delivery systems. Typically, increasing the particle
concentration, and size with higher saturation magnetization, and increasing current at
a specific temperature increases the yield behavior of the MR fluid but it is also
known that an increase in temperature decreases the yield stress and performance of
the MR system was studied by Dogruoz et al. (2003), Gandhi and Bullough (2005),
Goncalves et al. (2005), Guerrero-Sanchez et al. (2009), Li et al. (2021). McKee et al.
(2018a) worked on the temperature effect on the properties of MR fluid and its
performance in suspension system. Through rotational and oscillation characterization
it was shown that flow properties and energy storage capacity in modulus reduced
with rise in temperature and a similar effect is also observed with decrease in damping

force with the suspension system.

2.3 MAGNETORHEOLOGICAL FLUID APPLICATIONS

MR fluids and their applications recently became popular, while Rabinow
reported MR fluid applications decades ago. MR technology can be applied in
applications where the systems work on semi-active control such as suspension
systems, brakes, clutches, prosthetic knee etc. and several new potential applications.
Wang et al. (2018) experimented on damping of thirty dampers which were used for
control the amplitude of vibration on suspension bridges which is shown in figure 2.2
after an examination of ten years span. In these, twenty four dampers were provided
substantial damping effect while other six failed to provide adequate damping. With

this study they concluded that performance reduction is due to seepage of fluid and
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rough irregular external texture of magnetic particles due to operation.

Wl

. d
7

Figure 2.2 MR damper applied in structural damping (Wang et al. (2018))

Gudmundsson et al. (2010), Nikitczuk et al. (2007), and Shafer and
Kermani (2011) studied the effect of an increasing number of rotor discs, limited
dimensions, and weight optimization to increase the torque density in the fluid gap,
and also the compactness. And they concluded that torque could be increased by
increasing the number of plates and also the study reveals a trade-off between torque

and weight reduction is required.
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Figure 2.3 MR Clutch for vehicular application (Pisetskiy and Kermani (2018))

The present is focused on the temperature effect of MR fluid flow behaviour
and its performance in MR dampers and two-rotor MR brakes. MR damper have seen
positively implemented and it is available commercially but two-rotor MR brakes with
miniature in size is not explored for many applications such as prosthetic knee while
the topic of MR brake with the miniature size is underthe research stage. The
following sections are concentrated on the literature review of MR damper and MR
brake. Some of the applications of the magnetorheological fluid are shown in figure

2.2 to figure 2.7.
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Figure 2.4 MR actuator (Gudmundsson, (2008))
Wong et al. (2001) and Zhang et al. (2004) proposed that particle size and high

particle concentration can induce wear on the surface, and vyield stress can be
increased by applying anexternal compression load and magnetic field on the fluid.
Jha and Jain (2009) prepared the magnetorheological polishing fluid to study the size
and volume concentration of the particle in finishing operations. The results show
shear-thinning behaviour with a decrease in yield stress due to magnetic saturation at
higher magnetic field strengths. And they also propose Herschel Bulkley and Casson
model will show better fluid behaviour. Hato et al. (2011) prepared MR fluid samples
with pure carbonyl iron particles and two combinations of organoclay nano additives
to study the settling and flow behaviour of the fluids. The results from the study show
that pure carbonyl iron particle sample gives a magnetic effect with a higher rate of

settling than nano additive organoclay MR fluids.
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Figure 2.5 MR polishing tool (Chen et al. (2014))

Bompos and Nikolakopoulos (2016) planned and successfully executed the
bearing operated with MR fluid. The developed bearing is depicted in figure 2.7.
They also evaluated its effect on yield behaviour by coupling the finite element
method and computational fluid mechanics. And concluded that nano particles along
with the coating of the particles enhanced the performance of the bearing in. The

active performance of bearing with MR fluid resulted in improved amplitude and

)

frequency control.

Figure 2.6 MR bearing (Bompos and Nikolakopoulos (2014))
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2.4 MAGNETORHEOLOGICAL DAMPERS

MR dampers are energy dissipating devices that generate heat when working
at high shear rates. The two essential procedures involved in damper design are better
material selection and optimal geometric dimensions and associated parameters for
better performing damper. Figure 2.8 shows the general application of damper for
vehicle suspension. The objective of the MR damper is to obtain higher damping
forces by avoiding electromagnet saturation. The five parameters influencing damper
performance are fluid gap, effective length, core length, number of coil turns, and
applied current, which decides the magnetic flux density and damping force. Krishna
et al. (2017) obtained design dimensions of the monotube MR damper through
magnetostatic analysis and used response surface methodology compared with the
genetic algorithm to increase the magnetic flux density in the fluid gap. Zhang et al.
(2006) used finite element analysis to design the MR damper for its magnetic
saturation. Also, experimental verification of the damper was carried out by
fabricating the damper, which was entirely in agreement with the FE analysis. Along
similar lines, Naserimojarad et al. (2018) proposed an optimal design method and
finite element modelling to obtain higher flux density design dimensions. Results
from the FE analysis are verified through experimental characterization for its
agreement. Parlak et al. (2012) proposed using magnetostatic analysis and CFD
analysis for optimal damper design and to obtain higher magnetic flux density in fluid
flow gap. The results from the simulation are used for fabricating MR damper and

verifying the feasibility of design optimization.

Parlak et al. (2013) also designed and fabricated the MR damper using
Taguchi method for different configurations and obtained the optimal design of the
damper. Li and Yang (2020) and Yang et al. (2021) developed three
magnetorheological coil dampers with a sigmoidal microstructure model which
significantly impacts control strategies and dynamic analysis of the dampers micro-
macro mechanical model can give further details on optimisation and high-
performance MR fluids. Wereley et al. (2013) fabricated MR damper to study the
effect of temperature on damping performance by maintaining the required chamber

temperature. The testing results show that the temperature of MRFs can reach up to
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1000C beyond which mechanical components of MR dampers such as seals fail. The
lumped parameter model showed that the physical of the fluid such as inertia and
stiffness reduced at elevated temperatures. Yu et al. (2013) worked on the different
nonlinear models like Bingham plastic model and Herschel-Bulkley model by
comparing the damper experimental analysis force-velocity plots and concluding that
the Bingham plastic model is easier than HB model for theoretical analysis and for
unsteady velocity HB model is suitable than Bingham model. Sahin et al. (2009)
showed that, temperature significantly influences MRF properties such as viscosity,
yield stress, sedimentation stability, and thermal conductivity. Viscosity and shear

stress reduces as the temperature of the MR fluid increases.

Supply wires to excite thg,cqi_l;qﬁnected
to the battery through a curr ‘controller

Figure 2.7 MR damper used two-wheeler vehicle Devikiran et al. (2021 )

Dong et al. (2017) have shown that optimal design parameters using the six
sigma optimal design algorithm can reduce the temperature effects on damping of the
MR damper. McKee et al. (2018) conclude that the gap in fluid flow plays a vital role
in the performance of the MR damper. Results based on a theoretical model developed
by incorporating the temperature-dependent property of a ClI and silicone oil-based
MRF showed that with the increase in the temperature of MRF, there is a reduction in
stiffness and dissipation energy. Bingsan (2017) studied the effect of temperature on
MR damper performance over a temperature range of 0 to 100 °C through hydro
mechanical analysis. The calculated pre-yield force and post-yield damping

coefficient were reduced by almost 30% and 85%, respectively, as the temperature
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reached 100 °C. Experimental results show that the MR damper performs better at low
frequency and high load conditions than coupled rubber shock absorbers. Allien et al.
(2020) synthesized MR fluids for composite sandwich structures. The results show
that increased magnetic field increases yield stress, increasing the beams damping

capability.
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Figure 2.8 (a) Rheoknee (Bellman et al .2019)
(b) MR damper used in prosthetic limb

Bellmann et al. (2019) examined the practical performance of microprocessor-
controlled with MR fluid and hydraulics based knee joints in day-to-day situations
using biomechanical devices. A MR prosthetic knee consists of MR actuator, sensors
and artificial intelligence. The viscosity of MR fluid is varied by the application of
magnetic field and hence its flexion resistance. When the amputee walks, the stiffness
of knee can be varied in real-time. Due to its inherent advantages compared to
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hydraulic based prosthetic knees, it is being manufactured and marketed. Park et al.
(2016) designed and manufactured MR prosthetic knee integrated with a controller

and tested its performance on a level ground at different walking speeds.

Cheng et al. (2014) and Mistik et al. (2012) prepared different volume
fraction MR fluids to study the influence of thermal conductivity behaviour. They
proved that increased particle concentration increases thermal conductivity, which is
also increased due to fluid compression. Wang et al. (2019) used finite analysis to
show us that the piston rod dimension plays a significant role in distributing the
magnetic flux to the gap and is studied through experimentation in twin-tube bypass,
which gives higher damping force and can operate in fail-safe. A way to calculate the
damping force of the damper is obtained through repeated experimentation and curve
fit analysis. Kumbhar et al. (2015) and Nguyen and Choi (2009) obtained optimal
parameters through finite element method and ANSYS parametric design language
and showed that the damping force can be enhanced by increasing the applied current.
Weiss (1994) studied through experimentation that temperature has vital effect on
decreased performance by decreasing the yield stress of the fluid. Guerrero-Sanchez et
al. (2009) studied heat generation inside the damper, which raises liquid temperature,
decreasing the fluid's viscosity and reducing the MR damper's performance. Mangal
and Kumar (2014) and Mangal and Kumar (2015) used finite element analysis to
obtain the optimal dimensions through magnetic flux density in the flow gap. The
experimental results were compatible with the design of damper from finite element

analysis.

2.5 MAGNETORHEOLOGICAL BRAKE

Extensive research has been carried out on magnetorheological fluid systems
that can be applied to suspension systems, seats, prosthetic legs, composite beam
structures, etc. Apart from these MR fluid applications, MR brake with multiple rotors
for torque generation can potentially replace existing brakes with better size and
controllable torque. The MR fluid effect was studied by Rabinow and its torque
behavior for replacements in exercise equipment by Webb (1998). The higher torque
and its better controllability are vital for MR brake, which can be enhanced by a better

selection of magnetic particles, rotor radius, and optimal design parameters of the gap,
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stator length and better permeability materials. Optimal geometric dimensions of the
MR brake, better permeability materials, and effective torque are important
parameters to obtain higher torque. Maximization of torque and torque ratio;
minimization of mass, temperature and the inductive time constant of the magnetic
circuit and core arrangement for deciding the design parameters for higher torque
generation was carried out by Jonsdottir et al. (2009), Nguyen and Choi (2010), Rossa
et al. (2014), and Shamieh and Sedaghati (2017). Moreover Rossa et al. (2012)
worked on disc brakes for betterment of actuators using better feedback control

feedback is commonly used in various domains for better feedback.
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Figure 2.9 Multiplate Magnetorheological brake (Wang et al. 2013)
The power requirement for drum brake requires lower than for disc brakes, and
reactivity is increased with increased fluid gaps. Li and Du (2003) show that torque
variation is influenced by the viscosity and torque increases rapidly with increase in
speed of rotation of the rotor. Wang et al. (2013) fabricated MR brake with multiples

as shown in figure 2.9.
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Figure 2.10 Single plate MR brake (Acharya et al. 2020)

Assadsangabi (2012) studied the disc brake through finite element analysis to
study the maximization of magnetic flux density and by using genetic algorithm they
optimized Multiplate brake. And they concluded that scaling down the size reduces
torque generation. Li et al. (2007) developed a 2d MR joystick for virtual reality
applications. They conclude that torque obtained from the joystick is about 10 Nm,
which has a wide range of applications in virtual surgery and can be expanded to other
application which is minimal in size. Avraam et al. (2010) worked on the development
of active multi-pole core to increase the torque for rehabilitation with optimized mass
and particle volume was evaluated. And Karakoc et al. (2008) has discussed the
various types of MR brakes that can be studied for the replacements of MR brakes and

applications which was discussed by Clair (1996) and Jolly et al. (1996).

The vital parameters which determine the torque characterization is fluid gap,
the permeability of a material, rotor radius, and applied magnetic field. Using
available industry fluid, Sukhwani and Hirani (2008) studied the torque characteristics
and the characterization results evaluated the decrease in shear gap increases the
torque generation and conclude the location of electromagnet play an important role in
increasing the torque. It was shown by Poznic et al. (2017) that a combination of
permeable and non-permeable materials has a significant influence on torque
generation for one rotor brake than using commercially basonetic 5030. Through
finite element analysis Zhou et al. (2007) and Zaifazlin Zainordin et al. (2018)
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modelled two-rotor disc for higher torque capacity using commercially available fluid
and they concluded that compactness and increasing rotor numbers increases the
torque. Torque generation was calculated using analytical design equations by
Acharya et al. (2019) for T-shaped MR brake shown in figure 2.11. Using MOGA
technique they found the optimal design combinations of fluid combination and
design dimensions of the brake. Using magnetostatic analysis Lijesh et al. (2018)
studied the influence of various parameters on torque generation and suggested a
method to calculate the highest torque using equations. However, temperature has a
vital impact on the performance of any fluid system application. Carlson (2002)
experimentally illustrates that the operating time and input parameters has higher
impact on performance of MR damper and MR brake due to shear thickening effect of
the fluid.

2.6 MOTIVATION

The temperature has a vital role in any MR fluid applications system and the
performance and life of the system. It has been established from the literature that a
large amount o MR damper applications mostly in the vehicular application. Lord
Corporation (USA) is the top producers MR dampers for the truck seat and
automobile damping in cars. Cost effectiveness and better performance in
implementing the damper are the major requirements for any specific applications.
The requirement in cost-effectiveness and performance is the basis for synthesis of
MR fluid in-house and design development of MR damper for its performance
analysis with respect to temperature function and finding out the relationship between
damping force and temperature. The detail related to the present research which needs
to be carried out is listed below.

e As a whole, the existing literature study shows single carrier fluid and single
additive MR fluid studies. However, a comparative study has not been
attempted using different carrier fluids and additives for stability and flow
characteristics with varying temperatures and magnetic fields. Hence an effort
was initiated in the present work to study various viscosity carrier fluids and
combinations of additives.

e Six different MRFs have been prepared in-house and investigated their
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sedimentation stability, viscosity, and vyield stress variations at different
temperatures and magnetic fields. Better MR fluid based on stability and yield
stress was selected for performance analysis in MR damper, and the dynamic
range of the two different viscosity fluids was discussed.

A survey related to sedimentation rate at different temperatures and flow
characteristics with varying temperature and magnetic fields is needed, along
with the effect of temperature on the damper's performance while working and
assessing the life of the fluid and particle through TGA and SEM of heat-
treated CI particles after dynamic testing of the fluid.

The selected fluid should be tested in the MR damper by connecting the
thermocouple inside the damper

The literature study related to MR brakes is concentrated on the preparation of MR

fluid and characterization for various applications such as automotive brakes and

prosthetic applications. However, there is a need to analyze the performance of the

miniature two-rotor MR brake to expand the application area of MR brakes with

increased torque generation. The following research backdrops are outlined in the

current work and listed below.

To fabricate scaled down two rotor MR brakes and to study the torque
generation performance. At the end of test, the temperature effect on settling
and torque generation was carried out.

Further the study was extended to carry out synthesis particles in-house using
the chemical reduction method. The properties required for MR fluid
preparation such as SEM, XRD and VSM of the sample was carried out. The
modified design for the two-rotor MR brake were evaluated and incorporated

in the context of the future scope of this study.
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2.7 OBJECTIVES

1.

To synthesize and study MR fluid sedimentation rate for different
combinations of additives with varying temperatures.

To characterize MR fluid and to establish a relation between temperature,
viscosity, and yield stress of MR fluid.

To design, develop, and perform dynamic characterization of monotube MR
damper to study the temperature effect on damping force.

To study the torque generation capacity of two plate rotor magnetorheological

brake and the sedimentation effect on torque generation.

2.8 SCOPE OF RESEARCH WORK

1.

Preparation of MR fluid using carbonyl iron particles with two combinations
of additives and carrier fluids.

Sedimentation stability study of various MR fluid combinations at different
temperatures maintained in the incubator.

Rheological behaviour of different MR fluid combinations to know the yield
behaviour of the MR fluids using non-linear model.

Development of monotube MR damper and thermocouple arrangement to
measure the fluid temperature while damper is operating.

Finding the relationship between the damping force and temperature as the
number of operating cycle’s increases.

Characterizing the MR particles after operating the damper at higher
temperatures and finding out the carrier fluid's destabilizing temperature point
and magnetic particles through TGA and SEM analysis.

Development of miniature size two rotor MR brake for torque generation with
varying currents.

Effect of sedimentation on torque generation after operating the MR brake for

a certain amount of time.
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2.9 METHODOLOGY

The present methodology section consists of particle characterization,
synthesis and characterization of the MR fluid for flow characteristics. Secondly,
design of MR damper and two rotor MR brake and its performance analysis using MR
fluid. Finally, particle characterization before and after the MR fluid testing in MR
damper and MR brake was carried out.

