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Abstract

A limitation with the current analytical models for predicting the performance of a

magnetorheological (MR) damper is that they fail to capture the hysteretic variation of force

versus velocity variation correctly. This can significantly underestimate the damper force and

overestimate the dynamic range of the device. In this work a transient analytical fluid

dynamics model is developed by using a combination of Laplace and Weber transform and

Duhamel’s superposition of velocity boundary condition, to overcome these limitations. The

solution of the system of nonlinear simultaneous equations, obtained by applying mass flow

balance, velocity compatibility conditions and force equilibrium of Bingham plastic plug

flow, gives the damper force. This method is shown to generate direct and inverse model of

an MR device. The proposed model has been validated against a commercially available MR

damper at low speed, to a range of test signals. The mean error using the above model has

been shown to be 5% for all the test signals. This compares well with three conventional

models which give; transient constant velocity model 35%, quasi static model 35% and

phenomenological model 35%. The phenomenological model gives 10% mean error for a

sinusoidal input signal.

The application of the proposed analytical model has been demonstrated by the design

of a novel dual channel damper. The design of the electromechanical components has been

shown to be np-hard problem and the optimisation using genetic algorithm has been applied

to minimise the volume and electrical time constant. The performance of the dual channel

damper has been simulated for various combinations of values of shear yield stress for two

channels. Compared to the conventional single channel damper the novel design is shown to

give 30% higher damper force, 50% improved dynamic range and limits the effect of

transients to within 10% of the damper force. The dual channel damper is an effective

solution to resist the onset of turbulent flow in the channels up to 20m/s piston velocity.
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c Vector c
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h Time step.

iac Current through the actuator.
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i,j,k Indices representing coordinate axis or fluid domain/sub domains or

components / sub components of forces or iterative step in a numerical scheme.
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J,Jθ Current density.

J Jacobean matrix for direct MR damper model.

J,j Jacobian for jth subdomain.

rJ Jacobean matrix for reverse MR damper model.
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differential operator.
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l Length of the stroke of the damper.

lz Length of annulus of MR fluid under magnetized field.

li Flow length for piston flow channel’

lo Flow length for the outer-bypass flow channel

lc Length of the core between the poles.

lp Width of the pole

Lw Inductance of coil.

Lspool Inductance of spool

m Rate of displacement of mass of damper fluid the piston.

mshim Mass of shim.

Ms Sprung mass of the system.

N(αn) The Norm for the Weber transform.

n Number of holes covered by the shim.

nh Index for normalised Bouc Wen model.

nhb Index for shear rate in Herschel Bulkley equation.

np Number turns per layer in the coil.
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ns Number of spools in the coil.

nl Number of layers of windings in one spool

ΔPmax Maximum pressure field pressure drop

 ΔPmax Zero field pressure

ΔP Pressure drop across the length of gap for the flow of MR fluid.

ΔPd Pressure drop across the orifice of shim valve.

P Dimensionless pressure gradient.

p Pressure.

p1,p2 Pressure at the inlet and outlet of the MR fluid flow annulus respectively.
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x(t) Displacement of the damper
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xshim Deflection of the shim.
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r
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hz Time derivative of hysteretic variable.

φ Solution of the Bessel’s equation.
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αi Fraction of flow of MR fluid through the inner channel.

αo Fraction of flow of MR fluid through the outer channel.

α1 The geometrical constant for damper force.

αn nth zero of the Bessel’s characteristic equation.
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flow.
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β Hysteresis shape parameter.

 Width of plug flow region of MR fluid.

δ    Slit width of pilot valve pocket. 

γ Hysteresis shape parameter.

 iota - 1

λ Valve control ratio. 

μ Coefficient of friction or scalar variable.

μpy Post yield viscosity of MR fluid.

 Correction factor for viscosity.

1 Function of Bessel’s function representing the part of the solution for velocity profile

ρ Density of damper fluid.

ρh Normalised parameter of Bouc Wen model.



xxxii

Ω         Magnetic computational domain. 
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.

фB Magnetic flux through the core of the piston.

Фp Magnetic flux through the pole of the piston.

Фg Magnetic flux through the gap of the piston flow channel.

Фw Magnetic flux through the wall of the cylinder housing the piston.

ν,ν0 The kinematic viscosity

τ Shear stress. 

τpiston flowShear yield stress for the MR fluid flowing through the outer-bypass channel

τouter bypass Shear yield stress for the MR fluid flowing through the outer-bypass channel

τ0 Yield shear stress.

τ0,j Yield shear stress for jth subdomain.

τ1 Time variable.

θ(x) Hysteretic function.

θ Angular coordinate in cylindrical polar coordinate system.
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CHAPTER 1

INTRODUCTION

1.1 Motivation:

In many engineering situation such as automobiles, bridges, gun etc. some form of energy

dissipation is required to ensure their proper operation. This is because these structures are

subjected to shock or oscillating load due to road shocks, seismic tremors, propulsive reaction

etc. The common device used to dissipate the energy is termed as damper and in many situations

the device converts the kinetic energy into heat, though it is also possible to convert it to

potential energy such as electrical or mechanical or pressure energy. The damper is normally

used with a spring which stores a part of the kinetic energy into potential energy. The design of

hydraulic shock absorbers for the reduction of load transmitted to the structure, has dominated all

the applications for almost a century. Over the period of the last hundred years the design of

hydraulic dampers has evolved into different variants to suit the applications ranging from a door

closure to the recoil system of an artillery gun. A hydraulic damper dissipates the kinetic energy

input to the system by forcing the damper fluid through a narrow orifice. When fluid displaced

by the damper piston flows through the narrow orifice it emerges in the form of a submerged

high speed free jet. The turbulent mixing of the submerged free jet with the stagnation fluid

results in the dissipation of the kinetic energy into heat energy. The pressure drop in the damper

cylinder which causes the fluid to flow through the orifice, results in the damper force. This

damper force results in a reduction of the force transmitted to the system. The schematic of a

hydraulic damper is shown in Fig 1.
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Fig1.1 Schematic of taper rod type damper.

If this damper is connected to a system with a spring and mass, as shown in Fig 1.2-1.4, and is

subjected to impact load then such a system will accelerate due to the impact and then it will

decelerate due to damper force. Due to the change in the velocity of the system, the rate of

kinetic energy input to the damper varies. The rate of dissipation of the kinetic energy input to

the damper depends upon the rate of flow of damper fluid through the orifice. The rate of flow of

fluid through the orifice depends upon the size of the orifice and density of the damper fluid. If

the orifice size is large the rate of dissipation of kinetic energy by the damper fluid will exceed

the rate of kinetic energy input. This will result in a lower damper force. On the other hand if the

orifice size is too small the rate of kinetic energy input will exceed the rate of dissipation of the

kinetic energy. In such a case, there will be a higher pressure build up in the damper cylinder so

as to increase the rate of flow of fluid through the orifice. This will result in an occurrence of

pressure spike in the damper. To further understand the action of a hydraulic damper the

modelling of a spring mass damper shown in Fig1.2-1.4 has been discussed. The Fig 1.2
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illustrates the first case of a hydraulic damper which has a fixed orifice. In the second case the

hydraulic damper has a small orifice during the initial part of the stroke, whilst in the later part it

has a full orifice area. The change in orifice area is achieved by incorporating a restricting pin as

shown in Fig 1.3. In the third case the orifice area is restricted during final part of the stroke of

the damper (see Fig1.4). This provision is often made in the dampers to prevent the piston from

dashing against the cylinder head. The practical example of the first type of damper can be of a

passenger car damper. The action of shim valve type damper discussed in Appendix-I, is much

similar to second case of hydraulic damper and is shown in Fig 1.3. The application of the third

case of hydraulic damper can be a taper rod type damper which has been discussed in details in

Appendix –I. The Appendix –I presents the survey and modelling techniques of hydraulic and

ER/MR fluid based semi active damper in a taxonomical manner.

Fig 1.2 Spring, mass and damper system with a hydraulic damper with fixed area orifice

(case1).
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Fig 1.3 Spring, mass and damper system with hydraulic damper with an orifice area

restricting rod for the initial part of the damper stroke (case2).

Fig 1.4 Spring, mass and damper system with hydraulic damper with an orifice area

restricting rod for the end part of the damper stroke (case3).
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These three cases can be modelled by a generalized SIMULINK model which is shown in

Fig 1.5. The governing differential equation for the above three case is given as follows:

)(tFkxFxm
d

 (1.1)

Where m is the mass of the system, Fd is the damper force, k is the spring constant, x is the

displacement of the system and F(t) is the impact force. For modelling purpose, the impact force

of 8000N is applied for 10 m-seconds.

The damper force is given as follows (Hajihosseinloo et al (1989)):
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Where Cd is the coefficient of discharge, Ap is the piston area, ao is the orifice area, ρ is the

density of the fluid. The value of some of the variables is given in Fig 1.5.
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Fig 1.5 SIMULINK model of spring mass damper system for case 1,2 and 3.

The system output has been plotted as force versus displacement for case 1 is shown in

Fig 1.6. From Fig 1.6, it can be seen that the damper force rises abruptly to a maximum value

followed by a gradual reduction to a minimum value towards the end of the stroke and finally the

damper force reduces to a zero value. In this case the damper force spike is not distinctly seen

because the impact force is low.
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Fig 1.6 Variation of damper force with displacement for case 1 (Fig 1.2).

The simulation result for the case 2 demonstrate a distinct damper force spike as shown in Fig

1.7. This force spike occurs when the velocity of the system reaches the maximum value. This is

because at the maximum velocity of the system the kinetic energy input to the damper exceeds

the rate of dissipation. The damper piston accelerates the stagnation fluid leading to a sudden

increase in the pressure drop across the orifice. The sudden increase in pressure drop leads to

damper force spike. The valve type damper and taper grove and pilot valve type compounded

dampers are the examples for this type of orifice area variation. The modelling of these type of

dampers has been presented in Appendix-I and in Bhatnagar et al (2009).
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Fig 1.7 Variation of damper force with displacement for case 2 (Fig 1.3).

The damper force spike can also occur when the damper stroke during the concluding

part of the damper stroke when the residual kinetic energy of the system is sufficiently high. In

such a case the orifice area is suddenly reduced to prevent the piston from dashing against the

cylinder head. This is the third case shown in Fig 1.4. The simulation results for the third case

are shown in Fig 1.8. The variation of force versus displacement for the third case shows a

damper force spike at the end of the stroke.
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Fig 1.8 Variation of damper force with displacement for case 3 (Fig 1.4).

From the above discussion it can be gathered that if the velocity of the damper is constant, the

orifice area is to be kept constant so as to maintain a constant damper force. However, as the

damper stroke progresses the damper decelerates the system thereby reducing the velocity to

zero at the end of the stroke. In case of a constant orifice area damper the damper force reduces

with the reduction in the velocity of the spring mass damper system. However, for an ideal

design the damper force is required to be kept constant throughout the damper stroke by the

progressively reducing the damper orifice area. Whenever the load transmitted by the damper to

the structure is a major contributor, the design of a structure is dependent upon the simultaneous

minimisation of the transmitted force and the damper stroke. A very long damper stroke will

result in the reduction in transmitted force but will also result in an increase in the size of

linkages and components for the supporting or fixing the damper to the system. A damper with a
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long stroke will itself require an enhanced rigidity for resisting the deflection due to the applied

load. Thus, a long stroke damper will require a longer guiding support and so it will indirectly

lead to an overall increase in the weight of the system. Therefore the damper stroke is required to

be optimized for transmitting optimal force to the structure. However, the results of

computational models (Hajihosseinloo et al (1989), Brown (1946), Bhatnagar et al (2009)) and

experiments show that the variation of damping force with the damping stroke is not constant as

is the aim of the design of hydraulic dampers. The approximate behaviour of such a damper can

be attributed to the non-linearities of the governing differential equation and lack of adaptability

inherent in the system-design. The control law for the variation of orifice area is based on

inviscid flow analysis and as such in actual case an appearance of spike in curve for the variation

of damper force versus stroke may be observed. In a manufactured product the geometric errors

due to manufacturing tolerances and variation of coefficient of discharge due to inherent and

environmental reasons contribute to the variation in the response.

The damper response that had been discussed so far in this section pertained to the

systems subjected to the impact loading. The instances of high speed impact loading applications

can be found in case of gun dampers, aircraft undercarriage dampers, collision beacons for the

railway carriage etc. In this section the damper application for impulse load has been discussed

in the beginning because the application of hydraulic damper started as a recoil system for

artillery guns in 1862 (Hogg, (1971)). It is a specialised but a challenging of damper application.

The hydraulic dampers find more extensive use in automotive suspensions, seismic isolation,

vibration isolation of machines, vibration damping in machine tools and metal machining

operations, etc. In these applications the excitation of the system is due to the cyclic load. If the
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above mentioned spring mass and damper system is subjected to a base load as shown in Fig 1.9,

the variation of transmissibility with excitation frequency depends upon the damping ratio.

Fig 1.9 Schematic of a spring, mass and damper system with base excitation.

The governing equation of the system is given as follows:

kyycxkxcxm   (1.3)

Most of the symbols in the above equation have been defined previously except for the symbol c

which is called as the damping coefficient. In the above equation y is the base excitation. If the

Eq1.3 is reorganised in terms of the ratio of amplitude of vibration of mass to the amplitude of

base excitation, the Eq 1.4 is obtained. This ratio is called as the displacement transmissibility

and is given as follows:
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ωn = natural frequency of vibration.

The variation of displacement transmissibility with frequency ratio at different damping ratios is

shown in Fig 1.10. From the Fig 1.10 it can be seen that for low frequency ratio the

transmissibility is low for high damping ratio. The transmissibility approaches infinity as the

damping ratio approaches zero at the frequency ratio of 1. This is the condition for resonance.

For high frequency ratio the transmissibility is low for low damping ratio. Since this case is

much similar to a simple single wheel station suspension system therefore a damper is required

to change the damping ratio at different frequencies of ground excitation. Such a variation of

frequency on same road conditions can take place simply due to the change in the speed of the

vehicle. A hydraulic damper with valve type orifice control can adapt to the variation of ground

excitation frequencies in a limited way. In racing cars such requirements are met by using multi

chamber dampers (Dixon, 1999). Due to the above limitations of the hydraulic damper there is a

requirement to develop a damper which has a high degree of adaptability.



13 | R M B h a t n a g a r , P h D t h e s i s

Fig 1.10 Variation of displacement transmissibility with frequency ratio at different

damping ratios for a base excited spring mass damping system.

At this stage it will be relevant to mention that the damper force spike can also occur in

the case of damper used in vibration isolation. From the previous simulations it was seen that the

value of damper force spike can be considerably higher than the mean damper force. In such a

case the force transmissibility can be quite high and the purpose of the damper to isolate input

vibration can get defeated. On the other hand the damper force spike can lead to secondary

excitation of the structure. This is also applicable to seismic damper application. The simulations

for the impact load application correspond to the single stroke of the damper for vibration

isolation applications. Therefore in the vibration isolation dampers the prevention of spike is also

as important as the adjustability of the damping ratio to the frequency of the input vibration. In

the vibration isolation damper applications the damping force is not aimed to remain constant
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throughout as it may lead to high force transmissibility at low damper velocity. In such cases the

damper force is aimed to be proportional to the damper velocity.

The presence of force spike in the dampers for impact application leads to the

transmission of impact load to the structure. This can have detrimental effect on the fatigue life

of the structure. In case of vibration isolation dampers the presence of spike lead to higher load

transmissibility and may also lead to secondary vibrations of the structure. In case of damper

with suspension applications this can lead to passenger discomfort or injuries. The hydraulic

dampers have limited capability to attenuate the spikes and so the damper designs with high

degree of adaptability hold a better promise.

The damper solutions with high degree of adaptability belong to two prime categories,

which are active type and semi active type, Karnopp et al (1974) and Crosby et al (1973). An

active type of damper has a servo mechanism which develops the counter force to the force input

to the spring mass damper system such that the force transmitted to the structure is in the form of

small reaction. An active type (Crolla (1988)) of damper system has an advantage that it can

achieve nearly perfect vibration or force isolation for the structure to which it is connected. The

disadvantages of an active system are complexity of control system, large power requirement for

servo-power pack and are expensive. Due the complexity of control system there is also a

problem of instability of the system leading to a rapid deterioration of performance of the

system.

A semi-active damper is able to adaptively vary the damping coefficient in such a manner

that the damper force can be varied as function of velocity or displacement depending upon the

application. The force of a semi-active type damper can be adjusted so that the damping
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coefficient can be kept at a value which minimises the transmissibility over the range of

frequencies of the incident load. Since the damper responds to the sensor signal by modifying the

fluid property so it is called a semi-active damper. The electro-rheological fluid based dampers

(Fig 1.11) were the first to appear as smart fluid based semi-active dampers. Small

electrorheological effects have long been known, but large scale practical applications were first

studied by Winslow in 1947 (Dixon,1999).The electro-rheological fluids are the fluid which

exhibit change in shear yield stress due to the application of voltage across the electrodes over

which they flow (Alanoly and Sankar, (1987), Leitman and Reithmeier, (1993), Walter et al,

(1992)). Since the voltages required for electro-rheological fluids are high so the requirement of

high voltage power source and the insulation design led to reliability and design complexity

drawbacks.

Fig1.11 Schematic of an electro-rheological damper.
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The first important work on MR fluid based applications is attributed to Rainbow (1951),

(Dixon,1999). For forty years from 1947 significant efforts were made on ER fluid based

applications, largely neglecting MR fluid devices, but since 1990, when work on MR fluids

increased, it has become apparent that MR devices may be much more practicable because of

lower operating voltage, lower power requirement, higher shear yield stress achievable, broader

operating temperature range, and greater tolerance of the liquid to contamination, particularly

water. These advantages must be weighed against higher expenses and significant hazards in

manufacture (Dixon, 1999). The magneto-rheological fluids undergo change in the shear yield

stress due to the application of magnetic field. They have very short response time and require a

low voltage current source such as 12V car battery.The schematic of an Mr damper is shown in

Fig 1.12.

Fig 1.12 Schematic of a magneto-rheological damper.
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The limitations of hydraulic dampers which have been further discussed in the survey of their

design (ref Appendix-I), led to the motivation to investigate the innovative design of

magnetorheological fluid based damper.

1.2 Aims:

With the motivation as outlined above the following aims have been set for the thesis:

(1) Development of a suitable direct and inverse analytical model for predicting the response of

a magnetorheological fluid based damper.

(2) Investigation of an innovative design of magnetorheological damper which is capable of

reducing the pressure spike.

1.3 Primary Outcomes:

The primary outcomes of the investigation of MR damper of existing design and proposed

innovative design will be as follows:

(1) A direct and inverse analytical model for predicting the response of a damper taking into

account the transient effects.

(2) Innovative design of a damper which is a magnetorheological fluid based semi active

equivalent version of a compounded hydraulic damper.

(3) Improvement in response time of the electromagnetic actuators of magnetorheological

damper by a suitable optimisation strategy.



18 | R M B h a t n a g a r , P h D t h e s i s

1.4 Secondary Outcomes:

The secondary outcomes of this investigation will be as follows:

(1)Experimental validation of analytical model of magnetorheological damper by

identification of the model of LORD Corporation make RD-8040-1 damper.

(2)Findings of the comparative study of the analytical model vis-à-vis hysteresis based

phenomenological model.

(3)Design and optimization methodology for magnetorheological dampers.

1.5 Contribution to knowledge:

(1)Transient analytical model for magnetorheological fluid based devices.

(2)Extension of concept of compounding of dampers to the magnetorhological fluid based

damper.