The following section illustrates the details of the methodology followed
throughout the study, which is shown in figure 2.12. Before preparing the MR fluid
sample, tests were carried out on particle size distribution and shape analysis using
particle size analyzer and scanning electron microscope (SEM). The hysteresis curve
and crystal structure study for the carbonyl iron (CI) (manufacturer: Sigma Aldrich,
44890) particles is obtained from the vibration sample magnetometer (VSM)
(manufacturer: lakeshore) and X-ray diffraction (XRD). Studies on MR fluids'
stability at different temperatures were carried out in an incubator, and
characterization was carried out at the rheometer (manufacturer: Anton-Paar). After
characterization, the results were analyzed for the damping force and dynamic range.
The Bingham fluid model and Herschel-Bulkley model were used to analyze the flow

behavior is given below.

T="ToH (7) (2.1)
Where 1 = shear stress (Pa), 1, = Yield stress (Pa), p = Viscosity (Pa-s) and y = shear
rate(s™)

The best MR fluid which was found out from sedimentation study and higher
yield stress is synthesized in the required quantity to fill the volume of the MR damper
cylinder to study the performance characteristics of the MR fluid in damping and two-
rotor MR brake for torque generation capacity for different input conditions such as
amplitude, frequency, applied current and rotor speed. Finally after testing the
damper particle analysis was carried out. The temperature of the MR fluid is measured
using an embedded thermocouple while the damper is operating at different loading
parameters. The theoretical model predicts the increase in temperature similar to that
of the experimental values with an average error of 10.24 % in the on-state condition.

Particle characterization on SEM and VSM was carried out after dynamic testing to
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see the effect of temperature on morphology and magnetic saturation. It is tested using
thermogravimetric analysis (TGA) the life of the fluid after dynamic testing of the
fluid for approximately 85000 cycles. Finally, to imitate the temperature effect on the
particle, particles were heat-treated at 200 °C, 400 °C, and 600 °C, and through SEM
image, it is confirmed that deterioration of the particle starts after 200 °C, if the fluid

is operated for a prolonged amount of time.

The second part of the study is related to miniature sized MR brake design,
development and characterization. Largely the literature study is concentrated on
preparation of MR fluid and characterization of MR brakes for various application
such as automotive brakes. However, there is a need to analyze the performance of
the miniature (total mass = 1.62 kg) two-rotor MR brake for various applications.
Hence, an effort is initiated to fabricate miniature two rotor MR brakes and its
performance analysis. Finally the temperature effect on settling and torque generation
was carried out. Further the study was extended to carry out the synthesis of particles
in-house using chemical reduction method. The properties required for MR fluid
applications such as SEM, XRD and VSM of the sample was carried out and also the
modified design for of the two-rotor MR brake was evaluated and incorporated in the

context of the future scope of this study.
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2.10 SUMMARY

The current chapter shows the literature study related to synthesis and
characterisation of MR fluids along with the design development of MR damper and
two plate rotor MR brake. The literature discourses the stability of the MR fluid and
its mode of operations in different applications. Later, an investigation on the use of
MR fluid devices and the some device arrangements was informed. Several
inadequacies connected with both the characterization and their performance studies
the aims and scope of the current study have been projected. The successive chapters
introduce the synthesis of MR fluids, and also design methodology to obtain the
geometric dimensions of MR damper and MR brake for the fabrication process and

finally arrive at the conclusions.
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CHAPTER 3

EFFECT OF TEMPERATURE ON SEDIMENTATION
STABILITY AND FLOW CHARACTERISTICS OF
MAGNETORHEOLOGICAL FLUIDS WITH DAMPER
AS THE PERFORMANCE ANALYSER

3.1 INTRODUCTION

Sedimentation stability and high yield stress of a magnetorheological fluid
(MRFs) are essential parameters for better damping performance for any practical
application. It has been proposed by the previous literature that the constituents of the
MR fluid play a significant role in performance of any MR fluid application. The
primary requirement for enhanced MR damper performance is sedimentation stability
and higher yield stress of the MR fluid. Few researches have shown that carrier fluid
viscosity and particle size have immense effect on the increased performance of the
MR fluid. An increase in performance can be seen by increasing the particle
concentration and base fluid viscosity of the fluid sample. This study synthesizes
various MRFs from various commonly used carrier oils and additives. The MRF
samples were prepared for 25 % volume fractions of carbonyl iron (CI) powder in
either silicone oil (350 cSt) or hydraulic oil (50 cSt) and by using lithium and calcium-
based additives or a combination of both the additives. The sedimentation stability and
yield behaviour at different temperatures were carried out for all the MR fluid samples
and based on this study higher stability and higher yield stress fluid are selected for
performance analysis in the MR damper which is fabricated based on the dimensions
obtained from the response surface optimization technique. Further, similar tests have
been carried out by synthesizing MRF-7 with silicone oil (50 cSt) + lithium base
grease as the additive. The sample's stability, yield stress and performance with
temperature were carried out. Finally, temperature characteristics captured from the
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thermocouple of the MR damper were analysed for the effect of temperature on

dynamic range.

3.2 MATERIALS AND METHODOLOGY

Figure 3.1 gives brief details on the methodology followed in this work.
Before preparing the MR fluid sample, tests were carried out on particle size
distribution and shape analysis using particle size analyser and scanning electron
microscope (SEM). The hysteresis curve and crystal structure study for the carbonyl
iron (ClI) (manufacturer: Sigma Aldrich, 44890) particles is obtained from the
vibration sample magnetometer (VSM) (manufacturer: lakeshore) and X-ray
diffraction (XRD). Studies on MR fluids' stability at different temperatures were
carried out in an incubator, and characterization was carried out using a rheometer
(manufacturer: Anton-Paar). After characterization, the results were analyzed for the
damping force and dynamic range. Table 3.1 gives the details of particles used to
synthesize six MR fluids. The Bingham fluid model used to analyze the flow behavior
is given below.

T="ToH (V) 3.1)

Where 1 = shear stress (Pa), 1, = Yield stress (Pa), p = Viscosity (Pa-s) and y = shear

rate(s™)
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Figure 3.1 Methodology flow chart for this section of this study

3.2.1 Particle Characterization

Characteristics of carbonyl iron particles were studied by scanning electron
microscope (SEM), Energy-dispersive X-ray spectroscopy (EDX), and particle size
analyser as shown in figure 3.2 to figure 3.5. The reduction in saturation
magnetization implies that the damping performance of MR fluid is reduced at higher
temperatures. Table 3.1 gives a summary of the magnetic particle study.

Table 3.1 Summary of the material analysis.

Type of the shape of the Size of the purity of the | Deviation
material particle particle powder from
standard
purity
Carbonyl Spherical 7.49 Microns 99.51% 0.48%
iron powder
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Figure 3.2 SEM image of ClI particles

Figure 3.2 and figure 3.3 show the spherical shape of particles and the

composition of the CI powder.

Spectrum 1

2 4 6 8 10 12
Full Scale 3200 cts Cursor; 0.000 keV

Figure 3.3 Elemental compositions in Carbonyl iron powder

Table 3.2 gives us the composition of the CI powder, which contains Iron (Fe),
carbon(C), chromium (Cr), and Manganese (Mn) in 87.75%, 0 %, 0.41%, and 0.03%
for a total of 88.18% respectively.
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Table 3.2 Extracted powder composition

Element Weight (%0) Atom (%)
Cr 0.41 0.49
Mn 0.03 0.03
Fe 87.75 99.48

The average size of the particle shown in figure 3.3 comes out to be 7.49um,
enough for the MR fluid preparation and applications. Since the magnetic dipolar
moment in the particles grows with the volume fraction and the Brownian motion

becomes insignificant in this particle range.
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Figure 3.4 Particle size distribution of CI particles

The particle crystal structure of the CI particles was obtained using Advanced X-
ray diffraction equipment. From figure 3.5, the peaks are obtained at 45.3°, 65.71°,
and 82.94°, which correspond to 20 at 110, 200, and 211 lattice planes which implies
that the crystal structure is a body-centered cube (BCC) and gives confirmation to
prepare the MR fluid for further studies in this work.
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Figure 3.5 XRD plot of CI particles

Fourier Transform Infrared spectroscopy (FT-IR) analysis for the carbonyl
iron particles is shown in figure 3.6. All individual samples were mixed to make
pellets with KBr and tested in the weber number range of 500cm™-4000cm™. The
analysis shows some of the elements present in the powder are discussed below. The
presence of the hydroxyl group is shown by the peak at 3495.54cm™ which represents
O-H stretching. The C-H band of stretching and triple bond of carbon-carbon is
represented by wavenumber 2758 and 2289. The carboxyl group is shown by the peak
1548cm™.  Asymmetric stretching and symmetric bonding are represented by the
peak 1084cm™. A peak specifies the C—H bonds at 695cm™.
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Figure 3.6 Fourier Transform Infrared spectroscopy of Cl particles

The magnetic particles should possess higher magnetic saturation, lower
remnant magnetization, and lower coercivity for better yield characteristics of the MR
fluid and reversibility in magnetic effect. From the properties of particles, it is evident
that 0.1464 emu/g retentivity, 0.59 Gauss coercivity, and 362 emu/g saturation
magnetization at 300 K have better properties for MR fluid application. The saturation

magnetization is reduced to 332 emu/g at 400 K shown in figure 3.7.
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Figure 3.7 Vibration sample magnetometer of CI particles
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Thermogravimetric analysis (TGA: PerkinElmer, TGA4000) was carried out
quartz crucible to study the onset of degradation of two MRFs with an increase in
temperature over time. As shown in figure 3.8, it is evident that weight loss of 21.64%
at 323.37°C and 23.42% at 215.78°C for MRF-1 (sample taken: 20.38mg) and MRF-
2(sample taken: 19.8mg) respectively. The evaporation of base fluid indicates the
stability of the carrier fluid. As the temperature crosses the degradation temperature,
the overall heat generated is transferred to the particles making the particles coagulate,
as shown in figure 3.8 (insert image).

L _323.34°C —— MRF-1
< —— MRF-2

215.78°C

70 1 I I I 1
0 200 400 600 800 1000

Temperature (°C)

Figure 3.8 Thermogravimetric analysis of MR fluid samples

3.2.2 Synthesis of magnetorheological fluid

The primary step in characterizing the MR damper is to MR fluids were
prepared by dispersing carbonyl iron particles (25 % by volume) in the carrier fluid
(manufacturer: Sigma Aldrich, product number: 378372) with 2 % additive(s). Figure
3.9 shows the steps to synthesize MR fluids. First, a calculated amount of carrier fluid
and additive was added, and the composition was stirred at 700 rpm for 12 hours.
Finally, carbonyl iron particles were added to the mixture and stirred further for about

24 hours. The total time to prepare an in-house MR fluid was about 36 hours.
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Figure 3.9 Steps to synthesize MR fluid

Figure 3.10 shows the instruments used to prepare MR fluids. Initially carrier
fluid and additives were mixed using a magnetic stirrer with heating to completely
homogenize the grease in the base fluid. Secondly, the primary mixture is stirred in
mechanical stirrer. After the specified time of stirring the MR fluid sample is

prepared.

=

-, T

Mechanical stirrer

Figure 3.10 Instruments used to synthesize MR fluid
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3.2.3 Sedimentation ratio of the MR samples

Generally, Carbonyl iron (CI) microparticles tend to settle down towards the
bottom of the measuring cylinder due to gravity, leaving behind clear carrier fluid on
top and forming a layer of particle-laden fluid at the bottom. The definition of
sedimentation ratio is the volume of clear carrier fluid zone above the particle-laden
layer to the total volume of the liquid in the cylinder before the settling process. The
sedimentation ratio for all MR samples at ambient temperature and various higher
temperatures was obtained through visual observation.

Figure 3.11 Particle size analyser (CILAS1064)

Figure 3.11 shows the equipment used to measure the average particle size of
the particles. The temperature of samples was maintained in the laboratory incubator
(2.5 % to 3 % error), as shown in figure 3.12. The time for settling particles is
observed at five individual temperatures, and the sedimentation rate of the MR fluid

layer is calculated.
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MR samples inside the chamber

Figure 3.12 Incubator for constant temperature settling rate

The sedimentation rate is defined as the speed at which the interface between the
clear liquid and particle-laden liquid comes down, which is more convenient in
comparing the sedimentation stability of different MR fluids. The six MRFs after the
settling of the particles are shown in figure 3.13.

{
i
LU

MRE-1 | MREF-2 MRF-3 | MRF-4 MRE-§ MREF-6

=2 — - = T =

Figure 3.13 MR fluid samples after sedimentation study

In this study, silicon oil-based MR fluid (MRF-1, MRF-3, and MRF-5) gives
higher stability than hydraulic oil (MRF-2, MRF-4, MRF-6) based MR fluids. Further

to analyse the performance of the damper with temperature effect MRF-1 is selected
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characterize the damper. Table 3.3 shows six different MR fluid samples synthesized

from various carrier fluid and additives combinations.

Table 3.3 MR fluid samples with carrier fluids and additives

MR samples | Cl powder | Carrier fluid | Type of Additive
(%)

MRF 1 25 Silicone oil Lithium grease
MRF 2 25 Hydraulic oil Lithium grease
MRF 3 25 Silicone oil Calcium grease
MRF 4 25 Hydraulic oil Calcium grease
MRF 5 25 Silicone oil Lithium+ calcium
MRF 6 25 Hydraulic oil | Lithium+ calcium

3.2.4 Characterization of the prepared MRF samples

The characterization of the MR fluid samples was carried out on a parallel
plate rheometer with an MRD cell. The temperature of the MR fluid is kept constant
(30 'C, 50 °C, 80 °C) during the characterization of the sample. The rheometer has a
shearing spindle which is pneumatically controlled with the air bearings. The shearing
gap is maintained constant (1 mm) throughout the tests. The shear rate is applied from
0.1s? to 500 s* at 0 A and 2 A currents, the plot of viscosity versus shear rate and
shear stress versus shear rate were obtained. Figure 3.14 shows the rheometer setup

used for characterization.
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Figure 3.14 Rheometer setup for MR characterization

3.2.5 Geometric dimensions for fabrication

Optimizing the geometric dimensions for MR damper fabrication has been
performed using the response surface method (RSM). The finite element (FE) analysis
shows that the magnetic flux density increases with increased applied current up to
some saturation point. The flux density is inversely proportional to the fluid flow gap
width. The decrease in the magnetic saturation in the fluid is due to the effect additive
effect on the particle.

Table 3.4 Geometric dimensions and their bounds

Geometric parameters Lower bound Upper bound
Flange length (mm) (L¢) 3 6
Core length (mm), (CL) 15 27
Flow gap (mm), (g) 0.5 2.5
Number of Turns, (N) 100 500
Current Magnitude (1) 0.5 2.5
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Magnetic core length increases the accommodation of the coils, which in turn
increases the current supplied to the electromagnet. The geometric variables with
lower and upper bounds are in Table 3.4. Figure 3.15 shows the flux lines between the

effective length and the outer cylinder.
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Type: Total Macretic Flux Dengity

Unt T

Time: 1

02 04-2021 1828 A\

I 2,026 Max \
18009 ‘ §

& ’ ;

o Magnetic flu density
13507 lines

m 1125

! 090045

‘ 045022

I 02251
0 Min

0000 0020 0040 m)

]l 0030

Figure 3.15 Magnetostatic analysis of MR damper model and flux lines

The two important parameters that influence magnetic flux variation in the
damper are the effective length and fluid flow gap. The variation in magnetic flux
density with an increase in effective length and fluid flow gap is depicted in figure
3.17. The decrease in the magnetic flux inside the fluid gap determines the yield stress
of the fluid. The increase in yield stress increases the damping force and a decrease in

yield stress decreases the damping force.
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Figure 3.16 Saturation magnetization of MR fluid

The magnetic saturation curve used for MRF-1 is shown in figure
3.16. The decrease in the magnetic saturation point of the fluid when
compared to the magnetic particle is due to the additive percentage which
acts as a coating on the surface of the magnetic particle. The magnetic
saturation point of the fluid is directly related to the yield stress of the fluid
which decides the performance of the MR damper during the operation.
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Figure 3.17 Effect of fluid gap and flange length in MR damper

59


Draft-1.docx
Draft-1.docx

The geometric dimensions that will give the highest magnetic flux density by
the response surface optimization methodology (RSM) for MR damper fabrication are
given in table 3.5. The upper bound and lower bounds were based on the literature and
size requirements for the present study to measure force obtained by the mentioned
fluid (MRF-1).