1.6 Organisation of thesis:

The work has been organised into eight chapters. The first chapter describes the motivation for

this work, objectives, primary outcomes, secondary outcomes and the layout of the thesis. The

second chapter presents the literature review pertaining to the modelling of dampers in respect of

phenomenological model and analytical models and their limitations, the design of

magnetorheological dampers and definition of problem. The third chapter deals with the transient

analytical modelling of the damper, the solution method and the parametric study based on the

simulation results of the model have been presented and discussed. The simulation results have

been compared with the results of other papers. The fourth chapter deals with the experimental
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validation of the model proposed in the chapter 3. The fifth chapter deals with the new design of

MR damper based on dual channels for attenuation of flow transients. The chapter also

introduces a new split flow scheme for simulating dual channel flow. The last section of the fifth

chapter deals with the experimental validation of single and dual channel damper model for low

and high speed. The design of fast response electromagnetic actuator through genetic algorithm

based optimization has been discussed in the sixth chapter. The chapter also discusses the finite

element simulation of the magnetization of flow paths. In the seventh chapter the primary and

secondary outcomes of the investigation have been outlined along with the final conclusion. The

chapter also discusses the future work in the areas of modelling and design of MR dampers.
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Chapter 2

Literature Review

2.1 Introduction:

The investigation in pursuit of the objectives of the thesis requires a careful survey of the

literature. This section has been divided into four sections. The first section deals with the

overview of MR dampers. In the second section a review of modelling techniques has been

presented. The review of the literature for dampers at high speed or impact load has been dealt

with in the third section. The damper design which is required to be developed and investigated

has to be optimised for achieving the desired performance and so the literature review pertaining

to optimisation has been presented in the third section. The experimental validation of the new

damper design has been derived based on survey of literature presented in the fourth section of

this chapter.

2.2 Overview of Magnetorheological (MR) Dampers

The basic objective of this section is to present an overview and to derive the problem definition

of this work. The magnetorheologocal damper from this section onwards will now be referred to

as MR damper. The findings in the previous chapter led to the exploration of the solution in

terms of smart fluid based dampers. Since MR dampers operate at low power current source

therefore they have started finding application in areas such as vibration proof tables, mountain

bike, seismic protection systems for civil structures and automobiles. The MR damper was

commercially introduced by the Lord Corporation and the early model series was named as

“Motion Master”. These dampers were used in truck seat vibration isolation and prosthetic legs.
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General Motors introduced these dampers for an exclusive model of Cadillac in 2003. All of the

above applications are low speed applications as the peak velocity of the damper piston is not more than 2

m/s. However there is a recent interest in exploring the possibility of using MR dampers for high

speed applications such as aircraft landing gears and artillery dampers.

2.2.1 Magnetorheological fluids

MR fluids are the slurry of hydrocarbon oils or silicone oils and micron size ferrite particles. The

ferrite particles are coated with anticoagulant for preventing them from forming lumps due to

coagulation. The coating of surfactant and anticoagulant also delays the sedimentation of the

ferrite particles. When un-activated by the magnetic field they behave like ordinary slurry of

ferrite particles. Therefore the viscous behaviour of an MR fluid in the absence of magnetic field

is like an ordinary Newtonian fluid. However, when a magnetic field is applied in the direction

perpendicular to the flow the ferrite particles align along the magnetic field to form columnar

structures which offer resistance to the parent fluid as it flows over them. The parent fluid tries to

shear off the chains of magnetised ferrite particles and because of this, the sheared off chains of

ferrite particles flow in a plug like lump. As a result of this the MR fluids show a Bingham fluid

like behaviour. The shear stress developed due to the flow of parent fluid over the ferrite

particles chains, results in the breaking and reformation of ferrite particle chains. This results in

an increase in apparent viscosity of fluids. The magnetic fluids can be divided into following

three types:

(1) Magnetorheological fluid.

(2) Ferro fluids.

(3) Bi –disperse fluids.
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Out of the above magnetic fluids the behaviour of magneto-rheological fluids has already been

described above. Ferro-fluids are the suspensions of nano-ferrite particles in hydrocarbon oil.

These fluids exhibit an increase in viscosity under steady magnetic field in the manner similar to

MR fluids, with the difference that the increase in apparent viscosity is limited to twice the

viscosity of parent fluids. This is because the ferro fluids contain nano size ferrite particles so

they behave like colloids and the forces due to Brownian movement are stronger than the force

of the magnetic field (Bossis et al (2002)). In case of MR fluids the increase in viscosity is 5-7

times that of parent fluid. The ferro-fluids have many other interesting properties such as they

show a reduction in apparent viscosity as compared to the parent fluid when subjected to

oscillatory magnetic field. The energy of the applied oscillatory magnetic field gets converted

into the kinetic energy of the fluid, leading to an apparent decrease in the parent viscosity.

Bi-disperse fluids are the mixture of MR and Ferro fluids and they have faster response

to magnetic field as compared to MR fluids and they have a longer sedimentation time for ferrite

particles as compared to MR fluids ( Bossis (2002), Ngatu and Wereley (2007)). The behaviour

of all of the above types of fluids under the influence of steady magnetic field is the same. The

formation of columnar structures of ferrite particles in magnetic fluids is as shown in Fig 2.1.

Fig 2.1 Behaviour of ferrite particles under the influence of magnetic field as the MR fluid

flows between the two parallel plates.
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MR fluids can be used in three modes of flow, (Stanway et al 1996, Boelter et al (1997), Dixon

(1999) , Poynor (2001), Gregory et al (2007), Liao et al (2007),). In the valve mode the fluid

flow is like a Poisueille flow. In this mode the resistance of the fluid flowing through the channel

can be varied by varying the strength of the applied magnetic field. The channel in this case can

be a gap between the two parallel plates or an annular gap between the two concentric cylinders,

(see Fig 2.1).

In the shear mode one of the plate or cylinder is moving in the direction opposite to the flow. The

MR fluid can be stationary or moving with some value of velocity. In latter case it is more

appropriately called as the mixed mode operation of MR device (ref Fig 2.2).

Fig 2.2 Shear mode operation of MR device.

In the rotary devices such as clutches and brakes pure shear mode type operation of MR fluid

takes place. In the squeeze mode operation of an MR device one of the parallel plate moves

perpendicular to the direction of flow as shown in Fig 2.3. Since the force required to squeeze
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the magnetised force is quite large therefore the squeeze mode MR device is suitable for bearing

applications.

Fig 2.3 Squeeze mode operation of MR device.

2.2.2 MR devices

MR fluids can be used in various applications such as dampers, clutches, seals, bearing etc. In

this work the application of MR devices shall be confined to the dampers as it is the theme of

this investigation. Out of the application of above three modes the dampers use valve mode or

shear mode operations. The simplest design of MR damper has a piston which has magnetic coils

provided with suitable wiring arrangement for energisation. The damper is usually provided with

an integral gas type restoring spring which similar in configuration to a hydraulic damper shown

in Appendix –I, Fig A.13. If the damper has an integral restoring spring then it is called as twin

tube damper. On the other hand if the restoring gas spring is separate then the MR dampers are

usually mono-tube type construction (See Fig 2.4) (Dixon (1999), (2001), Boelter et al (1997),

Gregory et al (2007), Liao et al (2007), Poynor (2001)). In this design the MR fluid flows

between the cylindrical surface of the piston and the wall of the cylinder.
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Fig 2.4 Schematic of a mono-tube damper

Thus, it is a flow and shear mode type damper or mixed mode type damper. In valve mode type

dampers the MR fluids either flows through a hole in the piston which is surrounded by the coils

or the piston forces the fluids through an annular gap which is surrounded by the coil as shown in

Figs 2.5 and 2.6 (Dixon (1999), Kawashima et al (2001), Boelter et al (1997), Gregory et al

(2007), Liao et al (2007), Poynor (2001)).

Fig 2.5 Schematic of a mono-tube valve mode type damper with flow passage

embedded in the piston.
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Fig 2.6 Schematic of a mono-tube valve mode type damper with bypass type flow

passage.

The principle of valve mode type damper can also be used for valve application as described in

Ai (2006). For enhancing the effectiveness of the valve the coils can be designed to be positioned

in the annular gap so that the flow of MR fluid under the influence of magnetic field can be

radial and annular. This design results in an increase in the fluid volume affected by the magnetic

field. The MR fluids based valve can be modified into a more compact form and used to control

the valve lift of the valve type damper described in the survey of conventional hydraulic type

dampers to control the damper force spike. The schematic of such a design which, has been also

referred to in Poynor (2001) is shown in Fig 2.7.
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Fig 2.7 Schematic of a MR damper or valve controlled conventional valve type

damper Poynor (2001).

A brief survey of all the damper designs based on study of literature such as (Dixon (1999),

Boelter et al, (1997), Gregory et al (2007), Liao et al (2007), Poynor (2001)) shows that the

MR dampers have been tested in speed range of 0-2m/s. However in recent times the work on

MR dampers subjected to impact loading has started appearing (Wang and Li (2006), Lee and

Wereley (1999), Norrsi and Ahmedian (2003), Facey et al (2005)). The study of publications

on the MR dampers which were tested in the speeds in the range of 5-7 m/s show the presence

of damping force spike (Wang et al (2006)). There are very few publications describing the

performance of the damper behaviour at speeds above 8m/s second. This can be possibly

because a large number of real life applications which require dampers to operate at speed up

to 2m/s. The challenge in the development of high speed damper is the attenuation of transients

which are non controllable components of the damper force. These transients appear as force

spike in the force versus displacement curves for the hydraulic dampers in general and MR

dampers in particular. The applications of dampers for aircraft landing gears (including UAVs)
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operate at heavy loads and in the speed range of 5-7m/s (Batterbee et al (2007,1&2),

Sims(2000), Peel and Bullough (1994)). The behaviour of MR dampers has been described by

fluid dynamics model based on Herschel Bulkley model or Bingham plastic type non-

Newtonian fluids (Kamath et al (1996)). Due to the formation and breakage of the chain

ferrite particles in the MR fluids subjected to the magnetic field, MR fluids behave like

Bingham fluids (nature of flow is similar to toothpaste). A generalized plot showing the

variation of shear stress with the shear rate is shown in Fig 2.8. The fig 2.8 shows that the

Bingham plastic behaves like a rigid body until the shear stress in the fluid is less than the

initial shear stress. The yield shear stress is dependent on the strength of the magnetic field and

this relationship makes the MR fluid a field controllable fluid. If the shear stress corresponding

to the pressure gradient across the fluid channel exceeds the pre-yield shear stress, then the

post yield shear stress is the sum of pre-yield shear stress and shear stress due to post yield

viscosity.

Fig 2.8 Herschel Bulkley model for Bingham plastics.



29 | R M B h a t n a g a r , P h D t h e s i s

So far, the modeling of force of an MR damper has been done by three classes of models. The

first class of models is called phenomenological models. Since the MR dampers exhibit a

hysteretic behavior, MR damper models of the first type use the experimental data to fit a

hysteresis curve to predict the damper force as a function of velocity. The details of such model

have been outlined in Wereley et al (1999), Butz and Von Stryk (2002), Mohammad et al ( 2007)

and Wang and Liao (2011). In this class, also lie the phase transition models based on Falk and

Kanopka (1990), Lookman et al (2003) and Wang and Liao (2011). The phase transition model

for MR dampers was developed on the basis of phase transition theory which was proposed for

the investigation of crystallographic phase transition in shape memory alloys (Wang and Liao

(2011)). However, in Wang and Liao (2011) it is given that although the physics involved in the

MR fluids is taken into account to some extent in this model but it is still a phenomenological

model. The second class of models is called as sigmoid function models Wang et al (2003). In

these models the force velocity relationship is obtained by fitting the sigmoid function to the

experimental data. In the third class of models called as the equivalent models, the variation of

force with velocity is expressed in terms of equivalent springs, variable viscous damping and

friction element (Oh and Onoda (2002)). The third class of models are based on the quasi steady

solution of the Navier Stokes equations using either Bingham plastic model or Herschel Bulkley

model for deriving the equations for the velocity profile of MR fluid flowing through the

channel, Phillips (1969), Kamath et al (1996), Lee and Wereley (1999), Norrsi and Ahmedian

(2005), Facey and Rosenfeld (2005), Chooi and Oyadiji (2008), Wang and Gordaninejad (2007),

Li (2000). In this work the quasi steady model will be discussed in details as present work is

going to be an extension of this model.
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2.3 Fluid dynamical models for MR dampers

The fluid dynamical models published so far are based on Bingham plastic model or Herschel

Bulkley model. The Herschel Bulkley model is the more generalized model for describing the

shear stress in the MR fluid flow and is given by the following equation:
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where τ is the total shear stress, τ0 is the yield shear stress, K is the consistency index, nhb is the

index for shear rate in Herschel Bulkley equation and du/dx is the shear rate ( Wereley and Li

(1998)). Depending upon the choice of flow behaviour, the index nhb, can be used to account for

post yield shear thinning or shear thickening in the following manner:

(1) nhb>1 shear thickening.

(2) nhb <1 shear thinning.

(3) nhb =1 Bingham fluid behaviour.

In the case of shear thinning the post yield viscosity decreases with the increase in the shear rate.

The shear thickening fluids show an increase in the post yield viscosity with the increase in the

shear rate.

These models are based on following assumptions:

(1) Flow through the channel is plug flow in the pre yield region and laminar flow in the post

yield region.

(2) The flow is fully developed.
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(3) The operating Reynolds number is less than the critical Reynolds number.

(4) Inertia effect has been neglected in the governing differential equation.

In Wereley and Li (1998), the model for flow through the annulus of MR damper has been

approximated by considering the parallel plate flow Philips (1969). The parallel plate

approximate considerably simplifies the solution and enables the fluid behaviour to be obtained

as a closed form solution. This is because the equation of mass balance for the parallel plate

model is a function of pressure gradient and so the solution of a system of nonlinear equation

gets decoupled. The velocity profile obtained for the flow of MR fluid under the influence of

magnetic field has three regions. The central region is a region of plug flow and the region on the

either side of the plug flow region have laminar flow velocity profile (see Fig 2.9). The shear

stress in the region of plug flow is less than or equal to the shear yield stress and as such this

region has constant velocity, along the direction of flow. Here it is mentioned that in the absence of

magnetic field there will be no plug flow region and the velocity profile will be identical to the velocity

profile for flow of a Newtonian fluid flowing through the channel.The interface between the two

regions has velocity and shear stress compatibility boundary conditions and the boundary

conditions for the regions in contact with the walls are no slip boundary conditions. The

governing differential equation is given as follows:
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Since the model presented in (Wereley and Li (1998)) is a quasi steady model therefore the time

derivate of velocity has been neglected.
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Fig 2.9 Typical velocity profile of MR fluid flow through an annular fluid path in the

presence of axial linear pressure gradient and under the influence of magnetic field

perpendicular to the flow path.

The governing differential equation given above can be integrated to obtain the expression of

velocity in term of pressure gradient and the radii of the damper. The flow rate in (Werely and Li

(1998)) has been obtained using parallel plate model. The expression for flow rate is given as:
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where Qf is the flow rate of MR fluid through the annular gap between the two concentric

cylinders, d is the gap between the two cylinders, ΔP is the pressure drop across the gap for the 

flow of MR fluid, L is the length of the gap, ν0 is the kinematic viscosity and  is the width of

plug flow region. Since the flow rate can be determined from the velocity of the piston of MR

damper therefore the above expression of flow rate of MR fluid has two unknowns as pressure
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drop and plug width. These unknowns have been reported to be determined by following three

approaches:

(1) Solve the quintic equation ,due to Philips (1969), given as follows:
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In the above equation the dimensionless velocity V of the piston is given as:

fQ

vdb

2
0V

(2.5)

The dimensionless pressure gradient P and shear stress T are defined as follows:
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The pressure gradient and the width of plug region can be calculated by combining Eq

(2.27) and the quintic equation.
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(2) The second approach is to use Ergun equation mentioned in Chase and Dachavijit (2008)

for MR fluids. This equation has been used for modelling ER fluid flow through porous

media and as such use of this equation may either be not relevant or application of such

equation may introduce complexities in the solution. In view of this reason the Ergun

equation has not been discussed in this work.

(3) In the third approach the governing differential equation for parallel plate flow of MR

fluid is integrated to obtain the expression of velocity of flow of MR fluid in the annular

gap for laminar regions using the boundary condition mentioned in the Fig 2.12. The

expression for velocity profiles are used to obtain the expressions of flow rate in each

region of flow and the sum of these flow rate is equated to the rate of fluid displaced by

the piston to get the following equation:
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The symbols in the above equation are defined as follows:
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The Bingham number Bi is a function of the non dimensional plug thickness and the area

coefficient Ah/Ad:
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The exact analytical solution for electrorheological fluid flow for cylindrical domain has

been given in Kamath et al (1996) and Chooi and Oyadiji (2008), and can be applied for MR

fluid flow as well. The equation for zero velocity gradient across the plug thickness and the

equation of conservation of volumetric flux result in a system of simultaneous non-linear

algebraic equation. This system of equation has been described to be solved by secant iteration

method. The solution will be described in details in the following chapters as it forms the basis of

this work. The comparison of parallel plate solution and quasi steady state solution for MR fluid

has been described in Chooi and Oyadiji (2008). In Chooi and Oyadiji (2008) the system of

equation has been solved using SIMULINK routine. The model described in the this paper has

been claimed to agree well with the experimental results and is able to include the hysteretic

effect in the force velocity curve and this likely to be because of the inclusion of wall shear stress

on the damper piston. The effect of this force due to wall shear stress has been apparently

neglected in most of the works referred above. This work also compares the results of annular

flow model with the parallel plate model and it has been shown that there is a small error in the

parallel plate model. Similar model has been reported in Cesmeci and Tehsin (2010), with a

difference that it records the limitation of the analytical model as its inability to predict hysteretic

behaviour and the use of phenomenological model has been resorted to. The inability of the

model to capture the hysteretic behaviour is likely to be due to the neglecting of wall shear stress

force on the piston and use of incorrect volume flow rate displaced by the piston. In an earlier

work by Wang and Gardaninejad (2007), the analytical model using Herschel-Bulkley flow
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model for shear stress and parallel plate model for flow rate has been claimed to capture the

hysteresis behaviour with good accuracy. The other method to model the hysteretic behaviour is

somewhat empirical and has been described by Hong et al (2005). In this model the inertia

effects on the fluid have been attempted to be included by an ‘inertance’ term and the fluid

compressibility has been accounted for in the manner similar to Wang and Gardaninejad (2007).

From the above discussion it is gathered that the solution of MR fluid flow is a complex

problem even if the Bingham plastic model is used and the complexities are further increased, if

the shear thinning or thickening are taken into account. To obtain the solution with shear

thickening effect using Herschel Bulkley model the parallel plate approximation has been used in

Wereley (2008) . The study of the (Chooi and Oyadiji (2008), Wereley and Li (1998), Wereley

(2008) and Cesmesi and Tehsin (2010)) shows that the region of laminar flow is quite small as

compared with the plug flow region and as such the error induced in flow rate expression using

Bingham model and annular flow will be less than the error induced in the solution using shear

thickening and parallel plate model. This is because error due to the neglecting of the wall

curvature is more significant in dampers with smaller diameters than the neglecting of the shear

thickening effect. It therefore leads to the conclusion that Bingham model for MR fluid in

cylindrical domain is the best approach for predicting the force developed by MR damper. The

quasi static model given in the above mentioned literature is based on important assumptions that

the flow through the MR channel is plug flow with laminar flow between the channel wall and

plug flow and negligible inertia effects. The models have been experimentally validated at

speeds less than 1m/s. For high speed applications such as aircraft landing gear in the works

published by Batterbee et al (2007,1&2), Sims(2000) and Peel and Bullough (1994) and in gun

damper in Ahmedian and Poynor (2001), the correlation with experimental data was not found to
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be good . In the experimental data presented in Ahmedian and Poynor (2001) there are a number

spike seen for the experimental firing of gun installed with an MR damper. These works have

indicated the need for a model which can account for higher order inertia and fluid inertia. In

these works also quasi static model has been presented and it has been mentioned that for

modelling of MR dampers at high speed the inertia forces need to be included.

It also gathered from the above review that the error due to quasi static solution will be

sufficiently significant for MR dampers piston velocity and so there is a need to develop a

transient model for predicting the force in MR dampers. Based on the above review this

investigation will aim at development of flow model for MR damper using Bingham plastic

model and using governing differential equation for cylindrical domain. The pressure drop

predicted by the analytical model shall be validated by the experimental methods. This is

because the quasi static models and the phenomenological models are not able to explain the

hysteretic variation of force versus velocity. Since the variation of force with velocity and

displacement are dependent upon the fluid flow the development of suitable fluid mechanical

model is a necessary requirement to correctly model the force response of an MR damper.

2.4 Survey of MR damper designs for high speed applications

The general design used for low speed application has already been presented in the introductory

chapter and as such this section shall discuss the design of the MR dampers used for high speed

applications and which are more appropriately referred in the publications as impact MR

dampers. The design of MR damper for high impulsive loads requires the damper to develop a

large controllable force in short time. The damper must also have a high dynamic range (D)
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which is defined as the ratio of total damper force to the uncontrollable force and is given as

follows (Dug et al (2002))
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where, Fη, is the force due to post yield viscosity, Ff is the friction force, Fτ is the force

due to shear yield stress, b is the width of plate equal to the perimeter of the cylinder, L is the

length of flow path, Q is the fluid flow rate, Ap is the area of the piston of MR damper , ηpy is the

post yield viscosity, τ0 is the yield shear stress, v0 is the velocity of the piston, T is the non

dimensional shear yield stress and c is a constant dependent upon the non dimensional shear

yield stress. The expressions for dynamic range shall change due to model proposed in this work.

The design of damper presented in (Mao et al (2007)) is as shown below:
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Fig 2.10 Schematic of bi-fold valve type MR damper (Mao et al,(2007)).

The study of this design reveals that it has been derived by relocation of the coils from

the piston to the radial and annular passage at either end of the damper for the MR fluid flow.

The design is an attempt to maximize the volume of MR fluid under the influence of magnetic

field and thus achieve compactness in the design. The relocation of magnetic coils from the

piston to the cylinder ends simplifies the design of connections to electromagnetic coils by

eliminating the need for a wire tunnel in the piston rod. Similar design has been proposed in

Gordaninejad et al (2004), (see Fig 2.11) wherein the flow passage has been designed in the

piston. While the design may have complexities in electrical connection to the coil and the piston

assembly itself, the advantage of this configuration is that the core of the electromagnet can be

sufficiently thick so as to remain unsaturated over a wide range of current. In both of the designs

the fluid flows through the radial and annular path, so the analytical model will be complex and

so a phenomenological model will be required to be developed for direct and reverse modelling

of the damper for determining the control policies. The designs of dampers referred above have

been reported to be tested up to the maximum speed of 2m/s. As such this is may not be suitable
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for high speed applications. An inner bypass type MR damper with a combination of an

electromagnet and permanent magnet has been reported by Zhang et al ( 2007).

Fig 2.11 Schematic of a novel geometry of flow and mixed mode type MR damper

Gordaninejad et al (2004).

The survey of the damper designs leads to the following conclusions:

(1) The bi-fold valve design of MR damper and internal bypass design in (Mao et

al (2007)) can give good dynamic range. The response time of these dampers

can be improved by the optimization of electro-magnetics.

(2) The above designs can give a high value of controllable force because of

increase in the volume of magnetisable flow passage for MR fluid. All of the

above designs are likely to give damper force spike at high impact velocities.

This is because the above damper designs with control laws and analytical

model require a suitable design feature to relieve the spike.
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2.5 Design methodology and optimisation of damper

A high speed damper will require an effective actuator design and controller to respond to the

control input based on the feedback of the damper force from the sensor. Since the MR fluids

have very high density therefore at high speed the damper force spike is likely to be high if the

actuator current is not estimated correctly and if the actuator response time is more than 25% of

the time of occurrence of spike. In addition of above the validity of laminar flow assumption

needs to be evaluated with respect to critical Reynolds number. This will require the

development of a new conceptual design of an MR damper for high speed applications.

The conceptual design of and MR damper also includes a suitable optimisation strategy

for achieving the best performance of MR damper design. The earliest work on optimisation of

MR damper has been outlined in Gavin et al, (2001). In this paper an objective function which is

a weighted sum of time constant and the power consumption has been proposed. The linear

inequality constraints set consist of wire diameter, time constant, flux density, damper force at

specified velocities and constraints on the geometry of the damper.

Rosenfield et al (2004), have presented a comparative study on the volume constrained

optimization of MR and ER valve and dampers. In this work generalised candidate geometry of

the MR valve has been chosen with the parameters as shown in Fig 2.12.
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Fig 2.12 Generalised geometry for MR damper electromagnet ( Rosenfield et.al,(2004)).

The generalised geometry has been defined by the following dimensions: radius of damper R,

length of flow gap L, d gap between the two cylinders or the flow gap, bobbin core radius ta,

flange height tb, gap width wc and coil height hc. The critical areas are defined as A1 MR damper

electromagnet core area, A2 MR damper electromagnet cylinder wall cross section area, A3 MR

damper electromagnet cross section pole area. These areas are defined by the following

equations:

2
1 a

tA  (2.16)

])dwt(R[A ca
22

2   (2.17)
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battA 23  (2.18)

If (2.16) is equated to (2.17) and terms are rearranged in quadratic form for positive value of ta

then following equation is obtained:

 222
2

1
)dw(R)dw(t cca 

(2.19)

The above conditions are imposed to obtained uniform cross sectional area and to ensure that the

core does not saturate. Similarly if (2.16) is equated to (2.18) then the following equation is

obtained:

ab
tt

2

1
 (2.20)

The length of active coil and coil height are given by the following relations:

bA tL 2 (2.21)

bc tLh 2 (2.22)

The paper by Rosenfield et.al (2004, optimises these parameters using the power density as the

objective function. The power density is given by the following expression:

Ad

wap

LA

RI
densityPower

2


(2.23)

Iap is the applied current, Rw is the resistance of the coil and Ad is the cross sectional area of the

flow annulus. The effect of variation of power density has been studied for variation of non

dimensional plug thickness, damping coefficient for different number of wraps of coils. The
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paper also presented the effect of variation of power densities for variation of plug thickness and

damping coefficients for silicon steel and Hyperco alloy. Following the similar approach

Batterbee et al (2007) present the modelling and performance prediction of optimal MR damper

based aircraft landing gear (Batterbee (2007)). The proposed optimization strategy is based on

the study of effect of variation of power required to generate maximum yield stress, time

constant of the coil, the valve’s control ratio (defined below) and Reynolds number through the

valve:

)(
)Q(P

)Q(P

ymax,

maxymax,max
1

00





 






(2.24)

b

Q
R

py
e






(2.25)

In the above equation, ΔPmax is the maximum field pressure drop and ΔP0 is the zero field

pressure drop. Where ΔPmax is the maximum pressure field pressure drop and ΔPmax is the zero

field pressure drops. In Batterbee, (2007) the FEM based electromagnetic simulation is used to

obtain the magnetic field developed by the electromagnet and that the core and MR fluid does

not reach saturation limit.

Nguyen et al (2009) have proposed a new objective function which is the weighted sum

of dynamic range, yield force and time constant of electromagnetic coil with the constraint that

the sum of three weights is unity. The dynamic range and the yield force are based on the parallel

plate approximation for the analytical model.

The review of the above literature on design methodology and optimal design strategy

leads to the conclusion that the optimisation strategy can be further improved to achieve the
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above objective by a suitable combination of performance parameters and the novel design of the

damper which is based on improved analytical flow model.

2.6 Chapter Summary:

The literature review describes the various phenomenological model used for modelling the

performance of a MR damper. The next section describes the analytical model and the need for a

new for improved model prediction of damper performance. The literature review of

optimization of MR damper design leads to the conclusion that new optimal strategy can be

developed which improves the performance of MR damper.
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Chapter 3

Modeling of Magnetorheological fluid based dampers at low

speed

3.1 Introduction:

This chapter presents the transient model for the flow of MR fluid in an MR damper. The flow

model is used to predict the damper force. The literature review in the previous chapter

describes the quasi static model for predicting the MR damper force. The quasi steady solution

of the Navier Stokes equations using either Bingham plastic model or Herschel Bulkley model

for deriving the equations for the velocity of MR fluid flowing through the channel have been

published by Phillips (1969), Kamath et al (1996), Lee and Wereley (1999), Norrsi and

Ahmedian (2005), Facey and Rosenfeld (2005), Chooi and Oyadiji (2008), Wang and

Gordaninejad (2007), Li (2000) etc. The equation of the velocity is used to obtain the equation

for the conservation of volumetric flux and the equation for equilibrium of forces acting on the

MR fluid flowing through the channel. Bingham plastic fluids are non Newtonian fluids that

behave like a rigid body when the shear stress in the fluid channel is less than the yield stress

and they flow with a constant shear rate when the shear stress exceeds the yield shear stress (

Kamath et al (1996), Lee and Wereley (1999), Li (2000), Norrsi and Ahmedian (2005), Facey

and Rosenfeld (2005), Wang and Gordaninejad (2007) and Chooi and Oyadiji (2008)). The

equations for the shear stress in the fluid are given as (Stanway et al (1996), Wang and

Gordaninejad (2007)):



47 | R M B h a t n a g a r , P h D t h e s i s

0
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(3.1)

 where τ is the shear stress;  is the shear rate; and k and n are the fluid index parameters; τ0 is

the yield shear stress and is the function of applied magnetic field for MR fluids. The quasi

steady MR fluid flow model based on Bingham plastic model was applied by Kamath et al

(1996) and Chooi and Oyadiji (2008). However they reported that the model is not able to

capture the hysteretic variation of force with the velocity of the damper. The Herschel Bulkley

model was applied by Lee and Wereley (1999), Wang and Gordaninejad (2007) and Li (2000).

In Eq 3.1 the yield shear stress is a function of magnetic field which is applied perpendicular to

the flow path of the MR fluid. It was reported by Sims et al (2000), Batterbee et al (2007) and

Wang and Gordaninejad (2007) that the hysteresis in the MR damper is due to the following

primary reasons:

(1) Compressibility of the MR fluid. This is particularly important when a small amount of

air is trapped in the fluid.

(2) Seal friction.

The inability of the fluid mechanical models for MR dampers to satisfactorily predict the force

versus velocity relationship, has led researchers to prefer phenomenological models to quasi

steady model ( Chooi and Oyadiji (2008) and Cesmeci and Tehsin (2010), Ehrgott and Masri

(1992), Gavin et al (1996) and Chang and Roschke (1998)).

The quasi steady flow model described in Chooi and Oyadiji (2008) , Cesmeci and

Tehsin (2010), Ehrgott and Masri ( 1992), Gavin et al (1996) and Chang and Roschke (1998),
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neglect the transient effects in modelling MR fluid flow through the channel. In an MR damper

the magnetized flow channel can be of the following three types:

(1) Embedded in the piston.

(2) Annular gap between the piston and cylinder.

(3) Bypass duct which is surrounded by the electromagnetic coil.

The size and application of MR damper determines the choice of the design of channel from

amongst above three types. For these three configurations the transient effects for the flow of

MR fluid in an MR damper can be primarily due to the following reasons:

(1) Transients due to starting or stopping or change in the direction of fluid flow in a MR

damper.

(2) If the MR fluid flow channel is either embedded in the piston or the channel is in the

form of an annular gap between the piston and the cylinder, then there will be an

additional transient effect in a MR damper due to the body force acting on the MR fluid

due to the acceleration or deceleration of the piston.

For the design of MR dampers in which the MR fluid flow channels are either embedded in the

piston or they are in the form of annular gaps between the piston and the cylinder, there will be

a transient effect in the MR damper due to the time dependent variation of the velocity

boundary condition. In all of the quasi steady models , Cesmeci and Tehsin (2010), Chooi and

Oyadiji (2008), Choi et al (2002), Chang and Roschke (1998), Gavin et al (1996) and Ehrgott

and Masri (1992), the velocity of the piston has been assumed to be constant during a given

time step.

Therefore this work aims to present a transient model which includes all the above three

transient effects so that the force versus velocity variation of MR damper can be satisfactorily

predicted. The following sections deal with the modelling of magnetorheological fluid based
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dampers using an analytical solution of the Navier Stokes equations. The work describes the

model of an MR damper in which the flow channel is an annular gap between the piston and the

cylinder. The generalised transient model proposed in this section considers the flow of MR

fluid as a pressure driven Poiseuille flow superposed with Couette flow. The model can be used

to analyse any of the above three types of channels of an MR damper with the modifications of

boundary conditions. The technique used in this paper can also be used to analyse the unsteady

flow of Newtonian fluids in a pipe due to sudden starting and stopping of flow (Das and

Arakeri (1998)). In future the proposed approach can be used for developing fractional calculus

based MR fluid models which may be more accurate. Many complex fluids such as polymer

solutions, blood, paints and certain oil cannot be described by Newtonian constitutive equations

with sufficient accuracy and so the fractional calculus has been found to be quite flexible in

describing the viscoelastic behaviour, Fetecau et al (2005, 2006). The hydrodynamic motion of

viscoelastic fluids has been studied using fractional calculus, to obtain closed form solutions, by

a number of researchers such as Fetecau et al (2005, 2006), Hayat et al (2004-2006), Bagley

(1983), Friedrich (1991), and Wang et al (2009). In the paper by Wang et al (2009), the

unsteady axial Couette flow of fractional second grade fluid and fractional Maxwell fluid flow

between two infinite cylinders has been presented.

3.2 Formulation of transient MR fluid flow model:

In this work the flow of MR fluid through the annulus between the piston and the cylinder can

be considered to be a pressure driven Poiseuille flow superposed with the Couette flow. This is

because the flow of MR fluid through the annulus is due the combined effect of the pressure

gradient across the channel and the velocity of the piston. Thus, it is a case of a mixed mode

damper. The computational domain and the enlarged view of the velocity profile for the flow of

Mr fluid through the channel are given in Fig 3.1 and 3.2. The velocity profile of the MR fluid
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flow through the annulus between the piston and the cylinder wall can be considered to be a

plug flow between the inner and outer layers of laminar flow.

Fig 3.1 Axi-symmetric fluid domain and velocity profile for the flow of MR fluid.

Fig 3.2 Enlarged view of frame A of Fig 1 showing the assumed velocity profile and plug

flow region with the definition of radial coordinates.
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The region of velocity profile, where the shear stress is equal to yield shear stress of the

MR fluid, is a plug flow region. The regions where the shear stress exceeds the yield shear

stress there is a laminar flow, Fig 3.1.

Before proceeding to the formulation it is necessary to outline the underlying

assumptions with justifications for the applicability of the model. The assumptions for the

model are as follows:

(1) The MR fluid that flows through the annulus is equal to the fluid displaced by

the piston. The fluid displaced by the piston lies between the piston face and the

cylinder head of the damper cylinder. In a case where the MR fluid lies between

the damper piston and the floating piston of the gas spring, there is a possibility

of flow of fluid through annulus due to velocity of the piston under negligible

pressure gradient. This will be the case of a boundary driven flow. However,

this case is kept out of the purview of this work.

(2) The operating Reynolds number (Rea) is less than the critical Reynolds

Number. The turbulent flow has been taken into account by using correction

factors for the range of operation Reynolds number in Mao et al (2005). In this

work the validity of the plug flow assumption is assessed based on the

publications by Garg and Rouleau (1972), Frigaard et al (1994) and Nouar and

Frigaard (2001). From these papers and the paper of Hedstrom (1952) it is

gathered that the effect of yield stress is negligible for the turbulent flow of

Bingham fluids. For a field controllable MR dampers the flow of MR fluid as a

plug flow is necessary for maximising the controllability of the damper. The

correction for the turbulent flow as suggested in Mao et al (2005) may require

some careful considerations because the turbulent flow modelling of MR fluid
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will require the interaction of magnetic field with the turbulent flow vortices, to

be taken into account. In this paper it is considered that the operating Reynolds

number is less than the critical Reynolds number. The critical Reynolds number

is a function of Bingham number. The Bingham number is defined as follows:

ppy

py

uA

d
Bi




 (Mao et al (2005)) (3.2)
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where A is the ratio of piston area to the area of the annulus, up is the velocity

of the piston, d is the width of the annulus, μpy is the post yield viscosity and

other symbols are defined in Fig 3.1 and 3.2. Similarly the operating Reynolds

number is defined as follows:

py

p

a

duA



2
Re  (3.4)

In Eq(3.4) ρ is the density of MR fluid. The critical Reynolds number is given by

the following correlations ( Nouar and Frigaard (2001) ):
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In this work the maximum width of the annulus has been taken as 1mm. This is

because the operating Reynolds number tends to exceed the critical Reynolds

number for more than 1mm width of the annulus. If the diameter of the piston is

varied between 50 mm to 200 mm the corresponding area ratio will vary from
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12.5 to 50 for 1mm width of the annulus. This can be considered as an

acceptable range for all the applications described in the previous chapter. If the

density of the MR fluid is taken as 3000 kg/m3 and the post yield viscosity is

taken as 0.18 Pa-s the variation of critical and operating Reynolds numbers with

the piston speed are given in Fig 3.3.

Fig 3.3 Variation of critical and operating Reynolds number for the flow of MR fluid

through the annulus for MR dampers with area ratio of 12.5 and 50 respectively for the

values of yield shear stress between 5 kPa to 50 kPa.

In the Fig 3.3 above, the values of yield shear stress have been taken as 50 to 5

kPa. This has been done to compare the operating Reynolds number with the
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critical Reynolds number corresponding to the maximum and minimum values

of yield shear stress for MR fluids. The value of shear stress of 5 kPa has been

included as this corresponds to the maximum value of yield shear stress for ER

fluids (Carlson et al (1996) and Carlson and Jolly (2000)). From the above figure

it is observed that the critical Reynolds number reduces rapidly with the increase

in the area ratio and the decrease in yield shear stress. At the area ratio of 50 the

operating Reynolds number crosses the critical value at the piston velocity of

0.25 m/s for the yield shear stress of 5 kPa. On the other hand if the area ratio is

12.5 the operating Reynolds number just reaches the critical value at the piston

velocity of 1m/s. For the area ratio of 50 there is a piston speed limitation for all

the values of yield shear stress from 5 to 50 kPa. From the Fig 3.3 it is also

deduced that the variation of critical Reynolds number, with velocity and area

ratio, imposes limitation on the operational speed and size of ER dampers. This

is because the yield shear stress of ER fluids varies between 1 to 5 kPa (Carlson

et al (1996) and Carlson and Jolly (2000)). In the end, it is mentioned that the

critical Reynolds numbers for the piston velocities less than 0.25 m/s, are much

higher than the operating Reynolds numbers and so the flow through the annulus

is plug flow.