Table 3.5 Geometric dimensions selected for fabrication

Flange length, | Corel length, | Flow gap, | Number of | Current,
mm mm mm turns A
Points 5 21 1 350 15

3.2.6 Characterization of MR damper

The monotube MR damper consists of a cylinder filled with MRF-1 and an
electromagnet consisting of a coil and electrical wires. The accumulator is not used in
the fabrication process in the present study. Equation (1) shows that the damping force
(F) has viscous force (F,) and field-dependent force (F,).

F=F,+F, (3.2)

The field-dependent damping force and viscous damping force are expressed by
equations (3.3) and (3.4).

F. = (2.07 +12Qu/12Qu+0.4xwxg2xty)X (TyLtA/g) Sgn (V) (3.3)
Fu= 1+ (wxgxv/2Q) (12uQL,A,/wxg?) (3.4)
Ap= x(D,%-D)/4
w=mn(g+Dp)
Q = VvxA,

where L, = length of the piston (mm), L= Pole length (mm), w = circumference gap
(mm), Dy, = piston diameter (mm), g = flow gap (mm), 1 = apparent viscosity without
current (Pa-s), ty = yield stress (Pa), D, = Piston rod diameter (m), Q = flow rate

(mm®s), and A,= area of the piston (mm?).
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The dynamic range (DR) is the ratio of the overall damping force to the force which is
uncontrollable which includes viscous force and accumulator force and negligible

friction force.

DR = (F,+ FJ)/ F, (3.5)

MR damper testing is performed on the damper testing machine, which is
shown in figure 3.18. The damper testing machine consists of the hydraulic actuator,
controlled by a portable test controller that controls the input parameters. The loading
frames can be adjusted using vertical columns according to damper size. The force vs.
displacement graphs was obtained by giving the required frequency and amplitude.
The DC power supply gives external current to the coil whenever required. The
characterization was carried out at three different frequencies (2 Hz, 3 Hz, and 4 Hz),
three amplitudes (2 mm, 4 mm, and 6 mm), and five different currents (0 Ato 1 A) to
see the input parameter's effect on the performance of the damper. The dynamic range

is calculated from the force obtained, and further results are evaluated.
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Figure 3.18 Damper testing machine

The damper testing machine consists of the hydraulic actuator, controlled by
a portable test controller that controls the input parameters. The loading frames can be
adjusted using vertical columns according to damper size. The force vs. displacement
graphs was obtained by giving the required frequency and amplitude. The DC power
supply gives external current to the coil whenever required. The characterization was
carried out at three different frequencies (2 Hz, 3 Hz, and 4 Hz), three amplitudes (2
mm, 4 mm, and 6 mm), and five different currents (0 A to 1 A) to see the input
parameter's effect on the performance of the damper. The dynamic range is calculated

from the force obtained, and further results are evaluated.
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Figure 3.19 Exploded view of the MR damper

3.3 RESULTS AND DISCUSSION

This section deals results evaluation of the MR fluid sedimentation study and
flow behaviour with temperature and magnetic field. To determine the performance of
the MR fluid the damper is fabricated and through characterization the dynamic range

of the fluid in the damper is obtained.

3.3.1 Sedimentation ratio of MR fluids

As the particles settle due to density difference, it leaves behind a clear volume
of carrier fluid. The sedimentation ratio is defined as the clear carrier fluid volume on
top of the particulate layer to the volume of the MR fluid sample before the start of
settling. The viscosity of the carrier fluid also plays an essential role in the
sedimentation of the particles. Since the viscosity of the silicone oil is five times more
than the hydraulic oil, it is evident that the sedimentation is less in the case of silicone-
oil MR fluid compared to hydraulic oil MR fluid. However, the choice of grease-
based additives does not seem to affect the sedimentation ratio compared to the
viscosity of carrier fluid irrespective of temperatures. Figure 3.14 (a)-(e) gives the
visually measured sedimentation ratio as a function of time taken. It shows the volume
of the clear liquid—suspension interface is dependent on time. The total time of the
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experiment was 650 hours. In this section, the temperature effect on the sedimentation

time, velocity of settling, and yield stress of the MR fluids was studied.
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Figure 3.20 Sedimentation ratio of MRF-1 to MRF-6 at 30 °C

The sedimentation rate decreases with time as particles distance reduces,
producing more particle contacts. By adding lithium and calcium base additives, there
was a decrease in the sedimentation rate observed between the samples. MRF - 1 and
MRF - 2 are prepared by adding lithium-based additives to silicone oil and hydraulic
oil. MRF - 1 and MRF - 2 took 24 hours to form 0.2 ml and 0.3 ml and took eight
days and 15 days to settle completely, respectively. Whereas for the same MRF - 1
and MRF - 2 samples at 100 'C, it took only 30 minutes to form 0.2 ml and 0.3 ml
transparent layer, respectively. MRF - 3 and MRF - 4, which are prepared by adding
calcium-based additive onto silicone and hydraulic oil respectively, took 24 hours to
form 0.6 ml and 0.2 ml of clear liquid at ambient temperature. In contrast, the
corresponding settlement happened in 30 minutes at 100 °C, respectively. It took

seven days and 28 days, respectively to settle ultimately for MRF - 3 and MRF - 4.
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Figure 3.21 Sedimentation ratio of MRF-1 to MRF-6 at 40 °C

0

Finally, comparing MRF - 5 and MRF - 6 combinations of lithium and
calcium-based grease additives mixed with silicone oil and hydraulic oil, respectively,
it took 24 hours to form 0.2 ml and 0.4 ml of the transparent layer at ambient
temperature. However, it took only 30mins to develop 0.1 ml and 0.3 ml of the
transparent layer at 100 °C, and for complete settling, it took approximately 4 and 16
days, respectively. It is inferred from the above observations that the combination of

carried fluid and additive significantly influences the stability of MR fluids.
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Figure 3.22 Sedimentation ratio of MRF-1 to MRF-6 at 60 °C
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Figure 3.23 Sedimentation ratio of MRF-1 to MRF-6 at 80 °C

The temperature has a significant influence on particle settling. An increase in
temperature makes the carried fluid viscosity and density decrease drastically, creating
a higher density difference and particles settling faster. However, particle density is
not affected by temperature rise. The sedimentation ratio of the silicone oil based
MRF's is more than hydraulic oil based MRF. The increased sedimentation ratio is
exponential as the temperature increases for all the MRFs considered in this study
irrespective of the combinations of the fluid. In the characterization part MRF - 1 is

selected for performance analysis of MR damper.
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Figure 3.24 Sedimentation ratio of MRF-1 to MRF-6 at 100 °C

3.3.2 Sedimentation velocity of the MR fluid
The general formula for calculating Stoke's velocity for dilute suspensions is

below.

V=g % (pp- pr) x & 18y (3.6)
The particle concentration of the MR fluids is very dense such that interparticle forces
hinder the settling. In the present study, settling velocity is calculated based on the
sedimentation ratio and time function. The sedimentation velocity of all the samples is
calculated at different temperatures, and the samples have been exponentially fitted by
the curve fitting technique. This experiment shows that settling velocity is a function
of temperature as the carrier fluid viscosity is also a function of temperature. The
increase in velocity of MR fluid is that the viscosity of the carrier fluid and additive
decreases drastically, making the particle holding stability of the grease weak in the
carrier fluid. The sedimentation data of samples is converted to velocity data. The
study shows that the silicone oil and lithium-based MR fluids have 0.00055 mm/min,
and hydraulic oil and calcium-based MR fluids have 0.0011 mm/min at 30 °C for the
same samples at 100 °C velocities are 0.0178 mm/min and 0.0356 mm/min. From the
above comparison of velocities, the silicone oil and lithium-based MR fluids settle 0.5
times less fast than the hydraulic oil and calcium-based MR fluids at all temperatures
up to 100 'C. From the analysis, it is evident that whatever the combination of MR
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fluids used, the trend between the effects of the temperature on velocity remains the

same, which is exponential in decay.

3.3.3 Characterization of the MR fluid

The flow properties of all the MR fluids were measured at 0 and 2 Amperes,
respectively at 30 °C, 50 °C, and 80 °C temperatures. The viscosity variation for all
the MRF samples is shown in figures 3.25 — 3.30. It is implied that; the viscosity
decreases with an increase in temperature under both magnetic and non-magnetic
exposures. However, the magnitude of reduction in viscosity concerning temperature
decreases with a magnetic field. Figure 3.33 — 3.38 shows the Bingham fluid flow
models shear rate versus shear stress flow curves. MR fluid yield stress increases with
the applied field due to more particles coming in for chain formation. The percentage

of viscosity recovered with varying shear rates with time is called as recovery rate.
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Figure 3.31 shows the influence of temperature on viscosity decrease and
exponential model fit results with r-square value greater than 0.95. Viscosity variation
was obtained at the different shear rates using a peak hold test in the rheometer at

shear rates 1 s, 300 s, 1 s for 30 s, 60 s and 150 s respectively. All the MRFs show
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shear thinning behaviour with an increasing rate of shear. The viscosity recovery rate
is 83.43 %, 60 % and 66.67 % of MRF - 1, MRF - 2, and MRF - 7, respectively.
Figure 3.32 depicts the viscosity recovery rates of the MRF samples.
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Figure 3.39 shows the behaviour of all the MRFs vyield stress at various
temperatures, and it is evident that for all the MRF, the yield stress decreases with

increasing temperatures. The increase in the yield stress remains constant after a

Different temperatures and magnetic fields

certain Ampere current due to the magnetic saturation of the ClI particles.
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3.3.4 Experimental test results of MR damper

MRF - 1 fluid selected based on better sedimentation stability and having the
highest yield stress is used in a shear mode MR damper to study its damping
characteristics. The force versus displacement curves for various amplitudes,
frequencies, and currents are shown in figures 3.40 - 3.44. The sinusoidal input
displacement is varied individually from 2 mm to 6 mm with an increment of 2 mm.
The damper's expansion and compression from the mean position are positive and
negative displacement. After testing for three inputs, i.e., frequency, amplitude, and
applied current, three observations were made. The force versus displacement closed-
loop graph area increases with input current representing an increase in the energy
dissipated by the system in a single cycle. It is evident from the force versus
displacement graphs that higher values of force are obtained at high amplitudes and
increased frequency. But there is not much rise in the damping force at the lower

amplitude and lower frequency.
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Figure 3.40 Force versus displacement curve at
2 mm amplitude and 2 Hz frequency

For 2mm amplitude at no current and 1 A, the force developed at frequencies 2 Hz

and 4 Hz, respectively, which is a 34.6 % and 1 % increase in the damping force. At
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6mm amplitude, for frequencies 2 Hz and 4 Hz at no current and 1 A, the force
developed is 164.44 % and 138.36 % rise respectively, which is a significant rise
compared to that for 2mm amplitude. Hence, the damping force is not sensitive to the
vibration frequency and applied current (magnetic field) at low amplitude. However,
the damping force is very sensitive to the vibration frequency at high displacement

and not much to the applied current.
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Figure 3.41 Force versus displacement curve at
2 mm amplitude and 4 Hz frequency

The force-displacement curves at constant lower amplitudes, varying
frequencies and constant higher amplitudes and varying frequencies are illustrated in
figures 3.40 and 3.41, respectively. For a given frequency of 2 Hz under no current
and 1A, the force developed at 2mm and 6mm amplitude is 186.9 % and 146.97 %,
respectively. Nevertheless, at 4 Hz under no current and 1 A, the force developed at 2
mm and 6 mm amplitude is 463.43 % and 491.09 % more than 2 Hz. The percentage
increase in damping force for a given increase in displacement amplitude is higher at
higher frequencies when compared to values at low frequencies and low amplitudes.
Hence, the damping force developed is sensitive to displacement amplitude, applied

frequency and the applied magnetic field in decreasing order.
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Figure 3.42 Force versus displacement curve
at 6 mm amplitude and 2 Hz frequency

Figures 3.42 and 3.43 depict force-displacement curves at constant 6 mm
amplitudes and varying frequencies. Higher energy dissipation into the MR fluid
increases the damping force at high amplitude, high frequency, and high currents. The
distortion in the force-displacement diagram is due to the absence of an accumulator
to compensate for the piston rod volume, which also leads to an increase in the
compression load on the piston, and another reason for the change in the shape force-
displacement diagram is the viscosity of the carrier fluid. The viscosity of the MR

fluid increases with an increase in the viscosity of the carrier fluid.
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Figure 3.43 Force versus displacement curve at

The performance of the MRF-1 was evaluated in MR damper by giving different
input parameters and the force variations was obtained at various amplitudes,

frequencies, and two currents. Figures 3.45 and 3.46 illustrate forces variations at

6 mm amplitude and 4 Hz frequency

three frequencies, three amplitudes, and 0 Ampere and 1 Ampere.
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Figure 3.44 Damping force at various amplitudes,

frequencies, and currents for MRF-1 at 0A
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Finally, to know the controllability of the MRF-1 in MR damper the dynamic range is
calculated. The obtained dynamic range for MRF-1 is very less which is depicted in figure
3.46.
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Figure 3.46 Dynamic range of MRF-1 with MR damper

After the fabrication of the MR damper, the flow characteristics of the MRF alone decide
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the performance of the MR damper with varied input parameters such as amplitude,
frequency, and current. Further, MRF-7 was prepared with silicone oil with viscosity (50 cSt)
(manufacturer: sigma Aldrich, 378356) less than previously used MR fluids (MRF - 1 to MRF
- 6) as the carrier fluid and 2 % of lithium base grease as the additive, 25 % by volume of
carbonyl iron particles. The conditions (i.e., rotation speed and time) for MR fluid synthesis

were kept the same as that of the first six MRF samples.

3.3.5 Stability, flow characteristics, and dynamic testing of MRF-7

The sedimentation study of new MR fluid is shown in figure 3.47 and 3.48, and it is
evident from the graph that the sedimentation rate is very high than previous MRF samples. It
takes nearly 40 hours and 7 hours to settle ultimately at 30°C and 100°C respectively, with 41
% settlement which is very much higher than the above six MRF samples. Characterization
of MR fluid is carried out on a rheometer at different currents and temperature conditions.
Figure 3.49 and 3.50 give the viscosity and shear stress variation of MRF-7. Figure 3.51
gives us the Bingham model fit analysis for the yield point of the prepared MR fluid sample
at 30 °C. Figure 3.52 provide us with the increase in yield stress of the MR fluid at different
currents at individual temperatures depicting a linear growth of yield stress at different

applied currents.
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Figure 3.47 Sedimentation analysis of MRF-7
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Figure 3.48 Settling study image of MRF-7

3.3.6 Conditions for characterisation of MR fluid

After the synthesis of MR fluid the fluid is to be characterised to study the flow
behaviour of the MR fluid. The input conditions maintained at the time of testing is shown in
table 3.6.

Table 3.6 Measuring conditions for characterisation of the MR fluid

Shear rate 0.1s'to500s™
Currents 0.25A,05A,0.75A, 1 A,
15A,2A 25A.
Gap 1 mm
Temperature 30 °C, 50 °C, 80°C
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Figure 3.49 Viscosity variation of MRF-7

The flow properties of all the MR fluids were measured at 0 and 2 Amperes,
respectively at 30 °C, 50 °C, and 80 °C temperatures. The viscosity and shear stress
variation with temperature and magnetic field for all the MRF samples is shown in figures
3.49 — 3.50. It is implied that; the viscosity decreases with an increase in temperature
under both magnetic and non-magnetic exposures. However, the magnitude of reduction

in viscosity concerning temperature decreases with a magnetic field.
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Figure 3.50 Viscosity variation of MRF-7
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Figure 3.51 Bingham Model fit at 80 °C of MRF-7
The Bingham model fit of the shear stress variation curves is illustrated in the figure
3.51 and the yield stress obtained with the equation model equation at all the temperatures
and magnetic fields were depicted in the figure 3.52. The Increase in yield stress is
observed with increase in magnetic field. Yield stress increases linearly with the
application of magnetic field. It is also observed that temperature increase decreases the

yield stress significantly.
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Figure 3.52 Yield stress variation of MRF-7 at 30 °C, 50 °C and 80 °C
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3.3.7 Characterisation MR Damper
The dynamic characterization of the MR damper is also carried out on the same steps
as that of the previous MR fluid (MRF-1) characterization. The input conditions to

characterize the MR damper is given in table 3.7.

Table 3.7 Conditions used to characterize the MR damper

Frequency 2Hz,3Hz,4Hz
Amplitude 2 mm, 4 mm, 6 mm.
Currents 0A/025A,05A,0.75A, 1A

Figure 3.53 - 3.56 illustrates the force-displacement diagram for MRF-7. The
peculiarity of the MRF is that area of the force versus displacement increases with an
increase in the applied current, amplitude, and frequency.

0.2
0.1}
2 0.0
=]
T
=]
=5
01}
02}
. —Em—0A
—8—1A
0.3 1 1 1 1 1
2 1 0 1 2

Displacement [mm]

Figure 3.53 Force displacement curve for MRF-7 at 2 mm amplitude,
2 Hz frequency, and OA and 1A currents

The maximum damping force obtained for MRF-7 is 0.245 kN, which is very much
less than MRF-1. The shift in the upper part of the force-displacement graph is due
to the absence of an accumulator, which is significantly minor in the case of MRF-7,
indicating the effect of viscosity of the carrier fluid on the performance of the damper.