(3) The ratio of flow path length to the piston diameter is at least equal to 0.8. This

is necessary to ensure that the entrance length for the development of plug flow

through the channel is small as compared to the flow path length. Thus the flow

can be considered to be fully developed throughout the channel. If the entrance

length for the development of flow is to be taken into account then the flow

path length can be corrected by subtracting the entrance length. This will result
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in a reduction in damper pressure proportional to the corrected flow path length.

The correlations for the entrance length are given in Novak and Gajdeczko

(1983) and Poole and Chhabra (2010). Since these correlations are based on

theoretical models and the experimental verification has not been given

therefore this assumption has been briefly discussed here and the attempt to

incorporate the correction of pressure gradient for the entrance length effects

has not been made.

(4) The effect of shear thinning is neglected. This is because of two reasons. The

first reason is that the pressure gradient is a stronger function of yield shear

stress as compared to the post yield viscosity at low shear rates. Secondly the

effect of shear thinning can be finally accounted for by using a suitable

correction factor for pressure gradient. Therefore, the constitutive model used in

this work is given as follows:
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(5) The yield shear stress of the MR fluid is constant during the given time step.

(6) The relationship between the yield shear stress and the magnetic field is given

as follow:

5.145000B
py
 (Jiang et al (2011)) (3.7)

In the above equation B is the applied magnetic field in T. Although the model

presented in this work is valid for all the values of yield shear stress, the results

for the simulation are given for yield shear stress between 10-40 kPa. Wherever
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a different function for the yield shears stress will be used the equation for

relating yield shear stress with the applied magnetic field will be given.

(7) The body force arising due to the acceleration or deceleration of the fluid

domain due to the force acting on the piston, has been assumed derivable from

the potential and so it will be combined with the pressure gradient in the

governing differential equation (Lipscomb and Denn (1984)).

(8) The governing differential equation will be applied to the sheared domain only.

This is the underlying assumption for all the quasi static models ( Kamath et al

(1996), Lee and Wereley (1999), Li (2000), Norrsi and Ahmedian (2005),

Facey and Rosenfeld (2005), Wang and Gordaninejad (2007) and Chooi and

Oyadiji (2008)). It is because of this assumption that the governing differential

equation is linear. If the pre-yield domain is included in the formulation the

governing differential equation will become non linear and it cannot be solved

in the way it has been solved for quasi static model. Therefore the boundary

conditions that will be applied will correspond to the boundary coordinates

within the sheared sub-domain only. In Wang and Gordninejad (2007) the

constant for the solution of the differential equation has been obtained by using

the coordinate of the plug flow domain. This has not been done in this work so

as to maintain the validity of linear differential equation. In this work the

sheared sub-domain boundary is at ‘δr →0’ distance from the plug flow 

boundary. This is also the basis for the analytical solution for the Navier Stokes

equation for the Maxwell fractional grade fluids by Xu and Tan (2001),

Friedrich (1991), Fetecau et al (2005, 2006), Hayat et al (2004-2006), Bagley

(1983) and Wang et al (2009). In Xu and Tan (2001) this assumption is applied
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to use the Duhamel’s superposition principle for the transient boundary

conditions.

The continuity and Navier Stokes equations are given as follows (Kleinstreuer (1997)):

Continuity equation:
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r- component of the incompressible Navier Stokes equation:
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θ- component of the incompressible Navier Stokes equation:
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x- component of the incompressible Navier Stokes equation:

 

























































xrr

r

r

a
x

p

x

u
u

r

uuu

r

u

r

u
u

t

u

xxxrx

x

x

x

rxx

r

x
















11

(3.11)

In the above Navier Stokes equations u is the velocity and subscript associated with the velocity

denotes the direction of the velocity. Similarly τ is the shear stress and the first letter in the
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subscript denotes the direction of the normal to the plane on which the shear stress is acting and

the second letter in the subscript denotes the direction of stress. The symbol a is the

acceleration of the domain and the subscript denotes the direction of acceleration, p is the

pressure, ρ is the density and t is time.  Since the component of velocity in the radial and θ 

direction, τrr , τrθ , τθθ , τxθ , τθx , τxx , ar , aθ and the derivatives of pressure with respect to r and θ

are zero therefore Eq 3.9 and 3.10 are identically satisfied. The Navier Stokes equation in the x

direction can be modified in the following manner:
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Therefore, the governing differential equation for the computational domain is shown in Fig 3.1

and 3.2 is given as follows:
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In the above equation p is the pressure, ap is the acceleration of the piston and all the other

symbols have been defined previously. In order to obtain the analytical solution of the

governing differential equation with the above mentioned boundary conditions, the partial
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differential equation is required to be converted into an ordinary differential equation using

Laplace transform.

The Laplace transform and its inverse are defined as follows:
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If the constitutive Eq (3.6) is substituted in the governing differential Eq (3.12) and the Laplace

transform is applied, the Eq (3.12) gets transformed to the following form:
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The above equation is a non-homogenous Bessel’s differential equation and the solution of the

above differential equation is obtained using Weber transform (Xu and Tan (2001), and Tan et

al (2003)). The Weber transform and its inverse for the velocity are defined as follows:
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Where φ is the kernel function and N is the normalization function. The kernel and

normalisation functions are defined depending on the boundary conditions in the following

manner, Ozisik (1980) (see Fig 3.2 for the definition of radial coordinates):

In the Fig 3.2 above ri is the inner radius of the annular gap and is equal to the damper

piston diameter, r1 is the radius of the inner boundary of the plug flow region of the velocity

profile, r2 is the radius of the outer boundary of the plug flow region of the velocity profile and

ro is the outer radius of the annular gap and is equal to the bore of the cylinder.

Boundary conditions:

Set (1)

ux = up at r=ri and
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The characteristic equation is given as follows:
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The solution of above mentioned equation is obtained in terms of zeroth order Bessel’s

functions and as such the Weber transform will use the zeroth order Bessel’s functions for the

kernel function. The Weber transform for the Eq 3.16 together with the boundary conditions Eq

3.19-3.21 for the region between ri and r1 gives the following equation:
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The inverse Weber transform followed by inverse Laplace transform gives the following

solution:
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The symbols in the above equation are defined as follows:
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Using similar procedure, the solution for the fluid region between the plug flow

boundary and the outer wall i.e.
orrr 2
, is given as

follows:
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In the above equations the 1F2 is the hypergeometic function, H0 and H-1 are the Struve

functions and all other terms and symbols have been defined previously. The above solution is

true for steady state wall boundary condition for the piston velocity.

In case of an accelerating or decelerating piston, the piston velocity varies with time.

The variation of piston velocity with time can be taken into account by superposition of the

function for the variation of piston velocity using Duhamel’s principle (Xu et al (2001)). The

Duhamel’s superposition principle (Xu et al (2001)) is applicable because the governing

differential equations are linear.
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In the above equation f is the time function for the time varying boundary condition and the τ1 is

the variable for time for the given time step. To show the application of Duhamel’s

superposition principle the following velocity function is used:
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where up is the piston velocity, up0 is the peak piston velocity, ω is the angular velocity, t is the

time for the given time step and t0 is the time from the beginning of the damper stoke to

beginning of the given time step. From the Eq (3.34) it can be seen that the f(0) is the initial

condition at the beginning of the time step, ( Ozisik (1980, pp 199-200)).

Using the above velocity function Eq 3.26 will have following modified form

   

 

'

2

1

22

10

1

1

1

2'2

0

)

2

0

2

11

1

2'2

0

)

2

0
2

1

1

2'

0

2

0

01

'

0

ln2
4

1
ln

)()(

(

2

)()(

(

2)()(

)()(
.

2

22

ii

ip

i

i

py

p

n

i

noin

iin

n

t

py

noin

in

n

t

p

nin

inn

n

t

p

ix

r

r
rrra

x

p

r

r
rrru

rJrJ

rJe

rJrJ

rJe
a

x

p

rJrJ

rJrJeu

u
i

iii

in

ii

i

i

in

ii

ii

i

in





























































































































































 







(3.36)
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In a practical situation the Duhamel’s superposition cannot be applied directly, because

the velocity function may not be known. However this situation can be dealt by using a Fourier

series based extrapolation of the velocity function. This procedure will require the solution of

the equation of motion for the spring mass damper system using the damper force predicted by

the constant piston velocity solution. This is followed by the correction of force using the
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constant velocity solution and Duhamel’s superposition of velocity function obtained by

applying Fourier series representation to the velocity time history of the previous time steps.

The set of nonlinear equation obtained after applying Duhamel’s superposition principle, are

required to be solved in the same manner as outlined in section 3.3 to obtain the solution vector

consisting plug flow boundary radial coordinates and pressure gradient for each time step. The

pressure gradient can be used to obtain the damper force. This damper force is used in the

equation of motion for calculating the corrected piston velocity. The above steps are iterated till

the solution converges for a given time step. The equations outlined above are complex and the

simplification has not been suggested due to following reasons:

(1) The body forces and the transients during the starting and stopping of an MR damper

are likely to be significant and therefore the application of above model is justified.

(2) The solution developed in this section should form the basis for modelling the MR

dampers for high speed applications.

(3) The use of symbolic math toolbox makes the above complexity affordable.

3.3 Solution for the transient MR fluid flow model:

The solution of Navier Stokes equations obtained in the previous section pertains to the

variation of velocity in the regions between the wall and the plug flow boundaries. As such in

the equations for the velocity profile there are three unknowns which are required to be

determined to obtain the velocity profile for the region of MR fluid which is flowing under the

influence of magnetic field. These three unknowns are r1, r2 and the pressure gradient for a

known value of piston velocity. The piston velocity will be given as an input from the solution

of spring mass damper system model for any given iterative step. From Fig 3.1& 3.2 it can be

seen that the plug flows with a uniform velocity. This implies that the velocity of plug at its

inner boundary r1 is equal to the velocity of the plug at its outer boundary r2. Therefore, using
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Eq 3.26 and 3.30 the equation for the condition of zero velocity gradient across the plug is

given as:
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The second equation is obtained by considering the conservation of volumetric flux. Therefore,

the second equation is given as follows:
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The first term in the above equation represents the flow rate in the flow domain between the

radius ri to r1 , the second term represents the flow rate through the plug flow region, the third

term represents the flow through the fluid domain between r2 and ro and the last term is the rate

of fluid displaced by the piston. If the compressibility of MR fluid is taken into account the

Eq3.39 gets modified into following form (Sims et al (1999), Sims et al (2000), Batterbee et al

(2007), Wang and Gordaninejad (2007)):
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For a sufficiently small time step the above equation can be written in the following finite

difference form:
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where q is the rate of change of volume with time due to compressibility, β is the Bulk

modulus, 








dx

dp
is the pressure gradient, l is the length of flow path, i is the current time step, (

i-1) is the previous time step, Δt is the time step, xp is the piston stroke, L1 is the chamber

length of the damper in front of the piston at the beginning of the stroke and L2 is the chamber

length of the damper on the rear side of the piston at the beginning of the stroke( ref Fig 3.4).

Fig 3.4 Schematic of MR damper showing initial chamber length L1 and L2.

The third equation is obtained by considering the equilibrium of forces in the plug flow

region. Since the flow of the MR fluid is a transient flow, so there will be an inertia force acting

in the plug flow region due to the change in velocity with time. Here, it is mentioned that Fig

3.5 is not a free body diagram and as such the inertia force has been shown for the visualisation

purpose.
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Fig 3.5 Equilibrium of forces in the plug flow region.

Therefore the equation for the equilibrium of forces is given as follows:
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In the above equation the first term is the force per unit area due to shear stress τ0, the

second term is the force per unit area due to the pressure gradient and the body force and the

third term is the inertia force per unit area. In the quasi static flow models, given in Chooi and

Oyadiji (2008) and Cesmeci and Tehsin (2010), Ehrgott et al (1992), Gavin et al (1996,) and

Chang et al (1998), the inertia term is not included in the equilibrium equation. This model
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considers that the change in velocity of the MR damper will result in an inertia force on the

plug flow. The Eq 3.38-3.40 form a system of simultaneous nonlinear algebraic equations

which have can be solved by Newton Raphson method.

For ensuring the convergence of the above algorithm the problem was transformed into

a minimisation problem such that each equation achieves a minimum value close to zero under

the following constraints:
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The trials for the above methods were done using MATLAB toolbox as well as

indigenously developed codes for Newton Raphson method, secant method and Broyden

method. The trial evaluation led to the conclusion that Newton Raphson method gives the best

performance in terms of stability and speed of convergence (see Dahlquist (1974, ch 6-12), for

definition of accuracy). In this problem the roots of the characteristic equation for both the

regions of the laminar velocity profile are also required to be determined for each iterative step.

For finding the zeros of Bessel’s characteristic equations the Descartes’ method is used to

detect the change in sign of the equation followed by Newton Raphson’s method.

The Newton Raphson’s method for the system of nonlinear equation is given by the

following equation:

i
1

i1i fJxx 
  (3.45)



70 | R M B h a t n a g a r , P h D t h e s i s

where, fi is the function vector which has components represented by Eq 3.38, 3.40 and 3.43, J

is the Jacobean matrix described below and xi is the solution vector consisting of r1,r2 and
x

p
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The algorithm for obtaining the solution vector is given as follows:

(1) Set an initial value of xi which is compliant with the constraints Eq 3.44.

(2) Calculate at least the first 20 the roots of the following characteristic equations:

0
11 

rr
 (3.46)

0
22 

rr
 (3.47)

(3) Calculate xi+1.

(4) If all the elements of the function vector at fi+1 are less than the convergence criteria

then xi+1 is the solution vector and the iteration is stopped.
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(5) Else, set xi = xi+1 and repeat the steps 1-5 till the convergence is achieved.

The model described above is the direct model of a MR damper which is used to simulate

the pressure developed in a MR damper. However for developing the control policies the

objective is to calculate the current that should give the targeted value of pressure in the MR

damper. This can be achieved by the reverse model. In the reverse model the yield shear stress

is calculated for the targeted value of the pressure gradient. The reverse model is described as

follows:
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The solution algorithm is the same as given above for the direct model.

3.4 Model simulation based parametric study

The results of the simulation based on the formulation described above have been presented in the form

of a parametric study for the constant piston velocity boundary condition. This has been done for

comparing the results of transient model with steady boundary condition with the results of quasi static

model (Kamath et al (1996), Lee and Wereley (1999), Norrsi and Ahmedian (2005), Facey and
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Rosenfeld (2005), Weng and Oyadiji (2008), Wang and Gordaninejad (2007) and Li (2000)), for the

variation of pressure gradient with the velocity. In this section the acceleration of the piston has been

considered zero in Eq 3.43. For the transient model simulation for this section, the piston was assumed

to start with a given constant velocity and the pressure gradient variation with time is compared with the

pressure gradient for the quasi static model. This parametric study is presented to achieve the

following objectives:

(1) To establish the stability of the solution over the operating range of yield shear stress

developed in MR fluid due to applied magnetic field.

(2) Study of transient effects in MR fluid for the velocity range from 0-1m/s.

(3) To determine the effect of variation of parameters such as velocity, yield shear stress

and transients on hysteretic behaviour of the MR damper.

During the operation of an MR damper the velocity of the damper piston varies with

time. Therefore in order to apply the quasi static model to predict the variation of damper

force with time the researchers such as Kamath et al,(1996), Chooi and Oyadiji,(2008), and

Cesmeci and Tehsin,(2010), have considered the piston velocity to be constant during a

given time step. In this section the damper piston is considered to start suddenly at a given

velocity and variation of pressure gradient with time due to transient effect has been

presented for velocities in the 0-1m/s. The range of yield shear stress for the MR fluid has

been taken as 10-40 kPa. This model can be called as the constant velocity transient model.

The variation for pressure gradient for piston speeds 0.025-0.25m/s have been shown in Fig

3.6-3.7. The Fig 3.7 is the enlarged view of the boxed portion of Fig 3.6. The two figures

show that the transient effects are significant at low speeds. The fluctuations of pressure

gradient with time are more significant if the time scale is of the order of μ-seconds. If the 

piston velocity is considered in the range of 0.5-1m/s the transient effect start becoming
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very significant when the time scale is of the order of 10 μ-seconds. This can be seen in the 

Fig 3.8-3.9. The above two sets of figures have the following common observations:

(1) The overshoots of the transient are high at low piston velocity. The overshoots also

increase with the in the yield shear stress. This is because the thickness of the plug is

higher for low piston velocity. Since the thicker plug has higher inertia therefore the

over shoot are higher at lower piston velocities.

(2) The time decay of pressure gradient transient increases with the increase in yield

shear stress of MR fluids.

(3) The time of decay of transients increase with the increase in piston.

In this work the transient effects in terms of the variation of pressure gradient with time have

been shown. However, it s pertinent to mention that the transient effect also causes changes in

the plug thickness of the MR fluid flowing through the channel, till the steady state is reached.

It is due to the above reason that some of the results may not be in agreement with the above

mentioned observations. Here the results for the variation of the thickness of the plug of MR

fluid with time have not been presented as they may be difficult to verify experimentally.

During the experiments on the MR damper the measurement of force is usually taken at a

sampling rate which is of the order of 5 kHz, as such the transient effect must be taken into

account for predicting the force of the damper. Therefore, in order to give an overview of the

effect of fluid transients on the pressure gradient, the results of variation of pressure gradient

with velocity corresponding to the time at the instance 0.1 m-seconds and the variation of

pressure gradient with velocity due to quasi static model have been presented (Fig 3.10). From

Fig 3.6 and 3.8 it can be seen that the fluid transients can be significant at the time scale of

0.1m-seconds for some combinations of piston speed and yield shear stress of an MR fluid.
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Fig 3.6 Variation of pressure gradient with time for piston velocities 0.025-0.25m/s and yield shear

stress 10-40 kPa.

Fig 3.7 Enlarged view of box A showing transient effects at μ-seconds time scale. 

A
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Fig 3.8 Variation of pressure gradient with time for piston velocities 0. 5-1m/s and yield shear

stress 10-40 kPa.

Fig 3.9 Enlarged view of box A showing transient effects at μ-seconds time scale. 

A
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The variation of plug thickness with the piston speed has been also shown in Fig 3.11 to

facilitate the visualisation of change in velocity profile of MR fluid in the channel due the

variation of piston speed and due to transient effect.

From Fig 3.10a it can be seen that the fluid transients also significantly contribute to the

damper force. Since the fluid transients are non controllable component of damper force

therefore they also tend to reduce the dynamic range of an MR damper. To further validate this

observation the comparison of the damper force predicted by the transient model has been made

with the results of quasi static model and experimental results given in Kamath et al (1996).

The results are shown in Fig 3.10b. The transient model results agree very well with the

experimental force of the damper. Based on the comparison of the results of transient model with

the results of quasi static model it is concluded that the presence of fluid transients can be one of the

contributors to such scatters. The error bars show the range of error which is likely to be introduced due

to the neglecting of transient effect. The magnitude of error bar is in close agreement with the variation

in the experimental and quasi static model results of Kamath et al (1996). The electrotrhological damper

used in Kamath et al (1996) has a piston of 1” diameter, annular channel similar to Fig 3.1 with a gap

size of 0.1” and the length of flow path is 4”. The operating Reynolds number is much less than the

critical Reynolds number and so the laminar flow assumption is valid. The comparison of damper force

has been made in a velocity range of 0-0.2m/s. The fluid properties of VersaFLo ER fluid are given in

the table 3.1.

Table 3.1 Fluid properties used for results of Fig 3.10b

Electric field
strength(KV/mm)

Yield shear
strength

(kPa)

Post yield
Viscosity (Pa s)

1 0.25 0.16

2 0.4 0.085

3 0.5 0.077



77 | R M B h a t n a g a r , P h D t h e s i s

Fig 3.10a Variation of pressure gradient with piston velocity for yield shear stress values

between 10 to 40 kPa using the sample rate of 10 kHz and quasi static solution.

Fig 3.10 b Comparison of results of modelling and experiment given in Kamath et al

(1996) with the transient model.
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Fig 3.11 Variation of plug thickness with piston velocity for yield shear stress values between 10 to

40 kPa using sampling rate of 10 kHz and quasi static solution.

From the curves it is observed that the thickness of the plug for the MR fluid decreases with the

increase in velocity of the piston. The variation of plug thickness for transient and quasi steady model is

almost same for the values of yield stress between 30 kPa and 50 kPa. However, at the yield shear stress

of 10 kPa the transient model predicts a fluctuation in the plug thickness. The transient solution predicts

a lower value of plug thickness at low piston speed as compared to quasi static model. This can possibly

because the acceleration or deceleration of plug results in an increase or decrease of plug thickness up to

the limit at which the shear stress in the laminar region is equal to yield shear stress. Here it is

mentioned that the curves in Fig 3.11 do not show the movement of the yield boundary for the annular

channel of an MR damper which undergoes change in piston speed from 0 to 1m/s. This is because such

a case has to be dealt with using Duhamel superposition principle for time varying wall velocity

boundary condition.
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Fig 3.12 Velocity profile for different piston velocities representing quasi static and

transient solution at yield shear stress of 40kPa.

Fig 3.12 shows the velocity profiles for the flow of MR fluid through the annular gap for piston

velocities ranging from 0.125m/s to 1m/s. The velocity profile will not change significantly in its form

for transient and quasi static solutions at the yield shear stress value of 40 kPa for MR fluid.

3.5 Comparison with the other models:

The comparative study of the results of transient model with other models has been done in three ways

in this section. Firstly, the comparison of quasi static model is done with the transient model. For this

comparison a sinusoidal velocity signal of 1m/s amplitude and 20Hz frequency has been used. Since the

velocity varies with time therefore in this section the transient model has been used with Duhamel’s

superposition of boundary condition. The results of simulation using quasi static model ( Kamath et

al(1996)) and transient model are shown in Fig 3.13.
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Fig 3.13 Variation of pressure gradient with speed for quasi static model and transient

model for 40 kPa yield shear stress and 1m/s piston speed.

If the results for the quasi steady model in Fig 3.13 are compared with the results of Fig 3.10 a for 40

kPa yield shear stress it can be seen that the two curves are similar. This is because the initial condition

and response to the velocity signal for each time step for the quasi static model lie on the same curve. In

the case of the transient model the initial condition and the piston velocity are the function of the sine of

angular frequency and time for each time step along the curve ABCD and DEFA. It is because of this

reason that the two curves do not coincide and a hysteresis like curve is obtained. It can be shown that

the shape of the curve for the variation of pressure gradient with the velocity for the transient model

does not precisely match with the curve produced by a parametrically matched hysteresis equation. The

model presented above is also required to be compared with the results of other published models to

demonstrate its improved effectiveness in performance prediction over the existing models. Here it is

mentioned that the effect of body force due the acceleration of the piston due to sinusoidal variation of

velocity will also be included as it was done in the first case. The results of Wang and Gordaninejad

(2007) and Wang and Liao (2011) have been used for comparison. The paper by Wang and

Gordaninejad (2007), takes into account the compressibility of MR fluid and sealing friction in the
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manner similar to the present work. The paper by Wang and Gordaninejad (2007) uses Herschel Bulkley

model to take into account the shear thinning. The Herschel Bulkley model is able to take into account

the nonlinear variation of the shear rate.

In Wang and Gordaninejad (2007), the experiment and modelling has been done using UNR

damper MRD-001. The geometric properties of the MR damper are given as follows:

(1) Piston area = 1.9 x10-3 m2

(2) Length of channel = 57.0mm

(3) Diameter of channel = 6.35mm.

The MR fluid properties as given in the paper are taken as follows:

Post yield viscosity = 0.4 Pa-s

Density = 3000 kg/m3 (assumed as not given)

Bulk modulus = 1.7GN/m2.

Yield shear stress (τ0) :
5.1

0
1047.2

c
ix

The frequency of the velocity signal is 1Hz.

The study of paper does not elucidate how the effect of relative velocity of piston has been included in

the volumetric flow rate. For comparison purpose the model with suitable boundary conditions for this

geometry is described as follows:
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Fig 3.14 Computational domain of the UNR MRD-001 damper.

Since the domain is axi-symmetric therefore the equation for the velocity for one half of the

domain will be sufficient to describe the complete model. Thus the equation for the condition of zero

velocity gradient across the plug is not required because the plug flow has only one boundary. In this

case we require the equations for the conservation of volumetric flow rate and the equilibrium of forces.

The equations for the computational domain are given as follows:
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In the above equation the variable ap is the acceleration of the piston due to sinusoidal signal and the

term containing this variable represents the body force acting on the fluid. This body force has also been

accounted for, in a similar manner, in the model for hydraulic dampers in published works such as

Bhatnagar et al (2009). For writing the equation for the conservation of volumetric flux, the velocity of

the flow relative to the piston velocity needs to be calculated and as such the velocity of the piston is

added to the equation of velocity. Here the velocity function for piston velocity has been taken as

follows:

tuu pp sin0 (3.55)

The velocity equation with Duhamel’s superposition is given as follows:
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Now, Eq 3.51 and 3.56 can be used to obtain the equation for the conservation of volumetric flux in the

following manner:
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In the above equation the symbol q stands for the rate of change of fluid volume due to the

compressibility of the MR fluid and is given by Eq (3.42).

The equation of force equilibrium is given as follows:
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The comparison of the experimental and modelling results of Wang and Gordaninejad

(2007) with the transient model is shown in Fig 3.15. Since there were very few points for the

experimental results in the region A-B and C-D therefore they were introduced by comparison with the

results given in Fig 2 of Wang and Gordaninejad (2007). The experimental curve shown in Fig 3.15 is

also similar shape to the curves given in Wang and Liao (2011).
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Fig 3.15 Comparison of MR fluid model due to Wang and Gordaninejad (2007) with Transient

model and transient model (Duhamels’ superposition of velcoity boundary conditions) for 1A

current.

Similar results were also reported by Hong et al (2005) using their hydromechanical model which

includes the effect of body force by the inclusion of inertance in the equation for the pressure drop. The

hydromechanical model also includes the compressibility effects.

From the Fig 3.15 it can be seen that the transient model is in very good agreement with the

experimental results and has a better accuracy as compared with Wang and Gordaninejad (2007) model.

The transient model results were also compared with the results given in Spencer et al (1997) and Wang

and Liao (2011) and is shown in Fig 3.16. These are the experimental results for 2.5Hz frequency

velocity signal given in Spencer et al (1997, Fig 9a). Because the velocity function of this 2.5 Hz signal

has a flatter shape in the peak velocity region therefore the variation of force with the velocity is almost
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straight line in the velocity range of 0.045m/s to 0.12m/s. The trasient model results are in a good

agreement with the results of Spencer et al (1997).

From the above comparison it is deduced that the transient model gives a more close agreement

to the form of hysteresis curve obtained for a sinusoidal velocity signal. In the other published works

such as Cesmeci and Tehsin (2010) which is the also a recent work, it is still reported that the quasi

static model is unable to capture the hysteresis and so the paper resorts to the use of phenomenological

model for predicting the predicting or modelling the force of MR damper. In Kamath et al (1996) and

Wang and Gordaninejad (2008), the prediction of damper force by the calculation of pressure gradient

using quasi static model has been discussed for different values of voltage and current excitation for

ER and MR damper. In these papers also the piston has been assumed to be moving with a constant

speed for the time step for which the pressure gradient and the coordinates of plug flow boundaries are

calculated. In all the published works given in the introduction, the effect of piston force on the MR

fluid channel has been neglected. In the published works on phenomenological models such as Wang

and Liao (2011), Dominguez et al (2004) and Gavin et al (1996) there is a use of hyperbolic tangent

or sine function to obtain the hysteresis shape which matches with the experimental data.

Fig 3.16 Comparison of MR fluid results given in Spencer et al (1997), Wang and Liao (2011)

with transient model.
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A comparison of these models with the transient model, leads to the conclusion that these are

mathematically approximate form of the transient model. In the end, it will be interesting to note

that the Fig 3.13 shows the transient response at high frequency and Fig 3.15 and 3.16 show low

frequency response. For a low frequency signal the transient model, quasi static model, Wang and

Gordaninejad (2007) model give almost straight line like force –velocity response when the piston

velocity is close to the peak velocity. On the other hand for a high frequency velocity signal the

transient model will give hysteresis like response even as the piston velocity is close to the peak

velocity (see Fig 3.13). Lastly the question arises, as to how the transient model represents the

correct physics. In this regards if the Fig 3.13 is restudied it will be noticed that in the regions BC

and EF the curve cuts the x axis and these cases correspond to zero pressure gradient points at the

corresponding piston velocities. The quasi static model is not able to capture this variation because

in these part of the damper force velocity curve that transient effects due to transient velocity

boundary condition, compressibility and fluid inertia effects are significant. These points

correspond to the limiting cases of boundary driven flow. The region of boundary driven flow can

get further enlarged if the presence of air bubbles in the damper fluid results in an increase in

compressibility of the fluid. The curves have very small regions where the piston velocity and

pressure gradient have opposite signs. These are the regions of flow reversal due to the change in

the direction stroke. The experimental results of Spencer et al (1997) also confirm the same

findings.

3.6 Conclusion:

The transient model proposed in this chapter is able to explain the response of

magnetorheological damper on the basis of fully transient model. This has been demonstrated

by comparison with the models presented in the other works. The proposed model has

following advantages:
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(1)The formulation is based on the fluid mechanics of the plug flow of MR fluid based on

the Bingham Plastic model for the shear stress. As such the model has been found to

accurately predict the damper force taking into account the transient effects. Here it is

mentioned that the modified phenomenological model gives a mean error of 7%,

however this can be only applicable to sinusoidal velocity signal. In Wang and

Gordaninejad (2007) the results of constant velocity signal with time varying current

signal have also been published. These results show that the force velocity relationship

does not give a hysteresis curve and as such significant error in the prediction for force

can be introduced if the effect of time varying boundary condition is neglected.

Fig 3.17 Error % comparison of different model for sinusoidal signal.

(2)The model is computationally efficient as the number of iterative steps are sufficiently

low to predict the forces in the time of the order of hundredth of a millisecond for

enabling practical implementation of control policies.
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(3)The model is able to effectively capture the hysteresis in an MR damper and is able to

explain that the hysteresis like variation of force versus velocity is due the effect of

variation of velocity of the piston during the time step.

(4)The proposed model more accurately describes the physical phenomena of the flow of

MR damper fluid.

(5) There is an explicit form of inverse model which is equally computationally efficient as

the direct model. This enables the implementation of adaptive model reference control

policies.

3.7 Summary:

This chapter presents a transient model for the flow of MR fluid in an annular channel of an

MR damper. The annular channel is a gap between the piston and the cylinder. The flow

through the annular channel can be considered as a pressure driven Poiseuille flow superposed

with Couette flow. The Navier-Stokes equation for an axi-symmetric domain has been used

with Bingham fluid constitutive model. The velocity profile of the flow of MR fluid through the

channel has a plug flow with inner and outer layers of laminar flow. The validity of the

assumption for laminar flow has been shown for the area ratios between 12.5 and 50 and for the

pre yield shear values between 1-50 kPa. The solution of the Navier Stokes equation has been

obtained by using a combination of Laplace and Weber transform. The results of the simulation

of the model have been presented in the form of a parametric study for steady state moving wall

boundary condition due to piston velocity. The results of the model with transient moving wall

boundary condition have been presented as a comparison with the results of models of the other

researchers such as Kamath et al (1996), Wang and Gordaninejad (2007) and Spencer et al

(1997). The chapter presents following important findings:
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(1) Based on the correlations of Nouar and Frigaard (2001) the cirtical Reynolds number for

the flow MR fluid in the channel of an MR damper is significantly affected by the ratio

of piston area to the flow area and the yield shear stress.

(2) The transient effects due to the inertia of MR fluid are significant even though the

damper piston can be considered to move with constant velocity.

(3) Transient effects due to inertia of MR fluid, body forces, compressibility effects and

transient velocity boundary condition are significant.
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Chapter 4

Experimental validation of MR damper model at low speed

4.1 Introduction

In the previous chapter the results of simulation of transient model were compared with

the results published by the other researchers. In this chapter the results of transient model will

be validated by the experimental testing of a commercial damper followed the comparison of

modelling results with the experimental results. The ability of the model to predict the damper

force for different frequencies of velocity signals for the same parameter set leads to the

system identification and validation of model. In this chapter the simulation will be done using

transient model with Duhamel superposition of boundary conditions. This chapter deals with

the description of experimental setup in the second section. The design of experiment for the

testing the commercial damper on the rig has been described in the third section. The system

identification and the validation of the model have been described in the fourth section.

4.2 Experimental setup

The experimental setup is intended to measure the force time response of MR damper for a

given velocity time input signal. The MR damper used is of Lord Corporation make of

following specifications:

MR Damper: Model no RD-8040-1(short stroke)

Maximum current -2 A (intermittent operation)

1 A sustained operation.
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Force amplitude at 1A at 0.05m/s- 2447N

Off state 0.2m/s- 887N.

Fig 4.1 Drawing of Lord Corporation make RD-8040-1 short stroke MR damper.

The wonder box is controlling device for MR damper. It receives a voltage signal and feeds

current to the MR damper as per voltage current characteristics given in Fig 4.2.

Fig 4.2 Current versus voltage characteristics for Wonder box (taken from Lord

Corporation sheet).
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In order to test the MR damper there are the following two pieces equipments required:

(1) A test rig for pulling the damper with a given velocity functions.

(2) A voltage signal generator with a data capturing device.

The variation of displacement of damper with time can be measured with a linearly variable

differential transformer (LVDT) and the force can be measured by a ring type load cell. The

specifications for the LVDT and the load cell are given in the table 4.1.

Table 4.1 Specifications of the instruments used.

Equipment Specification Make
Universal Load cell Load range 0-5000lb RDP Electronic

Linearly Variable
Differential
tranformer

Stroke 200mm

P3 America
Voltage range 0-5V

Current 0-20A

Kelsey digital
servo-controller

K-7500
Texas

Instruments.

Data acquisition V
4.08.06D

Signal processing V
6.2.3

PROSIG

The signal generation for the Hydraulic test rig is done by Kelsey controller. The brief

specifications of the Kelsey controller are also give in table 4.1. For the signal generation of

voltage signal a PROSIG DATS signal generator cum data capturing system was used (ref

Table 4.1).

The PROSIG Digital to analog converter based signal generator generates signal in the

range ±1V. For generating current signals in the range of 0.4 to 1 A the corresponding voltage

range required was 1.25 to 2.75V. To convert the PROSIG voltage signal into voltage signal

corresponding to the required current range for Wonder box requires 2.5 times amplification.
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Now due to digital to analog conversion some aliasing error is introduced in the signal. This is

due to the recovery of the original function from the corresponding under sampled digital signal

by the application of inverse Fourier transforms. As such a low pass filter was used to minimise

the noise in the signal. Since PROSIG instrument is a voltage based device so the measurement

of current was done by using YOKOGAWA, DL-1520L, oscilloscope. The YOKOGAWA

oscilloscope has the provision to store the data in a 3 1/4” floppy disc which can be processed

using the MATLAB programming environment to cross check the current signal corresponding

to the voltage signal.

The circuit diagram for test setup is given as follows:

Fig 4.3 Circuit diagram showing wire connections of experimental setup.
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.

Fig 4.4 Snapshot of MR damper RD8040-1(LORD Corporation) mounted on damper test

rig (7 kN/150mmstroke).

Fig 4.5 Snapshot of PROSIG setup with low pass filter, amplifier, Kelsey controller

and Wonderbox.
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The snapshot of the complete setup is shown in Fig 4.4 to 4.5.The DATS signal generator

generates the signal at a sampling rate of 1 kHz. The DATS input captures signal at the rate of 5

kHz.

4.3 Design of Experiment

The MR damper was planned to be tested at 1A, 0.8A and 0.4 A and at speeds ranging from

0.05m/s to 0.2m/s. The voltages required corresponding to the excitation currents for MR

damper are given in table 4.2. The speed and corresponding signal frequency are given in table

4.3. The MR damper was tested for constant current for constant velocity and sinusoidal signal.

For the testing of MR damper for off and on state operation, the constant velocity signal was

used for driving the rig.

Table 4.2 Voltage/ Current relation for wonderbox, DATS voltage and amplifier gain.

Current in A Driving voltage for

wonder box in V

DAC

voltage

Amplifier

gain

0.4 1.36 1 2.8

0.8 2.36 0.842 2.8

1.0 2.8 0.485 2.8

Table 4.3 Speed and damper test rig driving signal frequency.

Speed in m/s Time period Frequency in Hz

0.034 0.56 1.786

0.044 0.4 2.5

0.0125 1.91 0.523
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Before starting the experiment the equipment needs to be calibrated to cross check the

sensitivities for LVDT and load cell. The LVDT is calibrated by giving a measured voltage to

the KELSEY controller and physically measuring the displacement of the jaws. The voltage

output of LVDT can be seen on an oscilloscope to determine the voltage sensitivity. The

sensitivity of the LVDT has been found to be 0.008m/V. Similarly the load cell can be

calibrated by giving a measured load to the load cell and measuring the voltage on an

oscilloscope to obtain the voltage sensitivity of the load cell. The voltage sensitivity has been

found to be 2.5 kN/V. These voltage sensitivities are stored in record for the channel parameters

for the DATS data capturing system of PROSIG.

To start the experiment the damper test rig is run with a specified velocity signal using

the KELSEY controller. After a few number of strokes for allowing the warm up of the damper

the data capture trigger is turned on. This trigger turns on the current signal through DATS

output to the wonder box and the DATS input receives and stores the force, displacement and

current signals through the input channels. The data capture takes place for 10 seconds. The

damper run is stopped and after a pause of few minutes the next observation is recorded. The

pause of few minutes is necessary to allow the damper to cool down. This will ensure that the

density and viscosity of the MR fluid of the damper remain the same throughout the

experiment. This is a standard procedure for conducting the experiment on the damper for

allowing the damper to cool down although no measurements of temperature were done.

The stored data contains the displacement, force and current values for the sampling rate

of 5000 kHz. The displacement time history can be used to determine the velocity time history

using least square fit based Richardson’s extrapolation. The least square fit based Richardson

extrapolation minimises the noise in velocity time data, Bhatnagar (2006), Dahlquist (1974).

The expression for the least square fit based Richardson’s extrapolation is given as follows:
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In the above equation fi is the function evaluated at ith step in Richardson’ extrapolation f 'i is the

derivative of function evaluated at ith step and h is the time step. In the above expression the

derivative represents the velocity. This is followed by a further filtration of noise using an 8th

order Butterworth filter available in MATLAB R2010a with cut off frequency as 0.08Hz

(MATLAB R2010a - help and lecture notes of Dr David Purdy).