The increase in the compression load in the case of MRF-7 is less than MRF-1, indicating
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another effect of changing the carrier fluid on the distortion in the force-displacement

curve.
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Figure 3.54 Force displacement curve for MRF-7 at 2 mm amplitude,
4 Hz frequency, and OA and 1A currents

The force displacement curves depicted in figure 3.53 and 3.54 gives the force
variation at 0 A, and 1 A at lower amplitude (2 mm) and varying frequencies (2 Hz and 4
Hz). The increase in force can be seen when the applied current is increased from zero to
1 Ampere. And also it is observed that an increase in frequency has very less impact on
the damping force at specific amplitudes.
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Figure 3.55 Force displacement curve for MRF-7 at 6 mm amplitude,

2 Hz frequency, and OA and 1A currents
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On the contrary, the damping force increases significantly with the increase in
amplitude from 2 mm to 6 mm at a constant frequency. Figures 3.55 and 3.56 illustrate
the increase in damping force. The increase in damping force at higher amplitudes
increase because of larger energy dissipation in to the fluid making the force displacement

curve increase in size.
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Figure 3.56 Force displacement curve for MRF-7 at 6 mm amplitude,
4 Hz frequency, and OA and 1A currents

Figure 3.57 illustrates the overall damping force variation at all the input
frequencies, amplitudes, and applied currents. The increasing trend is observed with an

increase in the input parameters of the damper.
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Figure 3.57 Damping force obtained at different input amplitudes,
frequencies, and 1A current

The dynamic range of the MRF-7 shows a decrease in variability with increasing
amplitude and frequency, like MRF-1. The decrease in dynamic range is observed with an
increase in amplitude, frequency, and current which indicates saturation magnetization of
the MR fluids. The variation in dynamic range is the critical property of the MRFs reveals
that carrier fluid viscosity plays a vital role in the dynamic range of the MR damper. The

dynamic range of the MRF-7, which is decreasing in trend, contradicts the dynamic range
of MRF-1.
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Figure 3.58 Dynamic range of MRF-7
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If the MR system operates at constant amplitude, constant frequency and constant
current higher viscosity oils can be selected. As in the case of artillery rebound displacement,
firing rate and required current are constant and depend on the artillery range. But in the case
of automobile application, displacements and frequencies impacting the damper are of
various ranges, so the MR fluid's variability is very much needed. In this case, carrier fluid

viscosity should be less than 350 ¢St and above 50 cSt to obtain the required dynamic range.

3.4 TEMPERATURE EFFECT ON MR DAMPER PERFORMANCE

Figure 3.59 depict the experimental arrangement for temperature
measurement. To measure the temperature of the damper, MRF-1 was prepared in
calculated quantity and filled into the damper. Amplitude is set at 12 mm, frequency
at 3 Hz, and 0 A and 0.4 A current. Two K-type thermocouples were attached to the
damper cylinder's top and bottom surface, and N19211 DAQ was used to capture the
temperature readings. The test was carried out for 500 cycles to evaluate the

temperature effect on the damping force.
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NI19211 DAQ

NI-9211 DAQ

Figure 3.59 Experimental setup to measure the temperature

of the damper while working

The Moog controller which controls the input parameters such as frequency,
amplitude, and currents is shown in figure 3.60. At a particular loading parameters
damper is tested and the results have been displayed on the pc and the data is acquired
through the DAQ system which is inbuilt within the system. On the similar lines the
thermocouples are connected to the surface of the damper. Thermocouples have been
connected to the N19211 DAQ system to acquire the temperature signals.
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Figure 3.61 Force variation as a function of time at 0A

Force variation is plotted in the time domain to observe the decrease in
damping force. The observations made during the analysis are that, the compression
load is approximately 50 % more than the expansion load, and this is because of the

absence of accumulator which will compensate for the piston rod volume of fluid
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movement. Figures 3.61 and 3.62 illustrates the force variation as a function of time

at0 Aand 1 A.
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Figure 3.62 Force variation as a function of time at 0.4 A

Figure 3.63 shows that at zero current, the temperature rise is approximately
6.5 °C from atmospheric temperature. But the temperature rise in case of 0.4 A
current is 19.5 °C from atmospheric which is significant. There is approximately
46.43 % and 48.1 % force reduction at 0 A and 0.4 A currents respectively. The
second observation made is increase in the dynamic range of the damper. The
temperature rise decreases the viscosity of the fluid causing less resistance to the
flow of fluid. The decrease in damping force is exponential in trend and increasing
the dynamic range. Figure 3.64 illustrates the increase in dynamic range of the MR

damper as the temperature increases.
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Figure 3.63 Temperature increase of the MR fluid during the testing
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3.5 SUMMARY

The Chapter-3 details confirmation of the CI particle size, and shape, which is of 7
microns in size and spherical in shape which is feasible for the synthesis of MR fluids.
After verification of the particles shape and size six MR fluid samples have been
prepared and studied for sedimentation stability and yield stress behaviour. Off six
MR fluids MRF-1 gives better stability and yield stress which is selected for
performance analysis in the next chapter-4.
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CHAPTER 4

INFLUENCE OF TEMPERATURE ON
MAGNETORHEOLOGICAL FLUID PROPERTIES AND
DAMPING PERFORMANCE

4.1 INTRODUCTION

The MR fluid systems temperature plays a significant part in enhancing the
performance of the system. As in the case MR damper, the operating temperature of
the fluid inside the damper is very important in analysing the damping force and
setting the limit for loading parameters to the MR damper. As per the authors
knowledge very less research is available related to the temperature effect on damping
performance by Dogruoz et al. (2003), Elsaady et al. (2021), Guo et al. (2019),
McKee et al. (2018), Sahin et al. (2009) when the damper is operating. The present
study aims to evaluate the temperature effect of MR fluid on performance while the
damper is working. Before synthesizing MR fluid, scanning electron microscopy, X-
ray diffraction, and particle size analysis verifies for the synthesis of MR fluid in-
house. Characterization of the MR fluid at different temperatures and magnetic fields
was carried out. The Herschel-Bulkley model is used to analyse the nonlinearity in the
fluid by incorporating the temperature effect. The range of critical parameters used to
fabricate the MR damper is selected using the Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) performance score. The temperature of the MR
fluid is measured using an embedded thermocouple while the damper is operating at
different loading parameters. The theoretical model predicts the increase in

temperature similar to that of the experimental values with an average error of 10.24
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% in the on-state condition. After characterisation of the damper particle
characterization for morphology, saturation magnetization, and TGA has been carried
out to see the effect of temperature on particle shape, and magnetic saturation and to
analyse the life of the fluid through TGA after approximately 85000 cycles. Finally,
to imitate the temperature effect on the particle, particles were heat-treated at 200 °C,
400 °C, and 600 °C, and through SEM image the deterioration of the particle is noted.

4.2 METHODOLOGY

This section of the study explains the process followed to attain the mentioned
objective of temperature measurement and its effect on damping force while the

damper is working.

4.2.1 Synthesis of MR fluid
Characterization of magnetic particles and steps to prepare magnetorheological

fluids are presented in the following section shown in figure 4.1.

4.2.2 Particle characterization

Materials used for MR fluid preparation include carbonyl iron (CI) particles
(manufacturer: sigma Aldrich, 44890), lithium grease (manufacturer: Permatex
80345) as an additive, silicone oil (manufacturer: Sigma Aldrich, 378372) as base
fluid. Scanning electron microscope (SEM) and Particle size analyser (PSA) were
used to obtain the shape (morphology) and average particle diameter of particles,
respectively. The crystalline structure is analysed using X-Ray diffraction (XRD) at a
2 °/minute scanning rate with radiation of A=1.54 A. Precision electronic balance for
weighing the required quantity of carrier fluid, stabilizer, carbonyl iron particles, and
geared stirrer to disperse the particles in the carrier fluid are the instruments necessary
to prepare the MR fluid. The properties of CI particles provided by the supplier are
shown in table 4.1.
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Table 4.1 MR fluid components and their properties

Carbonyl iron powder Properties

Density 7.86g/ml
Shape Spherical
Size 5-9microns

Properties of silicone oil

Viscosity 350cst at 25°C
density 0.968g/ml
Boiling point >=140°C
Properties of lithium base grease
Viscosity 45100Cst at 40°C
Boiling point >=250°C
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Figure 4.1 Methodology for particle analysis and characterization of MR fluid



4.2.3 Synthesis of MR Fluid

Table 4.2 refers to the materials used for MR fluid preparation. First, the
silicone oil and stabilizing agent are weighed using the precision weighing balance
and then transferred to a beaker. The silicone oil and stabilizer are stirred for about 24
hours by setting up the speed of a geared stirrer. Finally, after homogenizing the
carrier fluid and stabilizer, CI particles were added to the same beaker and stirred for
about 24 hours at 700 rpm. The volume fraction of silicone oil and carbonyl iron
powder was taken in the ratio of 70 % and 30 %, respectively. Additives of 2 % by
volume of silicone oil were added to the carrier fluid. Synthesized MR fluid is further
characterized for sedimentation stability and flow behaviour discussed in the

following sections.

Step-1, Stirring
@700rpm for 24ho i

A of Silicone
il [70%]

o N———

Step-2, Stirring
@700rpm for 24hours | 4

Figure 4.2 MR fluid synthesis
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Table 4.2 Constituents used for preparing MR fluid

Materials Quantity (Volume fraction in %)
Silicone oil 70
Carbonyl iron powder 30
Lithium white grease 2
(% of total weight)

4.2.4 Stability of MR fluid

A high density of CI particles is a factor that influences the sedimentation of
MR fluids when compared to base fluid density. The particles tend to settle towards
the bottom of the measuring cylinder due to gravity, as the particles settle to the
bottom, a volume of precise carrier fluid forms at the top of the measuring cylinder.
The stability of MR fluid is measured as the ratio of the height of clear fluid after
settling to the total volume of the MR fluid filled in the measuring cylinder before

settling and is called the sedimentation ratio.

height of the clear fluid (ml)

, , , x 100
the total height of the fluid before settling(ml)

Sedimentation ratio (%) =

The in-house MR fluid is taken in a 10 ml measuring cylinder. The measuring
cylinder is provided with graduations of 0.2 ml, as shown in figure 4.3. The
sedimentation is observed by measuring the height of the layer of particles settled with
time. Many parameters affect the sedimentation rate, such as carrier fluid viscosity,
shape, size of particles, stabiliser added, and carrier fluid temperature. All the
parameters were kept constant except the fluid temperature in this work. To vary the
temperature of the fluid, incubator is used that has a maximum temperature of 100 °C

with 2-3 % error band.
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Figure 4.3 MR fluid sample before and after settling

4.3 Rheological Characterization of In-house MR fluid
After settling studies of the prepared samples the fluid characterization is to be
carried out to know the flow behaviour of the prepared sample to further analyse
the performance of the damper. The measuring conditions to characterize the MR
fluid are shown in table 4.3.

Table 4.3 shows the measuring conditions for MR fluid characterization

Shear gap 1 mm
Shear rate 0.1s"-1000s™
Magnetic fields 0T,0.1735T,0.530T,0.890 T
Temperature 25°C,35°C,45°C,55°C

MR fluid rheological behaviour has been obtained using a rheometer (make:
Anton-Paar MCR 702). The rotational rheometer can provide shear stress and
viscosity values at the required magnetic field and temperatures which are shown in
figure 4.4. Approximately 0.32 ml sample is loaded onto a bottom plate, and the shear
gap is maintained at 1mm between the plates while testing. Obtained values might
have an error of £1-2 % due to sample loading of MR fluids with high viscosity. The
rheometer has a temperature control unit that can heat the fluid to a maximum of 70

°C and cool the liquid to ambient temperature.
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4.3.1 Temperature dependence of MR fluid Viscosity

Temperature and shear rate significantly influence the viscosity and affect the
performance of MR fluid. Therefore, MR fluid viscosity varying with temperature and
magnetic field was intended to be studied in the present work. MR fluid behaves as
Newtonian fluid in zero magnetic fields, and when the field is applied, it shows a non-
Newtonian fluid behaviour. Viscosity curves under the varying shear rates of 0.1 s™ to

1000 s™ at required magnetic fields and temperatures are determined.

Top adjusting head
MRD Cell

Rotating plate (top)
Stationary plate (bottom)
Yoke

Tesla meter

Hood

NGO R

Figure 4.4 Rheometer for MR fluid property measurements

4.3.2 MR fluid yield stress
The fluid flow is restricted by CI particles arranged in a chain-like structure in
the applied magnetic field, increasing MR fluid's yield point. It is also referred as the

MR effect, and figure 4.5 represents the schematic representation of the MR effect.
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Figure 4.5 Magnetorheological effect with

the application of an external magnetic field
In this section, the behaviour of MR fluid for yield stress with and without
magnetic field was studied at different individual temperatures. The shear stress
behaviour with varying shear rates is observed at 25 °C, 35 °C, 45 °C and 55° C
temperatures and at constant magnetic fluxes of 0 T, 0.1735 T, 0.53 T and 0.890 T.
Under magnetic fields, yield stress increases at low shear rates compared to high shear
rates. The variation in the yield stress with a supply of external magnetic field has

been modelled based on Herschel-Bulkley (HB) model given by the equation below
=ty +K(y)" (4.2)
Yy =0, t<7tH

Where t = shear stress (Pa), Ty =field (H)-dependent yield stress (Pa), y = Shear

rate(s™), K = consistency index and n = flow behaviour index.

4.4 Design and fabrication of MR damper
This section notes some essential performance parameters from the previous
literature review and is optimised using the simple TOPSIS method for better

performance. Following are the vital parameters listed below are considered.

e Fluid flow gap

o Effective pole length

e Core length to accommodate coil turns
e Number of turns of the coil

e Applied Current
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Some of the above parameters and their relations were explained in section 4.7.
Before going on to the actual fabrication process, the required dimensions have to be
selected for the required size according to the raw material available. The material
used for fabrication is selected from finite element (FE) analysis. Externally, the
current supplied to the circuit can be controlled, but the other parameters should be
decided before fabrication. The size (length, considering the maximum operating
amplitude) and piston core must be fixed. Based on the limiting values, optimisation
for geometric dimensions was carried out and the methodology for this study is given
in figure 4.6. The primary step in this method is to convert all the parameter values

into a normalised matrix using equation (2).

rij = S (4.2)

After selecting normalization weights, find out the weighted normalized matrix by

multiplying the equation with weights chosen and given by equation (4.3).
aij = wjrij (43)

The next step is to find out the ideal best (B" = increasing values among the
parameters corresponding to given higher weights) and ideal worst parameters (B'=
decreasing values among the parameters corresponding to given lesser weights). Here,
effective flange length and fluid flow gap are given weightage with 0.1 and 0.2
respectively, core length and a number of coil turns are given 0.1 each, and maximum
weightage is given to magnetic flux density. They were used for finding the positive

and negative Euclidian distance from equations (4.4) and (4.5).

Pi+ = Z (B, - BY)? (4.4)
j=1
Pi-= (B;; — Bj) (4.5)
2, e
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The performance score is calculated based on the magnitude of the magnetic
flux density produced while calculating ideal best and ideal worst values. Equation

(4.6) gives the formula for performance score calculation.

+
pj = 2 (4.6)

pi+p;

Design and Fabrication of MR
damper

[ Selection of Matenal for MR damper ]
fabrication thro! FE analysis

Optimization of MR damper for geometric i
dimensions using TOPSIS

}

Finalization MR damper dimensions for
required size

|

Fabrication of MR damper for temperature
measurement

-
Choosing the important parameters (Flow gap, pole length, core
length, number of coil tums, currents) for damper design

v

( i
Evaluate the normalised decision matrix: rij = el Xij = [g. L, Cl,
m

le-l x'z’
(  Evaluate weighted normalised matnx: @; j = Wity =
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¥
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Figure 4.6 TOPSIS methodology flowchart
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The overall goal line of this design of MR damper study is to get geometric
dimensions for maximum magnetic flux density in the fluid flow gap and, in turn, to

have a better damping force
Finite element analysis

The primary objective is to select a material for the fabrication of the damper
through step-wise analysis of permeability of the materials in getting optimal damper.
According to electromagnetic field theory, the magnetic induction line is almost
parallel at the interface between the boundaries of the enclosure, fluid, piston core,
and outer cylinder. The relation between magnetic flux and magneto-motive force in

the piston core and cylinder can be obtained through Ohm's law which is given below
@ = NI /Rn, (4.7)

Where @ is the magnetic flux, N= number of turns, I am the current, and R, (1/pA, p
is the magnetic permeability of the material, and A is the cross-sectional area of the
circuit) is the resistance offered by the magnetic circuit. Magnetic flux density (B) is
computed from the current flux density (J) of the applied DC, and this current density
is further used to evaluate the magnetic field intensity (H), which was developed using

Ampere's law and Gauss law of magnetics and are given by
Fx H=J+dD/dt (4.8)
7-D=p
Magnetic flux density is given by(Nguyen et al. 2007)
B=poNI/2xgxp, (4.9

Where p = free electric charge, J = I/A, current density, D = electric flux density, g =
fluid flow gap (mm), p, = relative permeability of MR fluid, pp = magnetic

permeability of free space.

The material properties of the damper have been considered with the exact dimensions
of fluid flow gap, pole length, and core length with non-magnetic materials for outer
cylinder and piston rod for damper-1 and magnetic materials for the same cylinder and

piston rod for damper-2.
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4.4.1 Geometric dimensions for MR damper fabrication

Design dimensions for the fabrication of the damper are obtained from the
TOPSIS method, which can be exclusively employed in many engineering
applications where more than one objective is involved (minimising one parameter by
maximising another parameter). The principle of operation is based on the user's
requirements, which gives closeness to the ideal solution Pavi¢ and Novoselac (2016).
The advantage of this method is that the user can place the various magnitude of
importance on the objectives that one wishes to employ that depends on application

and interest and it is done by placing different weights on the objective functions.

In this section of the study, multiple parameters that decide the performance of
the damper (contrary parameters) are studied based on weightage given to parameters
given by the user on beneficial/non-beneficial terms. This method aims to see the
importance of each parameter that contributes to the increase in the magnetic flux
density in the fluid flow gap. As discussed earlier, the design parameters include
effective length, core length, and the number of coils, currents, and fluid flow gap.
The five models with different dimensions are selected within the required limits by
assigning the weightage to each parameter and obtaining the parameters which give
the highest magnetic flux density selected for fabrication. From the previous literature,
study fluid flow gaps play a significant role in obtaining the highest magnetic flux
density. Based on this literature, available weights are assigned. The model
dimensions and the weights used to obtain the dimensions are given in table 4.4 - table
4.5.

Table 4.4 Models used for selection of MR damper dimensions

Models Effective Core coils Fluid gap Magnetic flux
length length density
Mod-1 3 15 300 0.5 0.671
Mod-2 4 18 450 2 0.842
Mod-3 5 21 400 1 0.906
Mod-4 6 24 350 25 0.549
Mod-5 7 27 500 1.5 1.01
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Table 4.5 Weightage is given to each design parameter

Flange length Core No of coil Shear Magnetic
(mm) length(mm) turns gap(mm) flux density
0.1 0.1 0.1 0.2 0.5

Taking the fluid gap as the non-beneficial criteria and giving more weightage
to the magnetic flux density in the fluid flow gap by maintaining the applied current
constant at 1.5 A, the performance scores of individual models are given in table 4.6.

The dimensions obtained for fabrication are given in table 4.7.

Table 4.6 Performance score of all the models

Model-1 0.51858
Model-2 0.46935
Model-3 0.73768
Model-4 0.16195
Model-5 0.73016

Table 4.7 Selected dimensions for fabrication

Dimensions for fabrication MR damper
Flange length Smm
Shear gap 1mm
Core length 21mm
Number of copper turns 400
Maximum operating current 15A

4.5 Fabrication of MR damper

After material selection, the fabrication process is carried out on traditional
machining processes based on the dimensions obtained from the previous section. To
vary the magnetic field electrical cables have to be passed through the hole drilled
(3mm) in the piston rod and to measure the temperature thermocouple (K-type) is
passed along with electrical cables until the top of the piston head. A copper coil is
wound using the mechanical winding machine, which has a dial for counting the

number of turns on the piston core material. Figure 4.7 shows the complete MR
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damper arrangement for characterisation along with the thermocouple tip on the piston
head.

Thermocouple tip which will
be in contact with the MR fluid

Figure 4.7 Thermocouple arrangement to measure

the temperature of the MR fluid inside the damper

4.5.1 Characterisation of MR damper

The complete arrangement to measure the temperature inside the damper is
shown in figure 4.8. The structure consists of a damper testing machine fitted with an
MR damper. The k-thermocouple is inserted where one side of the bead comes in
contact with fluid on top of the piston head. During the continuous operation of the
MR damper, the movement of the liquid from the flow gap comes in contact with the
thermocouple bead, measuring the temperature of the fluid. Inline by measuring the
fluid temperature inside, there were other two other thermocouples connected onto the
surface of the outer cylinder, Ts;-top surface, and Ts, bottom surface. Temperature
and force-displacement data are acquired simultaneously with NI1-9211 thermal DAQ
and inbuilt data acquisition through the controller of the damper testing machine,
respectively. The force data is acquired from the load cell attached at the bottom

fixture. The displacement given to the damper is acquired from the displacement
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transducer attached at the top and the hydraulic actuator. The current is supplied with

the help of the dc power supply.
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\ In=Fluid temperature
i Is1= Surface temperature 1
Is2= Surface temperature 2
R

g
l == 8
1. Damper testing machine
2. MR damper
3. NI9211 DAQ
4. DC power supply
5. K-type thermocouple
6

. MOOG controller and
display unit
7

Hydraulic power pack

Figure 4.8 DAQ and controller setting for temperature characterisation

4.5.2 Theoretical study on heat generation in MR damper

The temperature of the MR fluid plays a significant role in the MR damper's
performance and affects the life of the system operating under these fluids. A
theoretical model was modelled and validated experimentally to study the model's
applicability. Using lumped system analysis proved academic experimentation results
for different damping forces. A control volume is selected within the damper where
energy balance in rate form is applied upon solving the relation gives the temperature
at any instant Breese and Gordaninejad (1999.). Converting the obtained model to
nondimensional terms to get the heat leaving the system and heat generated from the
applied current. The important assumptions in order to prove the applicability of the
lumped phenomena were variation in yield stress of the MR fluid between atmosphere
the and the system is not more than 5 % and that also Biot number should be less than

0.1 Dogruoz et al. (2014.). The energy balance is given by
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_du
T dt

Q-W (4.10)

Where Q = heat transfer rate, W = the work supplied and % = internal energy of the

system.
The heat is leaving the system through convection is given by the equation below
Q=hAs[T(t)-To] (4.11)

Where h = convective heat transfer coefficient, A;= External surface area of the

damper, To= Ambient temperature, T (t) = temperature at any instant of time.

Work done in this equation (4.10) is given by two terms one is force-displacement,
and another is electricity supplied and is given below

W= F (xS - PR (4.12)

Where F(t) is the work input to the piston rod, x(t) = x sin (ot), I = input current, R =

resistance of the wire.

Constitutive law is used to represent the inherent nonlinearity in the MR damper is

assumed to be equation (4.13).

dx(t)

) (4.13)

dx(t)|¢
F(t) = Cx |%| sgn(

C and o (0 < a < 1.5, are the functions of current and temperature, and they are the
damping coefficient and fractional exponent, which shows the inherent nonlinearity in
the MR damper.

The internal energy within the control volume is given in equation 4.14.

du _ dT(t ~
pralalevre Y'mcp (4.14)

dZ—(tt): rate of temperature change in the system, Ymcp = summation of all the
internal energies. Substitution and rearranging of terms give

T(t) + A [ T(t) - To] = C"ZC;—SC(;’” %o cos(wt)|“ sgn(=2) +1 (4.15)
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Where A = e n= Smep

=~

For MR fluid damper 4™ order Runge-Kutta method is used to solve the equation 4.15

for any value of a.

4.6 Results and Discussion
The detailed results of particle analysis, synthesis, sedimentation study,
characterisation, design, and characterization of the damper for thermal analysis are

discussed in the following section.

4.6.1 Particle characterisation

The primary step before MR fluid preparation is to characterize the
commercially available CI particles to verify the feasibility of preparing the MR fluid.
Figure 4.9 shows the morphology of the particle which is spherical in nature. The
mean particle size of CIl particles is 7.42 um when measured with a particle size
analyser and is shown in figure 4.10. Shape and size play an essential role in
magnetorheological fluids' stability and yield behaviour. As the particle size increases,

the sedimentation rate also increases.

.! o
1pm EHT = 500KV Signal A=InLens Mag= 2500K X

WD= 27 mm W

Figure 4.9 SEM image of ClI particles
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Figure 4.10 Particle size distribution of CI particles

From figure 4.11, the peaks are obtained at 45.3°, 65.71°, and 82.94°, which

correspond to 26 at 110, 200, and 211 lattice planes which imply that the crystal
structure is a body-cantered cube (BCC).

300

(110)
250 |

200 |

Intensity (a.u)
: 2

211)

(200)

0 MWWM !

12 24 36 4 6
2theta?degrees%

72 84

Figure 4.11 XRD of CI particles
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4.6.2 Sedimentation stability

After synthesis of MR fluid the initial step is to test for the settling behaviour
of the sample. Figure 4.12 shows the sedimentation study of the MR fluid at different
temperatures. The sedimentation results show that, at 30 °C, 28 % of MR particles
have been settled, and it takes nearly 336 hours to settle down completely. The fluid
temperature is increased from 30 °C to 100 °C with an increment of 10 °C. At each

temperature, the time corresponding to sedimentation is noted down.
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30r o 40°C
vV A 50°C
__ 25t é’ v 7 60°C
= o v A 70°C
= o v A 80°C
=) v A
20 O 90°C
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g 10_0 v A o °
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o 7 (8] o
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Time [hours]

Figure 4.12 Sedimentation ratio of MR fluid at different temperatures

Figure 4.12 shows the details of the sedimentation ratio at individual
temperatures. The variation of sedimentation rate at different temperatures was
observed for 2 % sedimentation, i.e., time is taken for 2 % sedimentation at a
particular temperature. The results were characterised using an exponential curve
shown in figure 4.13. These results can be further explored to evaluate the time

taken to settle at a particular settling rate to re-operate the MR fluid system.
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Figure 4.13 Time taken to settle at constant sedimentation rate

with varying temperatures

4.6.3 Temperature effect on the MR fluid viscosity

For various temperature and magnetic field strengths of MR fluid, shear rate
versus viscosity were plotted from varying shear rates. MR fluid viscosity without
magnetic field in between temperatures of 25 °C - 150 °C and with magnetic field in
the temperature range of 25 °C-55 °C were obtained as shown in figures 4.14 - 4.17.
Figure 4.18 illustrates the temperature effect on in-house MR fluid and commercially
available MR fluid viscosity at zero magnetic field. The exponential decay model fit
analysis illustrates that decrease in viscosity follows a similar pattern for both fluids
with r-square value greater than 0.9, which is the reliability of the obtained values.
The comparative study of in-house fluid viscosity with commercial fluid resembles
the same trend at higher temperatures without magnetic field. However, the increase
in viscosity with the magnetic field increase and the temperature of MR fluid up to
0.530 T. After 0.530 T magnetic fields, viscosity does not change significantly
because of the magnetic saturation of particles. Nevertheless, the decrease in viscosity
is exponential with the shear rate. The curve fitting method obtains the relationship

between the viscosity and temperature, given by equation 4.16.
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Figure 4.14 Viscosity versus shear rates at 0 T with varying temperatures
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Figure 4.15 Viscosity versus shear rates at 0.1735 T with varying temperatures
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Figure 4.16 Viscosity versus shear rates at 0.530 T with varying temperatures
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Figure 4.17 Viscosity versus shear rates at 0.890 T with varying temperatures

The comparative study to know the behaviour of the MR fluid viscosity for in-

house and commercially available is illustrated in figure 4.18 with exponential model
fit analysis.
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Figure 4.18 Temperature versus viscosity at zero magnetic field
The experimentation found it to decrease exponentially with the increased temperature
at various magnetic fields.
The equation for the exponential curve is given below
n=ae’’ (4.16)

Where a and b are constants, T = temperatures, i = viscosity (Pa-s).

4.6.4 Temperature effect on MR fluid yield stress
To describe the flow behaviour of MR fluid, HB model at varying shear rates
and magnetic fields is used. The model comprises Newton's law, power-law, and

Bingham plastic law and is expressed by equation (4.17).
=1 +K (y)" (4.17)
Where 1 = shear stress (Pa), tg = field (H)-dependent yield stress (Pa), y'= shear rate(s

1, K = consistency index and n = flow behaviour index.

The flow behaviour of MR fluid at various temperatures and magnetic fields is
obtained and is shown in figures 4.19 — 4.22. It is clear that when the external field is
applied, the nonlinear Herschel Bulkley (HB) model fits the flow behaviour. The

available literature study shows that MR fluid properties are mainly affected by
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temperature. At zero magnetic fields, MR fluid has a yield stress of 4.27 Pa and 2.75
Pa at 25 °C and 55 °C temperatures, respectively, and there is a 35.59 % decrease in
the yield stress. At a magnetic field strength of 0.890 T, the MR fluid has 2760.3 Pa
and 2423.1 Pa dynamic yields stress at temperatures 25 °C and 55 °C, respectively.
Approximately a 12.21 % decrease in the yield stress was detected at 25 °C to 55 °C
with a magnetic field. Higher magnetic fields increase the yield stress at constant
temperature up to the saturation point. An increase in temperature at a definite
magnetic field reduces yield stress.
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Figure 4.19 Shear stress versus shear rate at 0 T with varying temperatures
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Figure 4.20 Shear stress versus shear rate at 0.1735 T with varying temperatures
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Figure 4.21 Shear stress versus shear rate at 0.530 T with varying temperatures
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Figure 4.22 Shear stress versus shear rate at varying
temperatures and magnetic fields

Generally, microparticles will have high magnetic properties compared to
nanoparticles. When the magnetic field increases, the chain formation filling gaps
between the microparticles will increase the yield stress. To modify the HB model and
include the temperature effect, the change in parameters has to be analysed at different
temperatures. Figure 4.23 depicts the variation of yield stress with increase in

magnetic field and the B-H curve for prepared MR fluid is also mentioned.
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The B-H curve for equipment shows us that a magnetic field passes through
the fluid on the plate. The second-order polynomial equation is fitted over the data
obtained and is expressed in equation (4.18).

1= a,(B?) +ay(B)+ay (4.18)
Where a,, a1, and a; are constants, B = Magnetic flux density [T]

Figure 4.24 show the dependency of consistency index K on the applied magnetic
field has been fitted with a 2™ order polynomial and given by equation (4.19).

K = -115.6(B%)+943.36(B)+93.41 (4.19)
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Figure 4.24 Magnetic field versus Consistency index

Table 4.8 HB model parameters and yield stress values at different magnetic fields (25

°C temperature)

Magnetic flux 75 (Pa) K n R-Square
density(T)
0 4.27 1.59 1 0.99
0.1735 2784.6 1179.8 0.202 0.94
0.530 3757 1588.64 0.276 0.97
0.890 2760.3 1808.19 0.285 0.960

Table 4.8, table 4.9, table 4.10, and table 4.11 show the model parameters at

different temperatures. The analysis shows that temperature affected yield stress,

consistency index, and fluid viscosity, which agrees with the research carried out in

the previous studies. At lower shear rates, the flow behaviour curve slope is more than

that at higher shear rates.
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Table 4.9 HB model parameters and yield stress values at different magnetic fields (35

°C temperature)

Magnetic flux 5 (Pa) K n R-Square
density(T)
0 3.14 1.24 1 0.99
0.1735 1927.1 1407.49 0.227 0.965
0.530 3313.1 1571.81 0.312 0.96
0.890 2574.32 1491.52 0.31 0.967

From the tables it can be observed that at specific magnetic fields and
increasing temperature, yield stress decreases significantly. The decrease in yield
stress can be interpreted as a decrease in the damping force as the yield behaviour of
the sample is directly related to on state damping of the MR damper.

Table 4.10 HB model parameters and yield stress values at different magnetic fields
(45 °C temperature)

Magnetic flux T8 K n R-Square
density(T)
0 3.07 1.05 1 0.99
0.1735 1894.72 1104.26 0.252 0.96
0.530 3153.9 1426.13 0.312 0.967
0.890 2569.37 1786.05 0.315 0.957

The decrease in yield stress is also due to temperature rise and the Brownian
motion of nanoparticles. The Brownian movement comes into the picture because of
the existence of nanoparticles in smaller quantities that causes a reduction in yield
stress (Wang et al. (2019)). The Brownian motion in the MR fluid can be minimised

by increasing the particle size of which compromises the settling rate of the particles.
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Table 4.11 HB model parameters and yield stress values at different magnetic fields

(55 °C temperature)

Magnetic flux 75 (Pa) K n R-Square
density(T)
0 2.75 0.98 1 0.99
0.1735 867.61 856.17 0.297 0.961
0.530 2979.32 1576.5 0.324 0.964
0.890 2423.18 1505.30 0.358 0.967

The decrease in yield stress of the MR fluid after a certain magnetic field depicts the fluid's
saturation point in magnetic particles and is shown in figure 4.25. Figure 4.26 illustrates the

decrease in yield stress with the temperature at specific magnetic field along with exponential

decay model fit with r-square value greater than 0.9.
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Figure 4.25 Yield stress variation with application

of magnetic field and temperature
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Figure 4.26 Yield stress variation with exponential model fit
Based on figure 4.26, a curve has been fitted considering the temperature and
magnetic field effect; the HB model is incorporated by adding the Arrhenius equation
(decaying impact) and is shown by equation (4.20). The parameters were calculated
using the equation mentioned in table 4.11. This model will be further implemented in

computational fluid dynamics (CFD) simulation work.