4.4 Results and model validation

The model validation has been carried out using two sets of experiments. The first set of

experiment will be used to identify the system and the last three sets of experiments will be

used to validate the identified system. If the results of system identification for the first set

agree with the results of the remaining sets of experiments then the model can be said to be

validated. The system identification has been carried out in two steps. In the first step the quasi

static model is used to predict the maximum force using different trial values of yield shear

stress for the peak velocity of sinusoidal velocity function corresponding to the experimental

results. The identified value of yield shear stress of MR fluid of the damper is the value at

which the peak damper force predicted by the model, matches with the value of experimentally

measured peak force. In this step the sealing force and gas spring force are also taken into

account. The sealing force and the gas spring force are taken from the data sheet of RD-8040

MR damper and the off-state experimental measurements. In the second step the transient

model results are superposed on the experimental results. If the simulation results are in good

agreement with the experimental results the system identification can be considered to be

correct.
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Since the geometrical parameters of the damper were not available a priori because of

being a commercial product, therefore the first step towards the validation of the model

developed is to set some value of piston radius and cylinder radius such that there is a gap of

1mm. This procedure was resorted to as the supplier did not entertain the request for providing

data for the flow path and fluid. The width of the piston is taken as 30 mm. These parameters

are sensible because they seem to agree with the MR damper drawing of the LORD

Corporation for RD8040-1 short stroke damper. Following this step the piston diameter was

selected to be 30mm and the cylinder bore diameter was set at 32mm. Here it is mentioned that

the MR damper may have a flow channel embedded in the piston (ref Fig 3.14) but the system

identification is being carried out using the geometry of the MR damper given in Fig 3.1. In

such a case also the boundary condition will not differ and this procedure can be called as

equivalent system identification. This has been shown in section 3.5 of chapter 3. These values

were arrived at using quasi static model to match maximum force for different values of piston

and cylinder bore diameter with 1mm gap for flow of MR fluid. In this process the values of

yield shear stress corresponding to the values of currents of 1A, 0.8A and 0.4 A for the above

mentioned diameter of piston and cylinder bore, were found to be 16, 24 and 31 kPa

respectively. The system identification was carried out using sinusoidal signal. The system

identification should be done necessarily using a sinusoidal signal because a real life velocity

signal is usually a continuously time varying signal and a sinusoidal signal is a close

approximation to a real life signal. Using following parameters the simulation results of

transient model were superposed on the experimental results for 0.34m/s amplitude and

1.786Hz sinusoidal signal. The results of the first step of system identification are given in table

4.4.
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Table 4.4 Equivalent Parameters for MR damper RD8040-1

Parameter Value

Piston diameter (mm) 30

Cylinder bore diameter (mm) 32

Shear stress (kPa) at 0.4 A current 16
Gas Spring pressure (bar)

(Ref. Lord Corporation Data sheet) 2.3

The modelling results for the variation of damper force versus displacement given in Fig

4.6 show a very good agreement with the experimental results. This leads to the confirmation

that the yield shear stress value of 16 kPa for 0.4 A current is correctly identified. The

simulation results for the variation of damper force with velocity have been given in Fig 4.7.

The modelling results and the experimental compare very well with each other. The mean error

in the comparison of modelling results with the experimental results has been found to be 5.6

%. The peak damper force predicted by the model is in excellent agreement with the

experimental results. Using the results of quasi static model and transient model the sealing

friction force has been found to be 50N. The force due to gas spring has been found to be 30N.

If the data for the gas spring pressure given in the table 4.4 is used the gas spring force is given

as 28N. The difference in gas pressure obtained from the experimental measurements and

manufacturer data differ by 7%. Since the major component of error is attributable to

manufacturing tolerance in gas spring pressure as compared to the experimental error therefore

the value of gas spring force is considered acceptable.
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Fig 4.6 Variation of force versus displacement for 0.4A current (yield shear stress of

16kPa)and 1.786Hz sinusoidal velocity input for experimental measurement and model

simulation.

Fig 4.7 Variation of force versus velocity for 0.4A current (yield shear stress of 16kPa)and

1.786Hz sinusoidal velocity input for experimental measurement and model simulation.



102 | R M B h a t n a g a r , P h D t h e s i s

The next experiment was performed at the 0.8A excitation current for the MR damper

keeping all the other parameters given in the table 4.4 as same. The value of yield shear stress

corresponding to 0.8A has been found to be 24 kPa. The damper rig was driven with 2.5Hz

sinusoidal velocity signal. The results for the variation of damper force with dispalcement and

damper force with velocity are given in Fig 4.8 and 4.9 respectively. In this case also the model

results are in very good agreement with the experimental results. Therefore the shear stress

value 24 kPa for the MR fluid of the damper has been correctly identified.

Fig 4.8 Variation of force versus displacement for 0.8A current (yield shear stress of 24

kPa)and 2.5 Hz sinusoidal velocity input for experimental measurement and model

simulation.
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Fig 4.9 Variation of force versus velocity for 0.8A current (yield shear stress of 24

kPa)and 2.5 Hz sinusoidal velocity input for experimental measurement and model

simulation.

The third experiment for 1A excitation current for MR damper, was carried out using a

sinusoidal velocity signal of 0.523Hz frequency. The yield shear stress corresponding to 1A

exciation current was found to be 31 kPa. The results for the variation of damper force with

velocity and damper force with displacement are given in Fig 4.10 and 4.11. The experimental

results and the results of transient modela are also in close agreement with each other. Since the

modelling results and the experimental results are in close agreement with each other for all the

three experiments therefore the model parameters can be said to be correctly identified. The

system identfication also establishes the relationship between the excitation current and the
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yield shear stress. The variation yield shear stress with applied current for the MR damper is

given in Fig 4.12.

Fig 4.10 Variation of force versus displacement for 1A current (yield shear stress of 31

kPa)and 0.523 Hz sinusoidal velocity input for experimental measurement and model
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simulation.

Fig 4.11 Variation of force versus velocity for 1A current (yield shear stress of 31 kPa)

and 0.523 Hz sinusoidal velocity input for experimental measurement and model

simulation.

Fig 4.12 Vraiation of yield shear stress for the MR fluid of RD 8040-1 MR damper.
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The equation for the yield shear stress as a function of excitation current is given as follows:

cc iii 7283310437563541 2
0

3
0  (4.2)

The second set of experiments were also performed using sinusoidal velocity signal. The first

experiment of the second set was performed using 1.25Hz sinusoidal velocity signal.The results

for the variation of damper force with dispalcement have been shown in Fig 4.13.

Fig 4.13 Variation of force versus displacement for 0.4A current (yield shear stress of 16

kPa)and 1.25Hz sinusoidal velocity signal.
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Fig 4.14 Variation of force versus velocity for 0.4A current (yield shear stress of 16 kPa)

and 1.25Hz sinusoidal velocity signal.

The variation of damper force with velocity has been shown in Fig 4.14. These results also

confirm that the transient model is able to predict the damper force within 5-7% mean error.

The next experiment was performed using the vellocity signal of same frequency as the

previous one. The damper current was changed to 0.8 A. If the Fig 4.14 and 4.16 are compared

with each other it will be noticed that an increase in yield shear stress due to the increase in

current leads to an increase in the area of the hysteresis loop. The shape of the hysteresis loop

also changes. This is because an increase in yield shear stress results in an increase in plug

thickness. Due to the increase in plug thickness the effect of body force is more significant.

Similarly the effect of transient boundary condition also becomes significant and swelling of

the hystresis loop is also because of transient effects listed in the previous chapter. Curve for

the variation of force with displacement is, by and large, symmetric when the damper current

was kept at 0.4A. In case of the second experiment with 0.8A current, the force versus

dispalcement curve becomes unsymmetric.
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Fig 4.15 Variation of force versus displacement for 0.8A current(yield shear stress of 24

kPa) and 1.25Hz sinusoidal velocity signal.

Fig 4.16 Variation of force versus displacement for 0.8A current(yield shear stress of 24

kPa) and 1.25Hz sinusoidal velocity signal.
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There were two more experiments conducted with sinusoidal velocity signal of 2.5Hz

and 0.56 Hz velocity signals. These experiments were performed for 0.8A and 1A excitation

current respectively. The outcome of the comparison of modelling results with the experimental

results remains the same as has been discussed previously. At this stage it will be interesting to

reexamine all the force velocity curves and discuss the interpretation of the results. If the region

of the force velocity curves corresponding to zero or negligible force are examined it will be

noticed that for same values of damper velocities the damper force is zero during the up and

down strokes of the MR damper. These regions correspond to the operational conditions when

the pressure gradient across the flow path is negligibly small. In such a case the flow in the

damper channel is purely piston driven flow or a Couette flow. When the piston velocity

increases from zero value to the value corresponding to zero damper force, the damper force

and damper velocity have opposite sign. In this velocity range the damper either tends to

approach the end of the stroke or it just starts the reverse stroke. The pressure gardient in this

region is governed by the body forces and the effect of fluid inertia. It can be seen that as the

frequency of the velocity signal increases the velocity range for boundary driven flow

increases. The combination of low frequency and high yield shear stress results in a significant

reduction the range of velocities for which the damper force and damper velocity have opposite

sign. If there are significant amount of air bubbles in the damper fluid, the fluid can become

more compliant and the above mentioned velocity range can further increase. The results of

Sims et al (2000), Batterbee et al (2007) and Wang and Gordaninejad (2007) point to some

similar possibility. In Wang and Gordaninejad (2007) it has been mentioned that the presence

of air bubbles can reduce the bulk modulus of an MR fluid by two orders of magnitude. This

observation is important from the design and manufacturing point of view, because the

presence of air bubbles in an MR damper can significantly affect the damper force. Therefore, a

good design of MR damper must be least susceptible to the mixing of gas bubbles with the MR
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fluid. Therefore the force velocity curves can give a good indication of the presence of gas

bubbles in an MR damper fluid.

Fig 4.17 Variation of force versus displacement for 1A current(yield shear stress of 31

kPa) and 0.56 Hz sinusoidal velocity signal.

.

Fig 4.18 Variation of force versus velocity for 1A current(yield shear stress of 31 kPa)

and 0.56 Hz sinusoidal velocity signal.
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4.5 Sources of error in the experiment and modelling

Following the discussion on the experimental and modelling results and the comparison of

model with other models it is important to discuss the sources of error for the refinement of the

model in future. The major source of error in the modelling that can affect the value of damper

force can be during the beginning of damper motion and at the reversal of motion from the

extremities of upstroke and down stroke of the damper. The model presented in the present

work includes body force with an assumption that the yield shear stress will remain constant

even when the fluid is suddenly started from a state of rest or the direction of motion is reversed

or it is stopped and restarted. In this regards it must be remembered that the density of the

ferrite particles differs from the oil phase by one order of magnitude. As such due to the

difference in inertia forces of the two phases there will be an additional interface shear stresses

generated which may lead to fragmentation of plug flow. This phenomenon can only be

detected by examining the flow of MR fluid through a glass tube and using laser stroboscopic

technique. This investigation is presently out of the scope of this work. However it is mentioned

that, if this is true then the governing differential equation needs to be modified by replacing or

additionally including fractional time derivative for the velocity and the MR fluid will need to

be modelled like Oldroyd fluid as has been similarly modelled in Fatecu et al, (2005-2009) and

Hayat et al,2005. Another source of error can be due to approximation in dynamics of rig by

using sine function for the displacement-time variation for a constant velocity function and

numerical error in the solution due to reduced error tolerance for convergence. The other minor

sources of error can be due to more number of experiments required to further refine the yield

shear stress versus current relationship. The model can be further refined if the behaviour of the

seals can be modelled by using suitable Mooney Rivlin model parameters.
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4.6 Summary of chapter

This section presents the experimental validation of the model developed in the previous

chapter. The comparison of transient model with the experimental data has been presented for

sinusoidal velocity signals. The section finally discusses the other sources of errors and

proposes further refinement using factional calculus based models.
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Chapter 5

Modelling Of Magnetorheological Fluid Based Dampers At

High Speed

5.1 Introduction

The modelling of an MR damper at low speed and its experimental validation has led to

the conclusion that the compressibility effect, transient boundary condition and the configuration

of MR damper play a very important role in the performance prediction of the MR damper. The

neglecting of transient effects lead to inaccuracies in the model which have been observed by

the previous researchers viz. Kamath et al (1996), Chooi and Oyadiji,(2008), Ikhuane et al

(2007), Wang and Gordaninejad (2007), Cesmeci and Tehsin (2010), Dominiguez et al (2004),

Gavin et al,(2001), and Norrsi and Ahmedian (2003). The error in the force predicted by the

model is significantly higher at low velocities (up to 50%) as compared to peak velocities (2-5%)

in the velocity range from 0-3m/s. It is because of this reason that the quasi static model is not

able to predict slightly different form of hysteretic variation of force versus velocity than the

experimental results. At higher piston speeds the flow in the laminar zones of the channel

becomes turbulent. This is likely to erode the plug flow region and significantly reduce the

controllability of an MR damper. Therefore there is a need to propose an innovative design in

which the flow through the channel(s) remains laminar. This chapter deals with the investigation

of an innovative design of an MR damper which can effectively attenuate transient effects and in

which the flow of MR fluid remains laminar. The chapter has been organized into four sections.

The first section deals with the underlying principle for the design of dampers in general and the

need to attenuate the effect of transients in MR dampers. In the second section the design
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modification for attenuating the effect of transients and the modelling of the modified design has

been discussed. The parametric study of the dual channel has been presented in the third chapter.

The fourth section concludes the findings of the design modification.

5.2 Dampers’ Theorem

The design of damper plays a very important role in protection of a structure against the time

varying loads such as seismic load, road shocks, time varying machinery shock loads etc. An

ideal damper should transmit a sufficiently reduced force to the structure which should remain

constant throughout the stroke of the damper. This is necessary because if the force transmitted

by the damper is not constant then it will result in secondary vibrations of the structure. If the

force of the damper is to be kept constant then there can be two situations for complying with

this principle, such as a long stroke damper with a small constant force or a short stroke damper

with a large constant damper force. In a seismic isolation application the stroke of a damper is

limited by the amplitude of the seismic disturbance, the compliances of the structure to be

protected from seismic loads and the spatial constraints. In an automobile the damper stroke is

limited by the consideration of road clearance, passenger comfort, ease of handling and spatial

constraints. In an artillery system design a long damper will results in bulky and heavy structure

even if the damper force is reduced due to long stroke. On the other hand a short stroke damper

will result in a high value of damper force leading to a heavy gun super structure. Some of the

researchers such as Ahmedian and Poynor (2001), have reported that empirically the damper

force remains constant throughout the stroke. In a spring mass damper system the functions of a

restoring spring are twofold. In the forward stroke it stores about 70% of the energy input to the

system and in the return stroke it uses the stored energy to restore the system to the initial

position at a desired speed and the remain energy is dissipated with the help of a damper.
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Considering that the damper force remains constant throughout the stroke of the damper, there

can be more than one curve representing the variation of damper force with the stroke of a

damper for a given value of work done by the damper. Therefore, there is a need to propose a

suitable principle which leads to a simultaneous minimum of the damper force and the damper

stroke. Since the damper stroke and damper force are functions of time, their dot product gives

the energy dissipated by the damper together with its restoring spring. Since they obey the

Minkowski’s inequality and are Lipschitz functions therefore they form a 2D Hilbert space. The

definitions of Minkowski’s inequality and Lipschitz function are given as follows:

Minkowski’s inequality:

Functions f(x) and g(x) that are well-behaved over an interval [a, b] (i.e. they don’t become

infinite at some point in the interval)
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where p≥1          and f(x) ε H  and g(x) ε H

In a metric space this inequality reduces to a triangular inequality.

Lipschitz function:

A function f such that

)()()( yxCyfxf 
(5.2)

for all x and y, where C is a constant independent of x and y, is called a Lipschitz function. For

example, any function with a bounded first derivative must be Lipschitz.

To facilitate the understanding of the Hilbert space the definition and properties of Hilbert space

are produced below, Kreyszig, (2004):
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For all scalars q1,q2,vectors a,b,c in H

)(q)(q)q(q
2121

cb,ca,cb,a  (linearity)

For vectors a,b in H

),(),( abba  (symmetry)

For every vector a in H

0),( aa

00),(  aiffaa (positive definitenesss)

 0),(  aaa (definition of norm)

  baba , (Schwartz inequality)

baba  (Triangle inequality)

With the above definition of a Hilbert space the theorem for damper can be stated as follows

(Bhatnagar, (2005)):

Theorem: Simultaneous minimum of damper force and damper stroke can be achieved if the

perimeter of the curve representing the variation of the damper force and damper stroke, in the

Hilbert space (H ), is minimum.

The proof of this theorem has been given in Bhatnagar, (2005). Based on the above

theorem the generalised form of the curve representing the variation of damper force versus

damper stroke is given in Fig 5.1
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Fig 5.1 Generalised curve for the variation of damper force versus stroke.

The above theorem was developed for the gun recoil dampers, but it may be applicable to the

dampers similar applications. In an automobile damper or a seismic damper or a vibration

isolation damper for machine foundation the damping force varies as a function of velocity of

sprung mass relative to the un-sprung mass. For instance in the automobile suspensions the

minimisation of accelerations of sprung and un-sprung masses are the prime consideration for

the suspension design and as such the application of the above principle may be detrimental to

the suspension design. Such applications are more appropriately dealt using skyhook or ground

hook or hybrid control strategies. The above applications are under-damped oscillating systems.

An aircraft undercarriage damper or a gun damper is required to transmit reduced force to the

structure without undergoing oscillations and as such these systems are over-damped systems.
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Based on the above discussion it is concluded that the above theorem provides a reference model

for the control of damper based on model reference control system for impact absorption

applications.

5.3 Design and modelling of a high speed damper

The design, modelling and testing of MR dampers at high speed have been studied by Dug et al,

(2002), Mao et al, (2007), Gordaninejad et al, (2004), Batterbee et al, (2007), Nguyen et al,

(2009). In these papers the MR dampers either have flow paths as annular flow path between the

piston and cylinder or flow path embedded in the piston. In the papers of Facey, et al,(2004),

and Gordaninejad, et al,(2004) the MR damper designs the fluid displaced by the piston flows

through the bypass annular duct. In case of MR damper design with flow paths embedded in the

piston there are following fluid transients in the MR fluid flow:

Major components of transient effects:

(1) Transients due to the fluid inertia.

(2) Transients due to the transient velocity boundary condition, which is applied to the

solution by Duhamel’s superposition.

(3) Compressibility effects.

While the significance of compressibility effects have been pointed out by Sims et al

(2000), Batterbee et al (2007) and Wang and Gordaninejad (2007), the possibility of the

significance of transient effects due fluid inertia has been pointed out in Batterbee et al

(2007,1&2), Sims(2000) and Peel and Bullough (1994).

Minor components of transient effects:

(1) Damper pressure dependent sealing friction.

(2) Transient electromagnetic response of the electromagnetic coils.
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(3) The geometry of flow path is an idealized form of actual geometry (Batterbee et al

(2007,1&2), Sims (2000)). This factor can contribute to the variation in steady state and

transient response.

At high speed these transients have been observed to give force spike in the beginning of the

damper stroke, Ahmedian and Poynor (2001), Gordaninejad et al (2004). The experimental

results presented in chapter 4 for MR dampers, at low speeds, show force spike. In case of MR

damper with bi-fold type geometry outlined in Facey et al, (2004) the variation of damper force

due to transient velocity boundary condition will not be observed. This is for the obvious reason

that there are no time varying wall velocity boundary conditions. In case of MR dampers with

flow paths coupled to the piston geometry or embedded in the piston there is a limited scope of

attenuation of fluid transients at high speed. At this stage it is also necessary to recall the

definition of dynamic range of a MR damper. The dynamic range for a MR damper as defined in

(Yang et al, (2002)) is given as follows:

f
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(5.1)

In the above equation Fη is the force due to viscosity of the fluid, Ff is the friction force and Fτ is

the force due to shear yield stress of MR fluid. This definition of dynamic range is good for a

quasi static model. However, from the modelling and experimental results presented in the

previous two chapters this definition of dynamic range may be required to be modified, as there

can be an error of at least 10% in the estimate of dynamic range if the transient effects are not

included. The sum of non controllable components in the above expression of dynamic range

does not include the transient components. If the transient component is included in the

expression for the dynamic range, the modified expression is given as follows, Fig 5.2:
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Fig 5.2 Illustration of components of damping force for an MR damper.

In the above expression Ftr is the transient force. In the figure above it can be seen that

the transient force corresponding to the shear yield stress given value of has been considered.

This is because the transient component of damper force will be different at different value of

shear yield stress. It is for this reason that the transient component of damping force

corresponding to the off state has not been shown. From the above expression it is clear that the

dynamic range is significantly reduced due to transient effects. At the maximum value of yield

shear stress and maximum piston velocity the transient effects are significant as seen from Fig

3.10a-b in chapter 3. The design of MR damper can be evaluated based on two important

parameters viz. controllable force and the dynamic range. The controllable force can be
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increased by reducing the gap of the annulus. This is because if the gap of the annulus is reduced

the velocity of flow through the annulus will increase leading to an increase in the pressure drop

and hence increase in the controllable force. If the gap is reduced the controllable force will

increase leading to the increase in transient components and viscous force components. This will

lead to the reduction in dynamic range. The controllable force and the dynamic range are

significantly affected by the configuration of the MR damper. The MR dampers with flow path

associated with the piston or flow path embedded with the piston as studied in Dug et al (2002),

Mao et al (2007), Gordaninejad et al (2004), Batterbee et al,(2007), Nguyen et al (2009), have

following characteristics:

(1) Large controllable force due to the increase in pressure drop. This is because the flow

velocity has relative velocity component of the piston velocity for a given volume of

MR fluid exposed to magnetic field.

(2) Low dynamic range because of transient forces due to fluid inertia, transient velocity

boundary condition, sealing friction force variation and compressibility effects.

The MR dampers with piston driven flow through the annulus of the concentric cylinders such

bi-fold design due to Facey et al (2004), have following advantages:

(1) Lower controllable force for the same volume of MR flow exposed to the magnetic

field as in case of MR damper with piston with magnetized flow paths.

(2) Higher dynamic range because of components of transient forces is less in this case as

compared to MR damper with piston with magnetized flow paths.

In all of the above works the validity of laminar flow assumption for high piston

velocities has not been discussed. In chapter 3 the validity of laminar flow assumption was

studied using the method of calculation of critical Reynolds number based on the correlations
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given by Nouar and Frigaard (2001). In this section the same correlations have been used to

show the variation of critical Reynolds number with piston velocity for an area ratio of 12.5 and

1mm annular flow gap. Here it is recalled, that the area ratio is defined as the ratio of piston area

to the area of the channel for the flow of magnetised MR fluid. At higher area ratio the critical

Reynolds number decreases rapidly and flow in the channel becomes turbulent. The annular gap

has been taken as 1mm because the critical Reynolds number decreases with the decrease in the

size of the gap. At higher value of the size of annular flow gap the condition of uniformity of

magnetic flux may not be achievable and the assumption of constant shear yield stress across the

depth of the annular flow channel may not hold good. If the above considerations are taken into

account the variation of the critical Reynolds number with the piston velocities and shear yield

stress is given as follows:

Fig 5.3 Variation of critical Reynolds number and operating Reynolds number for a

damper with an annular flow gap of 1mm and area ratio of 12.5.
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Considering the above results it is observed that the existing design of MR damper will have

turbulent flow at high speed. There will also be a limitation of the piston diameter because the

critical Reynolds number rapidly decreases with the increase in area ratio. Based on the above

results a mono-channel type MR device is not suitable for high speed applications if the flow is

required to be laminar. It is for this reason that the simulation results for the model derived in

chapter 3 have not been presented for piston velocities beyond 1m/s. This is because of following

reasons:

(1) The effect of magnetic field on turbulent flow vortices would require additional body

force to be taken into account due to the presence of magnetic moments. This will also

affect the shear stress of the MR fluid.

(2) The combination of fluid transients due to inertia effects and turbulent flow may result in

an almost unpredictable change in plug flow thickness. The plug flow may or may not

exist. In the turbulent flow regime the effect of pre yield shear stress is negligible

(Hedstrom (1952)) and so the governing equation will not be valid.

(3) The dynamic range of the damper will also be affected by the effect of turbulence. This is

because the turbulence will additionally contribute to the non controllable damper force.

(4) The development of correlations for the correction factor will require an elaborate

experimentation for establishing the validity over wide range of area ratios and piston

velocities.

(5) If the plug flow and turbulent flow exist at the same time in the channel then the turbulent

flow will be bounded by two laminar sub layers. One of the laminar sub layers will be in

vicinity of the wall and the other one will be in the vicinity of the plug. In such a case the

governing differential equation will be non-linear in the sheared region.
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In case of ER dampers the density of the ER fluid is around 1600 kg/m3 and the values of the

shear yield stress are in the range of 0.1 to 5 kPa and so the range of piston velocities will be

almost same or slightly better than the range of piston velocities for the MR dampers. Since

the damper force for an ER damper is lower than an MR damper of same area ratio therefore

an ER damper may have turbulent flow for same damper force because the area ratio of an

ER damper will be higher than comparable MR damper. Therefore a high speed damper

design must have a high value of Bingham number and a low value of operating Reynolds

number over wide range of shear yield stress. Another common drawback of the mono-

channel design is that they have a single degree of freedom of control. Therefore there is a

need to propose a design which can enable the reduction in transient effects by reducing the

yield shear stress and at the same time achieve high dynamic range and controlling force.

Based on the above discussion it can be gathered that this design problem involves the

resolution of multiple conflicting requirements. All these objectives can be achieved if the

design of damper uses a combination of piston embedded flow path and a piston driven

annular flow path between two concentric cylinders. The splitting of the flow will result in an

increase in Bingham number and also a reduction in the operating Reynolds number. The

proposed design modification will additionally give an increase in the volume of MR fluid

under the influence of magnetic field and an additional degree of freedom to change the yield

shear stress of the outer channel to attenuate the pressure fluctuation due to transient effects.

The proposed modification can be investigated in many different configurations for selecting

the best design. However, the present work aims to outline the basic concept evolved by

seeking the solution on the lines of the concept of compounding of hydraulic dampers for

high speed applications (ref: Annexure-I, Section A.1.2.4). In a compounded damper there is
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a bifurcation of the flow of damper fluid, displaced by the piston, to a variable area orifice

and a pilot valve controlled orifice. The model of the proposed design of a dual channel is

based on following assumptions:

(1) The pressure gradient is same in both the flow channels.

(2) The effect of the current transients is negligible as the response time of the

electromagnetic coil can be reduced to less than 10 milliseconds and so the transient

effect due to the time dependent shear yield stress can be made negligible.

(3) The pressure gradients in the un-magnetised region of fluid flowing ahead of the piston

are negligible.

Fig 5.4 Proposed geometry of MR damper with dual passages.
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The first assumption is valid if the flow path lengths are same for both the passages and this is

actually done to simplify the solution. In an actual situation the flow path lengths should be one

of the tuning parameters for such a design. In this work only the fundamental design is proposed

with limited parametric study. The second assumption can be made valid if the response time of

the electromagnetic coils can be limited to within 7 milliseconds. The third assumption is

justified because the pressure drop due to the magnetised fluid flow is at least one order of

magnitude greater than the pressure drop due to the flow of MR fluid through un-magnetised

regions due to viscous effects. It is for this reason that if the transient effects are neglected it

would result in an over prediction of dynamic range.

5.3.1 Solution algorithm

The computational domain for the above mentioned geometry of the MR damper is shown in Fig

5.5.

Fig 5.5 Computational domain of the dual flow MR damper showing velocity profiles, plug

flow boundaries and boundary conditions for piston coupled flow channel (piston channel)

and annular channel or bypass channel.
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The equations for the velocity for the laminar sub-domains of the dual flow MR damper remain

the same as outlined in Chapter 3. The algorithm can be simplified for improving the

computational efficiency. However, in this work the code development has been minimised for

the purpose of complying with the time constraints. Therefore in this section a split flow type

Newton Raphson based solution scheme has been proposed. The velocity compatibility

conditions for plug flow boundaries of inner and outer sub-domains of the MR damper

computational domain are given by Eq 5.4. In the equation below the subscript j stands for inner

(i) and outer sub-domains (o) indicated in Fig 5.5.
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The equation of mass flow balance is obtained by considering that the fluid displaced by the

moving piston gets divided into inner and outer sub-domains by the fractions αi and αo

respectively. The fraction αi and αo obey the following relationship:

01,4  oijf  for, j= i ,o (5.4)

The equations for mass flow balance for the two sub-domains are given as follows:
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The symbols in the above equation have been shown in Fig 5.5. The third equation is obtained

by considering the equilibrium of forces in the plug flow region.

Since the model accounts for transient effects therefore there will be an additional inertia force

acting in the plug flow region due to change in flow velocity. Therefore the equation of

equilibrium of forces for the two sub-domains is given as follows:
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In the Eqs above f1,j is the velocity compatibility function for the jth sub-domain (here ith

subdomain is for the piston channel flow path and oth subdomain is for the outer flow path or the

bypass flow path), f2,j is the mass flow balance function for the jth sub-domain, f3,j is the

equilibrium of force function for the jth sub-domain, τpy,j is the shear yield stress for the jth sub-

domain, (dp/dx),j are the pressure gradients of the respective subdomains, ρ is the density of the

MR fluid, r is the radial coordinate , ap,j is the acceleration of the piston or relative acceleration

of the outer cylinder and ux is the velocity of MR fluid in the x direction through the annular

sub-domain concerned. At this stage it is mentioned that for the outer flow channel the term for

the piston acceleration will not be applicable. However if the outer cylinder is attached to a

moving support then the value of ap,j will be corresponding to the acceleration of the cylinder for

the outer channel. The solution vectors for the above computational domain divided into inner

and outer sub-domains are given as follows:
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The constraints for the solution vector are as follows:
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The Jacobean for each computational sub-domain is given as follows:
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for j=i,o

The algorithm for obtaining the solution vector is given as follows:

(1) for j=i,o subdomains, set an initial value of xi,j which is compliant with the constraints

Eq 5.8.

(2) Calculate at least the first 20 roots of following characteristic equations:

0
11 

 j,rr
 (5.11)
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0
22 

 i,rr
 (5.12)

(3) Calculate xi+1,j.

(4) If all the elements of the function vector at xi+1 are less than the convergence criteria then

xi+1 is the solution vector and the iterations are stopped.

(5) Else, set xi,j = xi+1,j and repeat the steps 1-5 for each sub domain i, o till the convergence

is achieved.

The convergence criterion is given as follows:
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Based on the above model the expressions for the Bingham number and the operating

Reynolds number for the inner channel and outer channel are given as follows:
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The correlations for the critical Reynolds number are given in Chapter 3 Eq3.5. Although

above proposed design has been developed based on the implementation of concept of

compounding of hydraulic damper there are similar designs proposed by Gavin (2001) and Kuo

et al (2006). The Gavin (2001) work describes a generalised design of an electrorheological

damper with concentric ducts which are arranged in a series and parallel configuration. In Kuo et
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al (2006) paper an ER damper with serially connected ducts has been discussed. The objective of

both the designs is to increase the dynamic range by increasing the volume of field controlled

fluid channel. In both the cases, the fluid that is displaced by the piston flows through the bypass

ducts. On the other hand the proposed design attempts to achieve a compact design by combining

the piston channel and a bypass channel. This is because the flow channel embedded in the

piston or coupled to the piston as an annular flow path can give a higher pressure drop as

compared to the bypass channel. This is because of higher wall shear stress due to the piston

velocity. If the transient effects are considered for the cases of the above designs of dampers the

multi duct and serial duct type dampers have transients due to fluid inertia and compressibility.

But in the case of compounded type damper proposed in this work there will be additional

transient due to transient wall boundary condition due to the variation of piston velocity with

time. The effect of time varying boundary condition can also be there in multi-duct and serial

duct designs of dampers as it depends upon the type of application. Based on the application

there can be three cases of the combination of transient and steady wall boundary conditions.

These are given as follows:

(1) Steady wall boundary condition: This can prevail in an application for a gun damper

where the damper has a bypass channel and the fluid that is displaced by the piston

flows through the channel.

(2) Transient and steady wall boundary condition: if the flow channel is an annulus

between the cylinder and piston such that the cylinder is attached to the structure of

the gun and piston is coupled to the recoiling gun, then the piston wall of the channel

will have a transient wall velocity boundary condition and the cylinder will have a

zero velocity boundary condition.
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(3) Transient wall boundary condition: In case of dampers for an automobile suspension

or an aircraft under carriage the piston and cylinder have independent degrees of

freedom of linear motion. In such a case the piston and cylinder will have transient

wall velocity boundary conditions for the case of a compounded damper design. In

case of a multi-duct design or serial duct design there will be transient wall boundary

conditions due to the velocity of the cylinder relative to the direction of the flow of

fluid.

In all the above cases the body force will also be required to be taken into account. Considering

the above three cases of boundary conditions a combination of ducts is required to attenuate the

transient effects. The basis for the development of a compounded design is that if the

combinations of flow path lengths and shear yield stresses for two channels can result in a

minimum fluid transient then it can lead to the attenuation of transients. This design will require

a suitable optimisation scheme for its implementation. This scheme will be proposed in the

following chapter. Another more important consideration for the compounding is that at high

piston velocity the flow of MR fluid, through the channel of a single channel MR damper,

becomes turbulent (as shown in Fig 5.3). The laminar to transient flow transition in the channel

of an MR damper can be prevented if the Bingham number is increased and the operating

Reynolds number is decreased. This can be achieved by reducing the area ratio, increasing the

shear yield stress and decreasing the density of an MR or ER fluid. Here it is once again

mentioned that at high area ratio the velocity of fluid in the channel is high and so it results in an

increase in operating Reynolds number in a single channel damper. Since the density of ER

fluids is in the range of 1100 to 1600 kg/m3 therefore if the area ratio of an ER is not more than

12.5 the operating Reynolds number will be lower than critical Reynolds number for low piston
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velocities. But because the shear yield stress of ER fluids is one order of magnitude less than MR

fluids therefore the flow in the channel of an ER damper can be turbulent if the area ratio is

higher than 12.5. For the same damper force the area ratio of an ER damper will be more than

the area ratio for an MR damper. Therefore the ER dampers will have turbulent flow at high

speed. Based on these considerations the use of a multi duct design or compounded design can

be an effective way of ensuring laminar flow regime in the flow channels over a wide range of

piston velocities.

The volume of space occupied by the electromagnet coils in an MR damper is more than

volume of space occupied by the electrode of an ER damper so a multi duct design is suitable for

ER dampers for achieving high dynamic range and high damper force. The fluid velocity in the

individual duct of an ER damper will be less than the fluid velocity in a single duct ER damper.

As such a multi-duct design can be effective in preventing laminar to turbulent flow transition at

high piston velocities. However, the addition of number of concentric also has a limitation. For

the same size of annular gap and shear yield stress the flow areas of the outer ducts are more than

the flow areas of the inner ducts. Therefore, the flow fractions, of the total fluid displaced by the

piston, for the outer ducts are more than the flow fractions for the inner ducts. This may result in

a situation in which the flow rates of ER fluid flowing through the inner ducts are much smaller

as compared to the flow rates of ER fluid through the outer ducts. In such a case the inner ducts

may not significantly contribute to the damper force. Thus the use of large number of ducts may

follow a law of diminishing return. Since the MR fluid can achieve higher values of field

controllable shear yield stress therefore the concept of compounding, as proposed in this work,

will results in a compact design of damper with only one bypass duct and will permit laminar

flow of MR fluid at higher piston velocities. The complexity of computation for predicting the
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pressure gradient increases with the increase in the number of ducts and it also results in more

number of degrees of freedom for the applied electrode voltages for controlling the shear yield

stress.

5.4 Parametric study

The parametric study has been presented in this chapter with an objective to show that the use of

an outer channel or a bypass channel, operating at a lower value of shear yield stress as

compared to the piston channel, can operate at laminar flow condition at high speed and also

attenuate the transient effect due to fluid inertia. In this section the curves for the transient

response through the time range for 10-8 seconds to 10-1 seconds have not been presented as this

does not reveal as significant information as the study of variation of pressure gradient with

velocity at 10-1 seconds and 10-4 seconds. In this investigation the transient response has been

studied at 10-4 seconds, because the experimental studies are usually done at the sampling rate of

this order magnitude of time and this is adequate for the control system development. As the

transient response time tends to increase towards values greater than or equal to 1sec., the

response of MR fluid flow tends to become quasi static. This is because the roots of the Bessel’s

characteristic equation are significantly greater than 1. The transient response study at 10-4

seconds is further justified because the response time for MR fluid is around 10-4 seconds and for

the electromagnetic coil it can be around 10-3 seconds, and so even if the response of MR fluid

flow is considered at a time step lower than 10-5 seconds the system will be unable to respond to

control input for attenuating the fluid transient by changing the shear yield stress. The

verification of the effectiveness of the damper design to attenuate the fluid transient will require

an elaborate experimental trial with the different designs of electromagnets for the piston channel

and bypass channel. The parametric study in this section considers 4 x 4 levels of variation in
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shear yield stress of the piston channel and the bypass flow channel i.e. 10 kPa, 20 kPa, 30 kPa

and 40 kPa for transient model simulation at 10-4 seconds and quasi-static. The other input data is

given as follows:

Diameter of the piston =55mm

Diameter of the piston housing cylinder =57mm.

Width of piston channel =1mm.

Outer diameter of the inner cylinder for bypass flow=68mm.

Inner diameter of the outer cylinder for bypass flow=70mm.

Width of outer bypass channel=1mm.

The flow path lengths for piston channel and outer-bypass channel have been taken as 40mm. In

this study the variation of pressure gradient with piston velocity has been presented at fixed

value of yield shear stress has been presented. The validity of laminar flow assumption has been

shown by presenting the variation of critical and operating Reynolds number for each of the

above mentioned results. Although the above set of parameters give a good performance in terms

of attenuation of transient effect and a compact geometry of the damper the parameters can be

further tuned if the flow path lengths of the channels are varied or if the diameter of the outer

flow channel can be increased. These modifications can potentially ensure that the flow is

laminar for piston velocities up to 20m/s. The design has been studied for variation of parameters

at piston velocities greater than or equal to 1m/s per second to demonstrate the validity of

laminar flow at higher piston velocities.