(T, 7) = w5 (B) A1 (T) + K(B) A(T) y " (4.20)

A; and A; are the exponential decay functions representing the temperature effect on

MR fluid yield stress and viscosity.

A=A.Exp (Ea./R. T) (4.21)

Where A,= pre-exponential parameter, Ea.=activation energy, R=universal gas

constant=8.314 J/K.mol, T = temperature
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Table 4.12 Parameters of the exponential decay function in various temperature

ranges are obtained using equation (4.20)

Magnetic flux Temperatures Ea (78) Ea(p) T3(°C) R’
density (T) °O
0-0.890 25-55 2314.176 | 340.32 45 0.91

4.7 Design and fabrication of MR damper

Before fabrication, the materials used for fabrication are selected based on the

finite element magnetostatic analysis and dimensions for fabrication were determined

from the TOPSI

S technique.

4.7.1 Selection of material for MR damper fabrication

The selection of materials for the fabrication of MR damper is studied through
finite element analysis (FE) of ANSYS workbench and to find out the induced

magnetic field in the fluid flow gap at different current inputs, which also decides the

performance of MR damper. Figure 4.27 gives the schematic representation of the MR

damper.
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Figure 4.27 Schematic representation and terminology of the piston
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The other vital parameters which enhance the magnetic flux density in the
damper are the materials of a piston, cylinder, and design dimensions of the damper.

The selected materials for the analysis are shown in table 4.13.

Table 4.13 Materials used for FE analysis

Models Piston core Piston-rod Cylinder
Model-1 SA1018 Non-Magnetic Non-Magnetic
Model-2 SA1018 SA1018 SA1018

4.7.2 Estimation of damping force from FE analysis

Theoretical damping force is calculated based on the magnetic flux density
obtained in the gap between the effective length and the outer cylinder. Finite element
analysis is employed to obtain the magnetic flux density in the gap and then
substituting in equation (4.23) to find the yield stress of the fluid. The properties such
as viscosity, density, specific heat capacity, and the permeability of the material are to
be added in the equations below. The overall damping force induced in the damper is
given by the three forces, i.e., frictional force (Fs), field-dependent yield stress (F.),
and viscous force (F,), and is shown in equation 4.22 Xu et al. (2013). In this case,

neglecting the friction force, the other two forces are considered for the study.

F=F+F.+F, (4.22)
_ 12uQ TgLAD .
Fo= 207+ (o aeem—) 2 sgn (@) (4.23)
1\ 12uUQL:A
Fo=(1+%) T (4.24)
Q =udp
_ Velocity
- 2xFlow gap

u = 0.0006y "

w=n(§+§+D)

127


Draft-1.docx

2_42
Ap _ n(D4 do)

where L = effective length (mm), L; = L; + L, total effective length (mm), w =
Average circumference of flow gap (mm), D = diameter of piston (mm), g =gap
thickness (mm), i = apparent viscosity (Pa-s), T = shear stress (Pa), d, is the diameter
of piston rod (mm), Q = volumetric flow rate (mm? /s), and u = relative velocity

(mml/s).

The results from FE analysis show that the magnetic materials with high
permeability give a higher value of magnetic flux density in the flow gap than the
non-magnetic materials with less magnetic permeability. Figure 4.28 (damper-1)
below shows us the leakage of a large amount of magnetic flux from the damper to the
ambient, and figure 4.29 (damper-2) indicates no magnetic flux leakage from the

ambient.

Flux leakage
Jrom the outer
cylinder ro the
armosphere

0.000 0.030 0.060 (m)
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Figure 4.28 Magnetic flux density variation in damper-1
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No-flux leakage

Figure 4.29 Magnetic flux density variation in damper-2

Figure 4.30 show us the magnetic material used for cylinder and piston
material for MR damper fabrication. The materials used are SA1018 for piston core,
SA1018 for cylinder and EN8 for piston rod.

=

SA1018,Piston
material

| SA1018, Cylinder
' material

Figure 4.30 Raw material for MR damper fabrication

4.7.3 Characterisation of MR damper

This work aims to determine the relationship between the temperature effects
on the damping behaviour of the MR fluids in the damper. The first step in
characterization was setting up the MR damper onto the damper testing machine.
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Before fitting, MR fluid sample is kept in a desiccator vacuum pump to remove the air
bubbles trapped in the fluid while stirring in the mechanical stirrer (to avoid air
pressure on the piston) and then pouring the calculated fluid volume in the cylinder
chamber. Checking the electromagnetic circuit for closeness using a multimeter and
simultaneously connecting the thermocouple wires internally and externally to NI-
9211 thermal DAQ and this DAQ to the pc. Figure 4.31gives the MR damper

characterisation flow charts.

By switching on the damper testing machine, some cycles at random
amplitudes, frequencies, and current are operated to check the smooth operation. After
checking with random conditions, the input conditions for the test on the damper are
set. The amplitudes, frequencies, and currents selected are 8 mm, 10 mm, 12 mm, and
2 Hz, 3 Hz, 4 Hz, and 0 A, 0.25 A, 0.5 A, and 1 A, respectively. The plots were
obtained at a particular amplitude, frequency, and varying currents. This step is

repeated for different amplitudes and frequencies.

Fitting MR damper on Dynamic
testing machine

y

4 . . - 3
Adjusting the damper with dummy
cycles

Input parameters

v !

[ Amplitudes (Displacements) ] { Frequency ] { Currents ]

+ 8mm, 10mm, [2mm * 2Hz, 3Hz, 4Hz * 0A, 0.25A, 0.5A, 1A

Analysis of input parameters for
damping force and temperature

relationship with damping force

Figure 4.31 MR damper characterisation flowchart
The damping effect of suspension is usually described by force-displacement
curves. The area covered by the force-displacement curve shows the damping effect of
the damper in that period. The air bubble effect also adds to the distortion in force-

displacement graphs at lower temperature. As the damper operating time increases, the
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temperature of the fluid increases which reduces the viscosity of the fluid making the

air escape from the MR fluid hence decreasing the distortion in force-displacement

graph. The peak force shift towards the left of the force-displacement curve as shown

in figure 4.32 which is similar to work done Guo et al. (2019). The plots shown below

are for the 100™ cycle and 1000™ cycle to see the increase in temperature and decrease

in the damping force at a single stretch for different currents was also carried out by
Bharathi Priya and Gopalakrishnan (2019a).
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Table 4.14 Parameter values for theoretical model analysis

Properties Values
Heat transfer coefficient, h (w/m?®-k) 28
Surface area of the damper, As (m°) 0.0336
Total heat capacity of system, 1905
Zn me(J/K)
Resistance of the electromagnet, Ohms 22.4
Q)
Tamb(oc) 25-32
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Figure 4.32 Force versus displacement curves at

8 mm amplitude, 2 Hz frequency, and 0 A
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Figure 4.33 Force versus displacement curves at
8 mm amplitude, 2 Hz frequency, and 0.5 A

Figures 4.32- 4.35 shows the force-displacement measurement at 8 mm
amplitude, 2 Hz, 3 Hz, 4 Hz frequencies at 0 A and 0.5 A. The test was been carried
out for 1000 cycles to see the temperature rise in all the cycles. The distortion in force-
displacement loop is caused due to the absence of accumulator and the presence of
bubbles in high viscosity MR fluid which shifts the peak force towards the right side
of the force-displacement graph. Atmospheric air gets trapped in the process of
synthesizing MR fluid forming numerous bubbles in the process of mechanical
stirring, due to high viscosity of the carrier fluid trapped air is not escaped easily at
low temperatures. Along with the accumulator and air bubble effect and inertial and
frictional effects also has a minimal impact on force reduction. The characterisation of
MR damper in this study is carried out in the absence of the accumulator which is
creating average compression load of 36.9 % more than the expansion stroke (Chooi
and Oyadiji (2008), Elsaady et al. (2021).
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Figure 4.35 Force versus displacement curves at
8 mm amplitude, 4 Hz frequency, and 0.5 A
For instance, in figure 4.32 - 4.35, for 8 mm amplitude 2 Hz frequency, there
is a decrease of 30 N force and 40.85 °C temperature at OA and 60.5N force
decrease and 43.5 °C temperature rise at 0.5 A current. At 10 mm amplitude 2

Hz frequency, there is a decrease in 153 N and 340 N decrease in force and 45.9

°C and 48.5 °C temperature increase at 0 A and 0.5 A currents, respectively.
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Figure 4.36 Force decrease with increase in time at

8 mm amplitude, 2 Hz frequency, and 0 A and 0.5 A

Figure 4.36 and 4.37 depicts the variation of damping force as function of

time at 8 mm amplitude, 2 Hz and 4 Hz frequency at 0 A and 0.5 A currents. The

insert in the figures show the theoretical validation of the experimental force

values.
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Figure 4.43 Force decrease with an increase in time at 10 mm amplitude,
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For the 12 mm amplitude 2 Hz frequency, the force decrease was 200 N and
473 N, and the temperature increase was 42.65 °C and 53.57 °C at 0 A and 0.5 A
currents, respectively. Taking another instance, at 8mm amplitude and 3 Hz frequency,
there is a forced decrease of 375 N and 160 N, and the temperature increase is from
36.2 °C to 46.1 °C at 0 A and 0.5 A currents, respectively. At 10 mm amplitude and 3
Hz frequency, there is a 470 N and 440 N decrease in force and temperature increase
from 54.9 °C t0 56.76 °C at 0 A and 0.5 A currents, respectively. At 12 mm amplitude
and 3 Hz frequency, there is a decrease of 797 N and 400 N force and temperature rise
is from 57.28 °C to 65.76 °C at 0 A and 0.5 A, respectively. At 4 Hz frequency and 8
mm, 10 mm and 12 mm amplitude, there is a decrease of 780 N and 477 N, 680 N and
720 N, 868.4 N and 1070 N force and 53.5 °C to 53 °C, 63.2 °C t0 65.9 °C, 74.2 °C to
79.36 °C temperature increase at 0 A and 0.5 A currents respectively. The critical
observation is that, as the amplitude of vibration increases, the damping force at a
particular frequency decreases, causing a temperature increase. And at a specific
amplitude and increase in frequency, there is also enhancement in the damping force
decrease and rise in temperature. The average temperature difference between off-state
and on-state is approximately 8 °C which indicates the rise in temperature with
application of current. The amplitude has a having a significant impact on temperature
rise by three times more than that of the frequency. Figures 4.32 - 4.35, figures 4.38 —
441, and figures 4.44 — 4.47 shows the peak force decrease with the increase in
temperature along with theoretical model results with experimental temperature

values.

This section also deals with the prediction of the temperature inside a damper with
the theoretical model mentioned in section 4.5 and compared with the experimental
values obtained from the thermocouple which is in direct contact with the MR fluid in
operation. The known temperature at different time periods and noting the
corresponding peak force values, the theoretical temperatures were evaluated. The fluid
temperature obtained as a function of time from thermocouple inside the damper is
taken for theoretical comparison. Dogruoz et al. (2014.) Studies illustrates that varying
convective heat transfer coefficient between 28 and 35 w/m?-k has negligible impact on

temperature difference for the dampers. The theoretical model analysis in this study, the
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parameter values were taken is shown in table 4.13 and the Biot number is 0.007 which

is less than 0.1 and satisfies the lumped parameter applicability. Theoretical model also

gives the similar observation of an increase in temperature and decrease in force as that

of the experimental results for amplitude, frequency, and currents with an average error

of 7.92 % and 10.24 % at 0 A and 0.5 A currents respectively.
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It is visible from figure 4.50 and 4.51 there is a decrease in the area of the force-
displacement diagram indicating the rapid sedimentation of particles with formed chain
breakages and energy dissipation into the fluid, making the fluid temperature rise. The
relationship between damping force and temperature is obtained by running the damper
at 12 mm amplitude 4 Hz frequency, 0.5 A current, and 5000 cycles which was also
carried out by Bharathi Priya and Gopalakrishnan (2019b), Patel and Upadhyay (2018)
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rise while damper in working

From figure 4.53 show the temperature increase during the testing of the
damper, while figure 4.54 decreases in damping force as the temperature increases

rapidly. One more observation is that there is an increase in the damping force upon
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increasing the current up to a certain threshold point beyond which there is no
increase in the force, which indicates the saturation point of the fluid. The above
discussion on amplitude, frequency, currents, and temperature relation with damping
force and decrease in temperature with insulation on the electromagnet is given in

figure 4.55 and 4.56, respectively.

L6 |Fo—8mm2Hz I
=—0O—10mm2Hz
=4 12mm2Hz

=
'
T

=
[ ]
T

e
-3
T

Damping force [kN]
s

Thireshold poirnr

=
=)}
T

I
'S
1

1 L 1 L 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0
Currents [A]

Figure 4.55 Damping force variation with different amplitudes and
currents at 2 Hz frequency

3.3

3.0}

Damping force [kKN]

0.0 0.2 0.4 0.6 0.8 1.0
Currents [A]

Figure 4.56 Damping force variation with different amplitudes and

currents at 4 Hz frequency
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4.8 Particle analysis after characterisation

After dynamic testing of MR fluid in the MR damper, the particle analysis is
fundamental to see the effect of parameters on particle shape and saturation point of
the particles. After operating the damper for approximately about 85000 cycles which
include all test runs and dummy runs at different amplitudes, frequencies, currents,
and temperatures, the MR fluid is taken out and cleaned for its carrier fluid and
additive using filter paper and acetone and air-dried in the atmosphere for
approximately 30 days. The particles sample was tested for particle shape on SEM
and saturation magnetisation on the vibration sample magnetometer. The change in

particle microstructure cannot be considered because of the particle melting point.
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Figure 4.57 Magnetic saturation before synthesis of MR fluid

Figure 4.57 and 4.58 illustrate the saturation magnetization of the particles
at room and higher temperatures before the preparation of the MR fluid and after
testing the MR fluid in the damper. The results indicate that at room temperature
(30 °C), the saturation point is 360 emu/g, and at higher temperature (127 °C), the
saturation point reduces to 331emu/g, indicating the effect on the performance of
the MR fluid. But when it comes to VSM testing after characterisation, at 30 °C,
the saturation point is 270 emu/g, and 127 °C the saturation point is 145 emu/g.

The reduction in saturation magnetisation is because of the remains of the additive
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and carrier fluid, which acts as a coating on particles.
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Figure 4.58 VSM of particles before and after characterization

Figure 4.59 shows the remains of additive and carrier fluid on the particles
compared to particles before fluid preparation. SEM analysis shows no significant

change in the shape of the particle after the characterisation.

Figure 4.59 SEM images of particles before synthesis of MR fluid
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Figure 4.60 SEM images of particles before synthesis of MR fluid

Thermal stability of the MR fluid is carried out on thermogravimetric analysis
(TGA) to study the carrier fluid's decrease in weight (%) before and after dynamic
characterisation of the MR fluid in the MR damper. Figure 4.61 shows the TGA
analysis of MR fluid before and after dynamic testing in the damper. The temperature
at which the start of degradation of the MR fluid is 323.3 °C for before
characterisation and 322.6 °C for after characterisation of the fluid, indicating the
decrease in stability of the carrier fluid is negligible. The carrier's weight reduction is
0.249 %, implies that the silicone base MR fluid retains stability after this amount of

cycles.
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Figure 4.61 TGA of the MR fluid before and after characterization

The prolonged operation of the MR fluid makes the fluid temperature
more, reducing the fluid's stability. After the complete destabilisation of the carrier
fluid, the heat is transferred to the particles, making the particle change its shape.
To imitate the heating effect, CI particles are heat-treated at 200 °C, 400 °C, and
600 °C in a furnace (with 3-4% error) for about 15mins after the furnace reaches
steady-state temperature. The samples are tested for SEM images to see the
distortion at different temperatures. The images show that, at 200 °C there is no
change in the morphology but at 400 °C particle starts to fuse and at 600 °C, the
particles start to melt, which is shown in figure 4.62.
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Heat treated particles at 600°C SEM image of particles at 600°C

Figure 4.62 SEM images of heat treated particles

148



4.9 Summary

The present chapter deals with the temperature effect on the performance of
the MR damper at various amplitudes, frequencies, and currents. In this study
temperature of the MR fluid is measured by incorporating a thermocouple into damper
through the piston and other two thermocouples were attached to the top and bottom
surface of the cylinder surface. The exponential decrease in the force with the increase
in temperature was obtained. After testing the MR fluid in the damper the, TGA and
SEM images of the fluid and particles depicts no change in shape and life of the fluid,
but VSM results illustrates a significant decrease in the saturation magnetization of
the fluid. Finally, the heated treated particles SEM image shows that the
destabilization point of the particles lies between 200 °C and 400 °C. The following
chapter deals with the performance analysis of the two plate rotor MR brake with in-
house prepared MR fluid.
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CHAPTER 5

PERFORMANCE ANALYSIS OF TWO-ROTOR
MAGNETORHEOLOGICAL BRAKE WITH IN-HOUSE
MAGNETORHEOLOGICAL FLUIDS

5.1 INTRODUCTION

The torque generation capacity of a brake can be significantly enhanced by the
use of MR fluids for their peculiar yield stress increase by increasing the external
magnetic field. Increased torque in MR brake is a vital feature and can be
appropriately enriched by the brake rotor radius and MR fluid gap in the design of MR
brake. Attia et al. (2017), Li and Du (2003), Sohn et al. (2018), Song et al. (2018), Wu
et al. (2020), Zhou et al. (2007) showed that the composition of MR fluid and size of
particles, concentration and carrier fluid oil has a higher impact on the performance of
MR fluid system. Acharya et al. (2021), Bucchi et al. (2015), Jonsdottir et al. (2009),
Sohn et al. (2018) have carried out design development and characterization of MR
brake of larger size (approximate 12 kgs) but the present study is concentrated on
miniature size two-rotor magnetorheological (MR) brake (Total mass=1.62 kg) and its
characterization for torque generation for in-house prepared MR fluid. The prepared
MR fluids were studied for sedimentation rate at different temperatures and flow
behavior at different currents and temperatures. The nonlinearity of the fluid is
analyzed through Herschel-Bulkley model. The significant increase in sedimentation
rate and decrease in yield stress shows the effect of temperature on the performance of
the MR fluid. Finite Element Method Magnetics (FEMM) was used to design and
fabricate two rotor MR brakes through magnetic flux density obtained in the MR fluid
gap. Further tests have been carried out to identify the effect of sedimentation on

torque generation at 52°C after 15 hours of sedimentation. TGA and SEM analysis of
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the MR fluid and particles was carried out to see the saturation magnetization and

destabilization point of the MR fluid at higher temperatures.

5.2 Methodology

Figure 5.1 show the methodology adopted to carry out the study. Firstly,
preparation of the MR fluid using the commercialized magnetic particles (Sigma
Aldrich: 44890, density: 7.86 g/cc) with silicone oil as the carrier fluid (Sigma
Aldrich: 378372, 350 cSt, density: 0.96 g/cc). Secondly, the sedimentation study is
carried out at two temperatures and characterization of the fluid samples for their flow
behavior in the rotation is carried out on an MCR702 rheometer for different
conditions of magnetic fields and temperatures. The inherent non-linearity in the MR
fluid is studied through Herschel-Bulkley model. To analyze the performance of
prepared fluid, two plates MR brake is designed and fabricated. The characterization
of the MR brake is carried out on the test setup developed at various speeds and
currents. Finally, the sedimentation effect on torque generation after 15 hours of
sedimentation at 52 °C was carried out.
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Figure 5.1 Flow chart for the present study

5.2.1 Synthesis and sedimentation study of MR fluids

MR fluids were prepared from the commercially available carbonyl iron
particles (density: 7.86 gm/cc) with 30 % by volume in carrier fluid with density
0.960 gm/cc. The first step in the synthesis of MR fluid is homogenizing the
aluminum stearate (3 % by volume of carrier fluid) additive in the carrier fluid for 12
hours. The second step is to add the CI particles in the homogenized primary fluid in
steps of five minutes to avoid clogging of the particles at 750 rpm for 24 hours. The
prepared sample has been tested for its sedimentation behavior at two different
temperatures (30 °C and 75 °C). A laboratory incubator was used to study the
temperature effect on the sedimentation of the particles. This increase in
sedimentation rate at higher temperatures implies that there is a decrease in viscosity

and density of the carrier fluid which allows the particles to settle at a faster rate.
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5.2.2 Characterization of MR fluid

The flow resistance of the MR fluid was measured using parallel plate
rheometer (MCR 702, Anton-Paar) in connection with MRD module. For
characterisation of the fluid the parallel plate diameter used is 20 mm and a gap of
1mm was maintained. At the time of testing approximately 0.32 ml of fluid is poured
at the center of the bottom plate. The magnetic circuit under the bottom plate
generates the magnetic flux perpendicular accordingly with input current uniformly
through the yoke which will also amplify. The experiments were carried out at two
constant temperatures (30 °C and 50 °C). RheoCompass software is used to set the
input parameters such as shear rate (s™), current (A) and to obtain the data of the
testing through computer system. The testing is carried out at 0 KA/m, 44 kA/m, and
77 kA/m which give corresponding 0 T, 0.21 T and 0.401 T magnetic flux densities,
respectively in the MRD cell of the rheometer. The flow behaviour of the MR fluid is
tested for varying shear rates from 0.1 s* - 500 s* at an individual constant

temperature with varying input currents.

5.2.3 Design and Fabrication of MR Brake through FEMM analysis

The design of MR brake with two rotors was carried out using finite element
analysis using FEMM software. The fabrication of the brake is done with dimension
that gives reasonable magnetic flux density in the fluid gap. The torque generated by
two rotor brake is obtained by viscous toque (T,), field-induced torque (Tg) and

frictional torque (Ts) which is given in equation (5.1).
T=T,+Teg+Ts (5.1)

Gudmundsson et al. (2010) and Park et al. (2008) calculated theoretical torque
generation for single rotor MR brake using equation (5.2).

Ts =nmno (r1*- ro*)/(2g) + 2nn frrol T(H,7r) r’dr (5.2)

Where, n = apparent viscosity (without magnetic field), n = number of surfaces in
contact with fluid r; = Inner radius (mm), R = Outer radius (mm) ® = angular velocity

of the rotor, 1y = yield stress which is a function of magnetic field strength.
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Figure 5.2 Magnetic flux lines in the shear gap of the MR brake

Figure 5.2 shows the MR brake model with magnetic flux passage through the
gap. The variation along the length of the fluid gap is depicted in figure 5.3. In this
study, the field induced and off-state torque generation, speed and torque ratio of MR
brake were explored. The maximum amount of magnetic flux density obtained in the

fluid gap is approximately 0.145 T.
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Figure 5.3 Variation of magnetic flux density along the length of shear gap

The schematic representation of the two-plate rotor MR brake is shown in
figure 5.5. The MR brake consists of outer casing, bobbin on which the copper coil is
wound, rotor discs, and rotor shaft. The magnetic field induced by the coil has to pass

through the MR fluid in the gap between the casing and rotor for producing torque.
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Hence, the casing, and rotor which form path for magnetic field should have high
magnetic permeability to ensure concentration of flux density in the fluid gap. In order
to prevent magnetic flux loss, the rotor shaft and bobbin is made of non-magnetic
material which has less torque generation. Table 5.1 below depicts the dimensions of
the MR brake and their materials

Table 5.1 Raw materials and their dimensions for fabrication of the brake

Parts of MR brake Materials Dimensions
Thickness of the casing (t) SA1018 10mm
Bobbin(r,) SS316 30mm
Rotor radius (r1) SA1018 10mm
Shaft length (1) ENS8 180mm
Fluid gap () MR fluid 1mm

Figure 5.4 shows the exploded view of the two-plate rotor MR brake. It
consists of two rotors on the rotor rod at the end between which the fluid gap is
provided. Filling of the MR fluid in the gap, the cover plates on both sides of the
brake are covered with screws. Copper coils have been wound on the bobbin provided
upon which the outer cylinder is fixed through which the electrical cables is taken and

connected to the dc power supply.
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Figure 5.5 Schematic representation of the MR brake

5.2.4 Characterization of MR brake

Characterization setup comprises a DC Motor which acts as a speed controller
(Maximum speed= 1440rpm) connected to the MR brake through a coupling, flywheel
(19.6Kg), bellow couplings, and torque sensor (Max. Torque = 50 Nm). The speed
controller is getting power from the dimmer stat. The output of the dimmer stat is

linked to rectifier (RC) circuits which will convert AC to DC current and supply it to

157



the motor. A flywheel is connected between the torque sensor and motor to maintain a
uniform rotation speed without many fluctuations. A torque sensor measures the
difference in the torque between input and output shafts during operation. Generated
torque is acquired through a torque transducer interface data acquisition system which
is interfaced with datum software. The motor and other parts of the test setup were
fixed to the base of the experimental setup. The figure 5.4 shows the experimental

setup for testing MR brake.

Sy Fly wheel '

Bellows coupling MR br

DC power supply

Display unit

=
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| S~
S~
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~
~

Speed regulator

Figure 5.6 MR brake characterisation setup

Testing was carried out by filling the in-house prepared MR fluid (9 ml) in to
the MR brake and fitting into the setup. The uniformity alignment of the setup was
checked by running the setup for 5mins without acquiring data. Next, the motor speed
was set to 50 rpm with a current of 0.25A, 0.5A, 0.75A, 1A, 2A, and 2.5A. Speed and
torque data was obtained simultaneously using datum software. At every individual
current and speed data were acquired at a rate of 100 points/sec. To maintain the
repeatability and error in acquiring data experiments were carried out arbitrarily for
various input conditions (Sukhwani and Hirani 2008). The tests were repeated for all
the mentioned currents and speeds. For each test temperature was noted to evaluate

the temperature effect on sedimentation at the end of the experiments. The
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experiments were performed at different test speeds, and braking torque and speed
reduction at different currents were acquired. The maximum torque generated in the
case of in-house MR fluid is 2 Nm at a speed of 400 rpm and current of 2.5A. Tests
were carried out to see the effect of the increase in speed. After completion of tests
final temperatures of the system is noted and allowed it to cool for 15 hours. The test
was repeated after 15 hours (at 52°C) of settling to see the Effect of sedimentation on

torque generation.

5.3 Results and Discussion

Synthesis of the MR fluid sample and its settling and rheological behavior
were carried out atdifferent temperatures and the performance of the MR fluid was
tested in two-rotor MR brake for torque generation. Finally, the life expectancy of the
MR fluid was studied through TGA and SEM analysis of a heat-treated CI particles.

5.3.1 Sedimentation rate of the MR fluids

Sedimentation is a general phenomenon that is considered a major factor in the
study of MR fluids. When the density of the particles is dispersed in a low-density
carrier fluid Jiang et al. (2011) which is the generally unavoidable disadvantage of the
MR fluids. The sedimentation can be minimized by using additive such that the
particles can be suspended state for a greater amount of time. Sedimentation is defined
as magnetic particles settling (layer form) to the bottom due to the density difference
between the carrier fluid and particles leaving behind clear fluid at the top. The figure
shows the sedimentation study of the MR fluid at two different temperatures. Time
was noted at intervals of one hour for ambient temperature and 15 minutes for higher
temperature. The settling rate of the MR fluid at ambient and higher temperatures was
9 hours and 45 hours, respectively. It is evident that at higher temperatures settling
rate of the particles increases rapidly due the decrease in the viscosity and density of
the carrier fluid and similar studies has been carried by Kumar Kariganaur et al.
(2022). After complete sedimentation of the particles the formation of cake is seen
which will make particles difficult to disperse the particles. Figure 5.7 show the
sedimentation rate of MR fluid at higher temperatures and the total time taken by the

all the MR fluid samples to settle completely will be with in the 80 hours (atmospheric
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settling). To avoid cake formation in MR fluid the particles have to be dispersed

before completly settling.
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Figure 5.7 Settling study of MR fluid sample at two temperatures

Figure 5.8 show the temperature effect on the sedimentation rate of the MR
fluid at constant sedimentation ratio. It is observed from the study that as the
temperature of the fluid increases the settling of the particles increases reducing
the time of settling. From this study, the reoperation time can be evaluated for the
specific MR fluid system.

t = 84.48e-0.046(T), R? = 0.9815

Time (hours)

30 40 50 60 70 80 90 100
Temperature(°C)

Figure 5.8 Settling time for varying temperatures at constant settling rate
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5.3.2 Rheological characterization

Rheological studies on the fluid are carried out on the Anton-Paar MCR702
rheometer. A fluid gap of 1mm is maintained between the plates of 20 mm diameter,
and the temperature is varied at constant magnetic fields. The homogenized MR fluid
is poured onto the stationary bottom plate, and the top plate is moved down with
RheoCompass software to maintain the gap between the plates. The fluid is subjected
to a shear rate of 0.1s™- 1000s™. The flow curves were determined for the gaps at zero
current and with currents at 0KA/m, 44KA/m, and 77KA/m. Nonlinearity is inherent
in the MR fluids, which are visible when the external magnetic field is applied. The

viscosity variation with an increase in temperature is shown in figure 5.9.
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Figure 5.9 Temperature effect on viscosity of the MR fluid

The figure shows the flow characteristics of the MR fluid at different
currents and temperatures. Form figure 5.9 it is shown that the viscosity of the
fluid decreases with increase in temperature at zero input current and figure 5.10 it
is shown that increase in shear stress and viscosity of the MR fluid with an
increase in the applied current but the shear stress decreases with increase in
temperature at constant current. The relationship between viscosity and yield

stress as a function of temperature and current is given by equation 5.3.
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Figure 5.11 Shear stress variation at different magnetic fields and temperatures

The magnetic field's dependency on the yield stress is given in equation 5.3.
1y =ag +a;XB + ay xB? (5.3)

Where ap, a; and a, are constants, B =magnetic flux density (T), Ty = yield stress
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5.3.3 Magnetorheological Brake characterization

Torque and speed characterization of the MR brake was carried out for the in-
house prepared MR fluid. The torque generated at different currents and speeds
provided to MR brake containing in-house MR fluid and temperature rise during the
operation of the brake as shown in figure 5.22 - 5.25. MR fluid composition is 25 %
by volume with a 3 % aluminium stearate additive. The total volume of MR fluid
filled in the brake was 9 ml. Lower torque generation in this study is due to the
miniature size of the MR brake, which is of mass = 1.6 Kg with a radius of the rotor
10mm, and also the volume of the fluid-filled is also very less (i.e., 9 ml). Torque
obtained by Acharya et al, 2020 (single rotor) and Chen and Liao, 2010 (multiple
plates) were 14.5 Nm and 20 Nm respectively where plate radius and the number of
plates are more compared to the present study [5, 6]. The geometric dimensions for
the present study have been reduced drastically to evaluate the miniature size and
volume of MR fluid which further reflects in weight optimisation which will impact
the prosthetic knee application. To increase the torque generation the number of rotor
plates can be increased in miniature design (Chen and Liao 2010) and also design

modification can be done such that all the rotors should be within the bobbin.
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Figure 5.12 Torque generation with varying current and speeds.
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The gap maintained for fluid filling is 1mm gap. An increase in generated
torque with the increase in current remains almost constant for a particular current,
shown in figure 5.22. The maximum generated torque in this study is
approximately 1.9 N-m. Readings of the generated torque are noted every ten
seconds and at each speed. From figure 5.23 the temperature rises during the
operation from the thermocouple connected on top of the outer casing. Torque
generation is slightly reduced after 450 rpm because of the viscosity reduction of
the carrier fluid (shear thinning) during operation with an increased shearing rate
of the fluid and temperature rise simultaneously. The test was repeated three times
to see the decrease in torque at a higher speed. The decline in torque is gradual for
repeat-1, 2, and 3 indicating the decrease in yield stress (viscosity reduction) of the
MR fluid.
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Figure 5.13 Temperature increase while operating

The other observation made in this study is that decrement in torque is
taking place at higher currents and speeds, as shown in figure 5.14. At higher
currents, more heat dissipates into the fluid, which makes the fluid temperature

rise by decreasing the torque. The decrease in torque is possible at a lower current
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if the brake is operated for a higher period of time. At the end of the testing the
temperature of the fluid has reached 52.5 °C and the setup is allowed to cool. After
15 hours of cooling the MR brake is tested for torque generation and is about
1.05Nm which increases with speed up to 1.25 Nm.

1.50 | g e
1 \ b
‘£1.35 - : '
1
% .
= 1-20 - O\W
& j
£
) 1.05 4 —O— 2Amp
a:an —— 2Amp-Repeat-1
o 0.90 - 2Amp-Repeat-2
g-‘ . 2Amp-Repeat-3
5 0.75 - —0— 1Amp
= | —&— 0Amp
" P e VU Vs
0.45 -
T T T I T T T T T I T T
0 100 200 300 400 500 600

Speed (rpm)

Figure 5.14 Torque generation after three repetitions

The gradual increase in torque indicates the dispersion of the particles which
is shown in figure 5.15. This particular test has been repeated seven times to check
the recovery rate of the torque to its original state and the results indicate that the
torque generation has not reached its original state (1.51 Nm) because of
permanent stiffness loss in viscosity of the MR fluid has under gone during the

process of operation.
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Figure 5.15 Sedimentation effect on torque generation

After completion of the tests the MR fluid was collected (figure 5.16) and
tested for rheological flow behaviour and the results indicate that yield stress has
increased by approximately 6% and 11% at 30°C and 50°C, respectively implying the

peculiar shear thickening behaviour after testing of the fluid which is shown in figure
5.17.

Shear thickening effect
after characterization

MR fluid before
characterization

Rod end

Figure 5.16 Shear thickening after testing the brake
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The shear thickening behaviour of the fluid was observed at the end of the
rotor and cover plate of the brake. The shear thickening behaviour of the fluid can be
avoided by decreasing the particle concentration and carrier fluid viscosity. The
optimal proportions of the fluid composition should be selected such that the flow

ability of the fluid is ensured.
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Figure 5.17 Flow characterization after shear thickening

Finally the fluid has been tested on TGA to study the critical temperature
points for carrier fluid and magnetic particles to see the upper operating limits of
the MR fluid to maintain MR system stable. The results from the TGA indicate
that the temperature of the MR fluid should not cross 321 °C in order to avoid the

destabilization of the MR system.
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Figure 5.18 TGA of MR fluid

And also, the results from the SEM analysis heat treated particles for ten
minutes shows that particles starts to change their shape at 200°C and starts melting at
400°C. The results of TGA and SEM are shown in figures 5.28 and 5.29. These
gravimetric results can be used as critical points to evaluate the life expectancy of the

MR fluid and its replacement in MR system.

Figure 5.19 SEM images of the MR particles

5.4 Experimental procedure to prepare iron particles

0.1 Molar of Fe (NO3); -9H20(make: Loba chemie pvt. Itd, 03829) solution
was mixed with 25 mL of distilled water (make: Loba chemie pvt. Itd. 6483C) to form
a solution, then 5 mL of NHs in 40 ml of water was added intermittently into the

mixture under dynamic stirring at 450 rpm in magnetic stirrer for 12 minutes. After
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the composition was stirred the mixture was added with 6g of ascorbic acid (make:
Loba chemie pvt. Itd, 01549) in 40 ml ethylene glycol and stirred for 15 minutes with
heating at 65°C to form a consistent solution before it was moved into a glass plate.
The product was collected by centrifugation, washed in ethanol several times, and
lastly dried at 80°C using a laboratory incubator. The ready products were
characterized using a scanning electron microscope (SEM) (make: Carl Zeiss) and
energy-dispersive X-ray (EDS) committed to the SEM. Figure 5.20 -5.22 shows the

fabricated particles shape and composition.

10pm JEOL 7/28/2022
8.0kV SEI SEM WD 9.9mm

o lpm JEOL  7/28/2022 — 1pm JEOL  7/28/2022
X 10,000 4.0xv SEI SEM WD 7.8mm X 10,000 4.0xv SEI SEM WD 7.8mm

Figure 5.11 Size of the particle
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Figure 5.12 EDS of the synthesized particles

Figure 5.23 show the modified design of the MR brake through FEMM
analysis for further study using the MR fluid synthesized using the prepared MR
particles through a chemical process. The variation in the magnetic field throughout
the fluid flow gap is illustrated in the below figure. The maximum magnetic field
obtained in the fluid gap is 2.45 times more than that of the earlier design which is

depicted in the below figure.

o 10 20 30 40 5 60
Length (mm)

Figure 5.13 Modified design of MR brake and flux density

Variation throughout the length of the gap
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5.5 Summary

Better MR fluid (MRF-1) based on stability and yield stress studied in chapter-
3 is selected to find the torque generation in the two plate rotor MR brake which is
discussed in chapter-5. The results illustrates that the torque generation is increased
with increase in current and also results shows the decrease in torque after 450 rpm
indicates the shear thinning effect during the testing of the brake. Through
characterization of the MR brake it is observed that shear thickening behaviour at the
rotor end because lower shearing gap. After completion of the synthesis of MR fluid,
characterisation of MR fluid, and testing of MR fluid in the damper and brake the

conclusions of all the study are discussed in chapter 6.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

In this work, CIl particles were characterised for their morphology, size,
composition, and saturation magnetization using SEM, particle size analyser, XRD,
and VSM respectively to verify the feasibility of synthesizing MR fluid. After particle
characterisation the synthesis of MR fluid was carried out to study the sedimentation
rate and flow characterisation with the application of a magnetic field and
temperature. Better MR fluid in terms of settling rate and yield stress was selected to
study the effect of the temperature of the MR fluid in the damper on the performance
of the damper and two rotor plate MR brakes. The geometric design dimensions of
MR damper and brake was chosen from the TOPSIS and FEMM. To measure the
temperature of the fluid, a thermocouple was embedded such that the tip of the
thermocouple was in contact with fluid and in brake thermocouple was fixed on to the
surface of the casing. During the testing of the MR damper and brake the results have
been discussed in chapter 3, 4, and 5 respectively. The conclusions and contributions

from this work are discussed in the section below.

6.1.1 Effect of Temperature on flow properties of Magnetorheological Fluids
Sedimentation stability and high yield stress of a magnetorheological fluid
(MRFs) are essential parameters for better damping performance for any practical
application. Preliminary investigations have been carried out on carbonyl iron
particles to determine the morphology, particle size, crystal structure, and saturation
magnetization for their feasibility of synthesizing magnetorheological fluids in-house.
This study synthesizes various MRFs from various commonly used carrier oils and
additives. The MRF samples were prepared for 25% volume fractions of carbonyl iron
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(CI) powder in either silicone oil (350cSt) or hydraulic oil (50cSt) and by using
lithium and calcium-based additives or a combination of both additives. The
sedimentation stability and yield behaviour at different temperatures show a
remarkable drop in sedimentation rate and yield stress for all the MR fluid samples.
The characterization of the prepared MR fluids reveals that MRF-1, MRF-3, MRF-5
are more stable and have high-yield stress values. MRF-1 is selected to further
characterize its dynamic performance in magnetorheological damper fabricated based
on geometric dimensions obtained from the response surface optimization technique.
The results indicate a 164.45% and 135.48% increase in damping force at higher
amplitude and higher frequencies at 0A and 1A currents. Further, similar tests have
been carried out by synthesizing MRF-7 with silicone oil (50cSt) + lithium base
grease as the additive. The sample’s stability and yield stress with temperature are
carried out, and performance analysis shows a remarkable change in damping force
than MRF-1. The dynamic range obtained is more practically viable in MRF-7 than
MRF-1, with less variability. Finally, temperature characteristics captured from the
thermocouple of the MR damper reveal an average of 43.78% reduction in damping

force when the temperature is increased by 19.5 -C with increased dynamic range.

6.1.2 Effect of temperature on MR damper Performance

The magnetorheological (MR) system's performance depends on the MR
fluid's temperature in operation. This study aims to evaluate the temperature effect of
MR fluid on performance while the damper is working. Before synthesizing MR fluid,
scanning electron microscopy, X-ray diffraction, and particle size analysis verifies for
the synthesis of MR fluid in-house. Characterization of the MR fluid at different
temperatures and magnetic fields was carried out. The Herschel-Bulkley model is
used to analyse the nonlinearity in the fluid by incorporating the temperature effect.
The range of critical parameters used to fabricate the MR damper is selected using the
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS)
performance score. The temperature of the MR fluid is measured using an embedded
thermocouple while the damper is operating at different loading parameters. The
results reveal that the fluid temperature rises significantly from atmospheric to
125.39°C with a decrease in damping force by 66.32% at higher loading parameters.
The theoretical model predicts an increase in temperature similar to that of the
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experimental values with an average error of 10.24% in the on-state condition.
Particle characterization after dynamic testing reveals particle morphology has not
changed but the saturation magnetization of the particles reduced by 57% at higher
temperatures (127°C). It is observed through thermogravimetric analysis (TGA) that
the life of the fluid is reduced by 0.25%, which is negligible after dynamic testing of
the fluid for approximately 85000cycles. Finally, to imitate the temperature effect on
the particle, particles were heat-treated at 200°C, 400°C, and 600°C, and through
SEM image, it is confirmed that deterioration of the particle starts after 200°C, if the

fluid is operated for a prolonged amount of time.

6.1.3 Performance Analysis of Two-rotor Magnetorheological Brake

The objective of this study is to characterize a two-rotor magnetorheological
(MR) brake (Total mass=1.62Kg) for its torque generation for in-house prepared MR
fluid. The prepared MR fluids were studied for sedimentation rate at different
temperatures and flow behavior at different currents and temperatures. The
nonlinearity of the fluid is analyzed through Herschel-Bulkley model. The significant
increase in sedimentation rate and decrease in yield stress shows the effect of
temperature on the performance of the MR fluid. Finite Element Method Magnetics
(FEMM) shows that there is approximately of about 0.145T magnetic flux density in
the gap to fabricate the MR brake. The characterization of the MR brake shows that
there is an increase in torque with increase current and speed. Further tests have been
carried out to identify the effect of sedimentation on torque generation at 52°C after
15 hours of sedimentation. TGA and SEM analysis of the MR fluid and particles
shows that 322°C is the start of destabilization of the fluid and after complete
destabilization, the particle starts to melt at 400°C which acts as critical points in

controlling the MR fluid system input parameters.

6.2 Conclusions

Following are the conclusions drawn from the present study

> A combination of lithium base grease additive and silicone oil carrier fluid

shows better particle holding ability at higher temperatures for an extended
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period. The settling velocity of MR fluid with silicone oil as carrier fluid and
lithium grease as an additive (MRF-1) is found to be 50 % lesser in
comparison with MR fluid based on hydraulic oil as carrier fluid with calcium
base additive (MRF-2).

Characterization of all the MR fluid samples at a higher temperature reveals
that MRF-1 gives higher yield stress which is 29.2% more compared MRF-2 at
higher temperatures. The variability in controlling the MR damper is obtained
from the lower viscosity MR fluid.

The sedimentation rate is accelerated by the temperature of the fluid. The
current study results can be utilized to determine the resting time between two
subsequent operations of devices to avoid temperature accelerated
sedimentation.

The yield stress is affected by temperature and magnetic field, the HB model
has been modified to incorporate yield stress as a function of the magnetic
field, shear rate, and temperature using the measured data.

The carrier fluid viscosity is a prominent factor in the MR fluid sedimentation
stability and the performance of the MR fluid system. Higher carrier fluid
viscosity results in higher damping force with less variability to control.
Irrespective of input parameters the rise in temperature is observed, while the
damper is in operation.

The increase in temperature of the MR fluid from 30 °C to 127 °C decreases
the magnetic saturation point by 30 %.

Based on the normal operating conditions of the MR damper, the safety factor
can be set for MR damper operating temperature using TGA and SEM results
to avoid destabilization of the MR fluid system and increase the life of MR
system.

Firstly, in MR brake characterization, an increase in current increases the
torque generation. Secondly, keeping a constant current with varying speeds
has no impact on torque generation. Further operating MR brake for a
prolonged period of time at various speeds make the fluid temperature rise

reducing the torque generation.
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6.3 Scope for Future Work

The concentration of particles in synthesizing MR fluids should be set such the
preparation of MR fluids should have a standard procedure.

The design of MR damper can be modified by incorporating heat transfer
enhancement devices accordingly to compensate temperature effect and to
increase the performance of the damper.

The non-linear model fitting can be modified by incorporating temperature
effect to compensate for the damping force reduction.

Better control strategies can be designed to compensate for the temperature
effect on decreasing damping force by increasing the current supply.

Miniature MR Brake (Mass < 1kg) with increased torque generation can be
further carried out to increase the applicability of the MR brake system.

Real time strategy to control can be employed in MR damper and MR brake

by including temperature effect into the required domain.
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Appendix |

1. FESEM (Field emission scanning electron Microscope) ( Make: Carl

Zeiss-sigma)

Specification: Electron Source: Schottky Thermal Field Emitter, Resolution* at 30
KV (STEM): 1.0 nm, Resolution* at 15 kV : 1.0 nm, Resolution* at 1 kV: 1.6 nm,
Resolution* at 30 kV (VP Mode) :2.0 nm, Maximum Scan Speed :50 ns/pixel,
Accelerating Voltage :0.02 — 30 kV Magnification: 10x — 1,000,000%, Probe Current:
3 pA - 20 nA (100 nA (optional), Image Frame store 32 k x 24 k pixels.

2. CILAS 1064 Particle size analyser

Specification: Particle size range: 0.04 to 500 pum, Number of lasers: 2, Laser source:
Fibre and collimated laser diodes, Wavelength: 635 and 830 nm, Power :3/7 mW,
Beam diameter: 2 and 20 mm, Repeatability :+ 0.5 %, Reproducibility: < 2 %.
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3. Lakeshore:7407- Vibration sample Magnetometer (VSM)

”
&

Specification: Make and Model: Lakeshore, USA, Model 7407, Max. Magnetic field:
2.5 T, Dynamic moment range: 1x10e-6emu — 10e3emu.
Vibrating Sample magnetometer feasible measurements

e M Versus H at Room Temperature.
e M Versus T at constant H ( Selected Field) M Versus H at constant Temperature
(Low Temperature range 20-300K and High Temperature range 300 -1270K
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4. Weighing balance

Specification: Maximum capacity: 1 Kg, Accuracy: 0.1g, Power: 230V AC,
50Hz
5. Mechanical stirrer (Make: Remitek)

| 1

Parameter Specification: Max. Capacity: 5litres, Speed range: 50-1500 rpm, Power:
10W Voltage: 220-240V, frequency: 50 Hz
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6. Rheometer MCR702(Make: Anton-Paar, Austria)

Specification: Minimum torque, rotation: 1nNm, Maximum torque, rotation:
230mNm  Minimum torque, oscillation: 0.5nNm, Maximum angular
frequency: 628 rad/s, Normal force: 0.005 to 50 N, Maximum
temperature:160°C to 1000°C, Pressure: up to 1000bar Rheometer Software:
RheoCompass, MRD Cell: 1Tesla, Temperature range: -10 to 170°C (Peltier
Heating/Cooling), Oil free Motor Power: 0.55 kW, Output (5 bar): 55 I/min
max., Pressure: 8 bar, Tank Volume: 10, Weight: 59 kg Power Supply
Magneto Cell 230V HCP 14-12500,12.5,1 mA.
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7. Damper testing machine (DTM)(Make: Heico India)

Actuator

Load cell

Damper testing machine

Actuator: Capacity: +/- 20 kN, Stroke: 150 mm (+/- 75 mm) Max., working pressure:
210 bar Max., Velocity: 0.8 m/s- 1.2 m/s, Servo valve: 63LPM, Pressure line filter
180 LPM, Accumulator (2 No.) 0.36 Itr. Capacity

Displacement sensor: Range 200 mm Full scale output 10 volts sampling rate: 2 kHz,
Operating temperature: -30 to +75 deg. C

Load cell: Capacity +/- 30kN, Resolution: 0.001kN, Excitation Voltage 10 Volts DC,
Operating temperature 0 to +60 deg. C
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8. Moog Controller and display unit

-0
]

Specifications: Auto PID operation, Digital signal processing based closed loop servo
controller with 10 kHz. Number of control channels — 4, Demand wave generation -

Sine, Triangular, Square and ramp signal.

9. Hydraulic power pack

Specifications: Flow rate: 64Litres/min,. Operating Pressure: 210 bar,
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Capacity: 200 litres, power supply: 440V

10. DC power supply

Specifications: Output: 0 to 30V / 5A, resolution: 10mV, Current: 5 mA Load
, Regulation: <= +/-(0.05% + 10 mV), Input Supply: 230 AC +/- 10% / 50-60
Hz, resistance: <=10 milli Ohms

11. N19211 Thermal DAQ

: e
3 Sy
83 ,”g %
=
<wn ‘g
:E . G)E
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Pa - O
=

-

Specifications: 4-Channel, 14 S/s/ch, £80mV C Series Temperature Input Module

12. Datum M425 Torque sensor with universal interface
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Specifications: Range: 0-50 Nm, Accuracy: 0.1%, Non-Linearity: 0.1%:
Repeatability: 0.05%, Sample Rate: 4k samples/sec, Temperature range: -10 to +70°C,
Power supply: 10-24Vdc 250mA.

13. Display unit (Make: Datum electronics)

Specifications: Universal Torque Transducer Interface, Power Supply: 15-
24V DC

14. Dimmer stat for speed control

Specifications: Rated Input voltage: 230V, Voltage range: 0— 260V, Max
Load: 12.21 kVA Max Current: 15Ampere
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15. Motor

Specifications: Power: 3HP, Rated Voltage: 230V DC, Max. Current:
12Ampere, Max speed: 1440 rpm
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