With the above background the stage is set to present the parametric study for the

response of dual channel MR damper to the variation of shear yield stress at different piston

velocities. If the shear yield stress of the MR fluid flowing through the outer bypass channel is
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kept constant at 10 kPa and the yield shear stress of the MR fluid, flowing through the piston

channel, is varied from the 10 to 40 kPa, the variation of pressure gradient with piston velocity

given in Fig 5.6. From the Fig 5.6 it can be seen that the at low piston velocities in the range of

1-2.5 m/s the increase in pressure gradient with shear yield stress for MR fluid flowing through

the piston channel, is not significant. This is because the two channels have same resistance to

the fluid flow at low piston velocities. The transient effects are more significant when the shear

yield stress of the piston channel is 10 kPa. The error bars show the expected variation of the

pressure gradient due to transient effects. The curves for the variation of pressure gradient with

velocity are not obtained as straight line as is the case for a mono channel damper. The curves

for the variation of critical Reynolds number and operating Reynolds number with piston

velocities (fig 5.7) show that the flow through the piston channel becomes turbulent as the piston

velocity exceeds 14m/s if the values shear yield stress of MR fluid, in the piston channel, is in

the range of 10 to 30 kPa. If the shear yield stress of MR fluid is 40 kPa the flow is laminar upto

18m/s (see Fig 5.7).
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Fig 5.6 Variation of pressure gradient with piston velocity for different values of shear

yield stress of MR fluid flowing through piston channel, and at shear yield stress of 10 kPa

for MR fluid flowing through the outer bypass channel.
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Fig 5.7 Variation of critical and operating Reynolds number with piston velocity for the

different values of shear yield stress of MR fluid flowing through piston channel, and at

shear yield stress of 10 kPa for MR fluid flowing through the outer bypass channel.

If the shear yield stress of the MR fluid flowing through the outer bypass channel is

increased to 20 kPa the variation of pressure gradient with piston velocity is given by Fig 5.8. In

this figure it can be seen that the pressure gradient gradually begins to show a significant

increase with increase in the shear yield stress of MR fluid flowing through the piston channel if

the piston velocity is in the range of 1 to 2.5 m/s seconds. This combination of shear yield

stresses of MR fluid for the two channels gives a good attenuation in flow transient.
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Fig 5.8 Variation of pressure gradient with piston velocity for different values of shear

yield stress of MR fluid flowing through piston channel, and at shear yield stress of 20 kPa

for MR fluid flowing through the outer bypass channel.

For the above set of results the transition from laminar flow to turbulent flow takes place

at piston velocity of 16 m/s second. This is because of the increase in the Bingham number for

the piston channel. Since the value of Bingham number is also dependent upon the fraction of the

total flow that flows through the piston channel, the trend for the variation of the critical and

operating Reynolds number, as shown in Fig 5.9, is the similar to the previous case.
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Fig 5.9 Variation of critical and operating Reynolds number with piston velocity for the

different values of shear yield stress of MR fluid flowing through piston channel, and at

shear yield stress of 20 kPa for MR fluid flowing through the outer bypass channel.
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The variation of pressure gradient with piston velocity for the shear yield stress of 30 kPa for

MR fluid flowing through the outer bypass channel is shown as Fig 5.10, for different values of

shear yield stress for MR fluid flowing through the piston channel. The curves shown in Fig 5.10

can be seen to separate at low piston velocities as the shear yield stress of the MR fluid flowing

through the outer bypass channel is increased. There is also an overall increase in the value of

pressure gradient as the shear yield stress of the MR fluid flowing through the outer bypass

channel is increased. This indicates that the dual channel can give higher damper force

for the same size of the mono channel damper. The transient effects can also be seen to be

attenuated. This indicates that the design can give an improvement in the dynamic range due to

transient attenuation. The variation of critical and operating Reynolds number with piston

velocity show that this combination for shear yield stress for the MR fluids, flowing through the

two channels, can permit laminar flow in the piston channel up to 20m/s. Here it is mentioned

that the curve for the variation of critical and operating Reynolds number have not been

presented for the outer bypass channel because the flow operating Reynolds number remains

well within the critical value for all piston velocities and for all the combination of shear yield

stresses for the MR fluid flowing the inner and outer channels. This is because the flow through

the piston channel is a pressure driven Poisieulle flow superposed with Couette flow. Due to this

reason the fluid flow rate in the piston channel is always higher than the flow rate in the outer

bypass channel.



141 | R M B h a t n a g a r , P h D t h e s i s

Fig 5.10 Variation of pressure gradient with piston velocity for different values of shear

yield stress of MR fluid flowing through piston channel, and at shear yield stress of 30 kPa

for MR fluid flowing through the outer bypass channel.
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Fig 5.11 Variation of critical and operating Reynolds number with piston velocity for the

different values of shear yield stress of MR fluid flowing through piston channel, and at

shear yield stress of 30 kPa for MR fluid flowing through the outer bypass channel.

When the shear yields stress for the MR fluid flowing through the outer bypass channel is

increased to 40 kPa the variation of pressure gradient for different piston velocities at different

values of shear yield stress for MR fluid flowing through the piston channel is given in Fig 5.12.

It can be seen that the pressure gradient curve have completely separated out at piston velocity of

1m/s. The effect of fluid inertia transient is significant. This is because the flow rate of MR

fluid flowing through the piston channel is higher than the flow rate of MR fluid through the

outer bypass channel when the yield shear stress of MR fluid flowing through the piston channel
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is lower than yield shear stress of MR fluid flowing through the outer bypass channel. As a result

of this the outer channel is not able to effectively dampen the fluid transients developed by the

piston channel. The Fig 5.13 shows that flow in the piston channel remains laminar up to the

piston velocity of 20 m/s.

Fig 5.12 Variation of pressure gradient with piston velocity for different values of shear

yield stress of MR fluid flowing through piston channel, and at shear yield stress of 40 kPa

for MR fluid flowing through the outer bypass channel.
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Fig 5.13 Variation of critical and operating Reynolds number with piston velocity for the

different values of shear yield stress of MR fluid flowing through piston channel, and at

shear yield stress of 40 kPa for MR fluid flowing through the outer bypass channel.

From the above parametric study it is concluded that compounded or the dual channel damper is

able to effectively attenuate the transients and has good controllability as it permits laminar flow

at piston velocities up to 20 m/s.

5.4 Summary

The chapter begins with the statement of damper’s theorem to emphasise the need for attenuation

of damper force fluctuation or spikes due to transient effects. This chapter presents the modelling
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and parametric study for a dual channel flow MR damper. The parametric study establishes

following features of MR damper design:

(1) The damper is able to attenuate the transient effects.

(2) The new design is an effective solution in resisting the onset of turbulent flow in the mR

flow channel up to the piston velocity of 20m/s.

(3) The new design is capable of developing higher damper force than a MR damper with

single channel flow of same diameter.

(4) The new design has significantly improved dynamic range by at least 30%.
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Chapter 6

Proposed design of a dual channel flow MR damper

6.1 Introduction

This chapter deals with the design of dual channel flow damper. The model for this damper has

been presented in the previous chapter. In this chapter the design of damper in respect of

optimisation of actuators and the design of piston and outer bypass channels have been

presented. The first section deals with the introduction to the problem of optimisation of dual

channel flow damper and the classification of the optimisation problem. The second section deals

with the design of flow paths for maintaining equal pressure gradient, the optimisation of the

actuator for the damper. In the third section the electromagnetic modelling of the actuators based

on finite element model has been presented. The proposed embodiment of the solution has been

described in the fourth section. The last section presents the conclusion of finding followed by

the summary of the chapter.

6.2 Proposed design of a dual channel flow damper

The design of damper can be split into two problems viz. calculation of damper parameters for

the flow path and actuators and the mechanical design of damper. The second problem involves

the structural design of the damper. However the important aspect to be considered in the

mechanical design of damper is the design of seals. Since the MR fluid is a suspension of ferrite

particles in hydrocarbon oils therefore the rubber based seal materials deteriorate due to their

contact with MR fluids. This chapter will not deal with the structural design of damper, but will

briefly describe the selection of seals for the MR damper. The objectives of the first problem of

the design of MR damper is to minimize the force transmitted to the structure, to which the
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damper is attached, minimise the weight and volume of the damper and finally to minimise the

weight of the structure to which it is attached. This set of design objectives envisages the fluid

mechanical design of an MR damper and electromagnetic design of the actuator coils. The

ultimate objective of the fluid mechanical design of MR damper is to achieve simultaneous

minimum of damper force and damper stroke as given by damper’s theorem. The dual channel

damper design has been proposed in this work to achieve attenuation of fluid mechanics

transients by suitable design of magnetised lengths of outer bypass channel and piston flow

channel. The application of currents to the actuator coils for the optimised flow lengths

corresponding to the combination of yield shear stress for the inner and outer channel is a control

system problem. Apart from this if the response time of the coils is high it will result in

additional transients due to the change in the yield shear stress due to current transients of the

electromagnetic coils. Therefore the design of actuator coils is the second part of the design of

dual channel flow damper. This section will deal with the brief description of optimisation

strategy for the flow paths design of damper followed by the electromagnetic design of actuator

coils. The following block diagram illustrates the listing of the problem set for the design of MR

damper:
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Fig 6.1 Block diagram representation of the problem set for the design of dual channel flow

MR damper.

In the Fig 6.1 above, the set of problems of optimisation of damper flow paths and the

electromagnetic design of the damper have been listed in one block because these problems are

coupled to each other as there may be different pressure gradients across the two flow paths. The

maximum diameter of the piston is governed by the diameter of the electromagnetic core of the

Design of Dual
channel MR

damper

Fluid mechanics design of damper channels
Parameters:

Piston flow channel
1 Piston diameter.
2 Annular flow gap

Width
3 Flow path lengths.

Outer bypass flow channel
1 Piston diameter.
2 Annular flow gap

Width.
3 Flow path length.

Electromagnetic design of actuator coils:
Parameters:
Piston flow channel

(1) Core diameter of the
electromagnets for piston

(2) No of turns of coils
(3) No of layers of coils
(4) Wire diameter.

Objective function: time constant.
Outer bypass flow channel

(1) Core diameter of the
electromagnets for bypass channel

(2) No of turns of coils
(3) No of layers of coils
(4) Wire diameter.

Objective function: time constant.

Mechanical design of damper
(1) Structural design of damper
(2) Selection of seals and sealing

material

Control of MR damper for
achieving simultaneous minimum of

damper force and damper stroke.
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piston. This parameter is independent of the geometry of the flow path associated with the

piston. This relationship is more explicit when the flow path is between the piston and the

cylinder. In such a case the core of the electromagnetic coil is coaxial with the piston. For the

design of flow path of the damper the following factors have to be taken into account:

(1) The width of the plug, of the MR fluid flow through the channel, should not be very

thin and it should not so thick so as to be close to the walls of the channel. The

optimum width of plug is required because the shear stress in the regions between the

wall of the channel and the plug boundary is higher than the yield shear stress within

the plug flow and as such the dissipation of the energy input to the system can be

maximized leading to the development of optimal pressure gradient across the length

of the flow path. This will lead to minimum force transmitted to the structure and

minimisation of the stroke of the damper. On the other hand if the plug width is thin

then the transient effects in the laminar flow region will dominate and this will result

in reduction of dynamic range. The reduction in dynamic range will result in

reduction in the controllability of the damper. Here it is pertinent to mention that in a

dual channel damper the width of MR plug, at high piston velocity, is less for the

flow through the piston channel as compared to the thickness of the plug for the flow

of MR fluid through the outer bypass channel. The combination of these two effects

results in an increase in dissipation of energy input to the damper system and the

attenuation of transients leading to improved dynamic range of the damper. However

for normal high speed damping application where the weight saving of the structure is

an important consideration the design of flow gap for both the channels are quite
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important for optimisation for obtaining the best performance of the dual channel

flow damper.

(2) Similarly the lengths of the flow paths of both the channel are another pair of

parameters which can be used to change the plug widths and the attenuation of fluid

transients. The two flow paths together contribute to the total volume of the

magnetised MR fluid. A long piston flow path may unduly increase the length of the

damper and may have higher transient effects. On the other hand a short piston

channel flow path can have reduced transient effects but the outer bypass flow

channel can get blocked at lower values of yield shear stress for MR fluid flow

through the outer-bypass channel because of higher resistance offered by the outer

by-pass channel. This is because the transients in the MR channel are due to inertia

effects. Therefore if the flow path length of the channel is long the volume of field

controlled fluid is larger and so the inertia effects also increase with the increase in

flow path length. Therefore an optimal combination of lengths of the flow paths of

the two channels will give the best results in terms of optimal damper force and

improved dynamic range due to reduction in transient effects.

Presently the optimisation of the lengths of flow paths of damper and channel widths has not

been included in this work. However this is an important problem for the design of a high

performance MR damper and will be dealt with in future work. Here the optimisation problem

for the flow paths and channel width has been described with the equations to lay the foundation

of the problem solving technique to be used for solving such a problem in future. In an optimal

design of MR damper flow channel the objective function has been taken as the sum of the

difference between the force due transient effects and the force due to quasi static solution for a
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given velocity range, flow path lengths, flow path widths, value of yield shear stress for the MR

fluid flowing through the piston flow channel and the yield shear stress for the MR fluid flowing

through the outer by-pass channel.
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Rea ≤  Rec (6.3)

where R is the square of the residual of the difference between the force (ftrans) due to transient

effects and force (fqs) due to quasi static flow condition and the subscripts i ,j and k stand for the

summation over n levels of velocities, m number of levels of yield shear stress for MR fluid

flowing through the piston flow channel and l number of levels for the yield shear for the MR

fluid flowing through the outer bypass channel respectively. The symbol gp is the annular flow

gap for the piston flow channel, go is the annular flow gap for the bypass flow channel, li is the

flow length for piston flow channel, lo is the flow length for the outer-bypass flow channel, dpiston

is the diameter of the piston, The max. and min. subscripts associated with this symbol represent

maximum and minimum values respectively which need to be fixed depending upon the
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application, dinner is the inner diameter of the outer bypass channel, The max. and min. subscripts

associated with this symbol represent maximum and minimum values which need to be fixed

depending upon the application, τpiston flow is the yield shear stress for the MR fluid flowing

through the piston flow channel and τouter bypass is the yield shear stress for the MR fluid flowing

through the outer-bypass channel. The objective function described above will be further

improved in course of future work on the optimal design of dual flow damper. In this work the

above mentioned objective function serves the purpose of identifying the computational

complexity of the problem and select suitable optimisation technique to be used for the

optimisation of the electromagnetic actuator. Since the two problems are coupled so these

problems will share a common optimisation tool. The residual can be evaluated based on

solution of nonlinear set of equation for the dual flow MR damper using Newton Raphson based

algorithm described in Ch 3, and 5. Since the Newton Raphson method has quadratic

convergence therefore the optimisation problem can be solved by an algorithm in polynomial

time. The set of nonlinear equation have roots which either satisfy the above constraints or do

not satisfy the above constraints therefore the optimisation problem additionally involves

selecting the roots which satisfy the constraints. Therefore by definition of the NP-hard problem

the above problem is also a NP-hard problem of optimisation. The rigorous proof of this

statement is presently kept out of the scope of this work. Considering above classification of the

optimisation problem and the type of objective function the optimisation technique that is most

suitable will be genetic algorithm based technique. In the future work the problem may be solved

by suitable evolutionary algorithm.
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6.3.1 Introduction to genetic algorithm

A large number of techniques used for optimisation are gradient based techniques. These

techniques require the function to be smooth or at least piecewise smooth. The well known

techniques amongst them are path following based methods and the integral based methods and

the integral based procedures Goldberg, (1985), Fakhreddine et al, (2009). The drawback of

these methods is that whether the solution is at the local maxima or the global maxima the

gradient is zero and therefore the algorithm terminates without giving the indication about local

or global maxima. In the case of the present problem the evaluation of gradient is difficult and

the objective function is in the discrete form. Therefore based on above consideration and the

class of complexity of the problem the use of genetic algorithm based technique should give the

desired results. In this work the optimisation of electromagnetic actuator will be done using this

technique.

The genetic algorithm was formulated by Holland (1975) based on the biological

evolution and the survival of the fittest principle. These are derivative free techniques and have

been found to be quite effective in solving the problem of global optimisation and are applicable

to smooth, piecewise smooth and discrete functions. They are based on the evaluation of

objective function at a set of points in the variable space which are chosen randomly in the initial

steps and subsequently through the processes of genetic evolution such that the set of points

comply with the constraints. As the iterations of the genetic algorithm proceed the solution set

converges to the global optima by the principle of survival of the fittest through the process of

genetic evolution. To further elucidate this technique of genetic algorithm the steps of genetic

algorithm are listed below:
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(1) Choose the random process in the range of optimisation with a fixed size such that the

population satisfies the constraints.

(2) The population of initial solution set is converted into set binary strings which represent

the genomes. This leads to a population of elements represented by p rows, of number of

possible initial solutions, by q columns of number of variables of the objective function.

(3) The process of evolution is implemented by means of Selection, Crossover and Mutation

to create a new population for which the objective function progressively gives maximum

or minimum value depending upon the whether the objective function is to be maximised

or minimised respectively.

The genetic algorithm operators are explained as follows:

(1) Selection: This process is applied to select the fittest individuals, and remove the bad

ones, that are required to participate in the reproduction process to give birth to the next

generation, Fakhreddine et al, (2009). The selection of the individual can be viewed as

two separate processes, MATLAB, Genetic algorithm Toolbox:

(a) The determination of the number of permissible trials for each individual.

(b) Conversion of expected trials into discrete number of offspring.

The first step deals with the evaluation of fitness values and which can be implemented by

suitable heuristics, including elitist model or for instance by Roulette wheel type selection. In

this process the total fitness values for all the individuals are summed up followed by the

comparison of individual fitness value relative to the sum of the fitness values. The specified

number of individuals with highest fitness value is selected for reproduction and the rest of

them are discarded.
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(2) Cross over: This is based on the principle of genetic recombination. In this two genotype

called the parents are selected and their sites of crossover are selected at random such that

the new offspring satisfies the constraints. The site of cross over here means the

randomly selected sub-lengths of each of the pair of binary strings representing the

element of the solution set.

(3) Mutation: This process introduces completely new alleles into the population. Thus the

process of selection and cross over reproduces new fit individuals, the mutation process

introduces replaces the discarded elements of the solution set with the new individuals.

In this work the dimensions of the cylinders, cylinders and flow path length have been taken as

follows:

(1) Piston diameter = 53mm

(Considering optimal dimension of the core to be around 15 to 20mm and the width and height

of the coil to be 10mm.)

(2) Number of poles of the piston = 4 coaxial with piston.

(3) Width of the pole = 10mm.

(4) Length of the annular piston flow channel is = 40mm (considering pressure drop across the

fluid between the poles to be negligible as it is not magnetized and the flow gap is more than

5mm.)

(5) Annular flow gap for the piston flow channel= 1mm.

The thickness of the inner cylinder which houses piston has been taken as 10mm so that the

magnetic field due to the coils for the bypass channel does not interfere with the flow through the

annulus between the piston and inner cylinder when the piston position within the width of the

bypass channel electromagnetic coils. The dimensions of bypass channel are given as follows:



156 | R M B h a t n a g a r , P h D t h e s i s

(1) Inner diameter of the bypass flow channel = 68mm

(2) Outer diameter of the bypass flow channel = 70mm

(3) Bypass flow channel length = 40mm

(4) Annular flow gap for the bypass channel = 1mm

The above mentioned values for the dual channel flow damper are expected to be close to the

optimum values as they have been derived by trial and error to be close to optimum values. In

future these values will be refined by the above mentioned optimisation strategy.

6.3.2 The design of electromagnetic actuators

With the above brief introduction to the selection optimisation technique for the optimisation for

the dual channel flow damper and genetic algorithm the design of electromagnetic actuator and

the optimisation of parameters can be discussed. The optimal design of electromagnetic actuators

for a MR damper has been studied by a number of authors such as, Quoc et al, (2009), Batterbee

et al (2007), Likang et al (2008), Gavin et al (2001). The publications after 2001 use some of the

principles of core optimisation based on Rosenfield et al (2004).

Batterbee et al (2007), suggest an optimisation strategy for the design of damper for the landing

gear of an aircraft. In this work similar strategy has been mentioned, with a modification to take

into account the transient effects. The transient effects have been shown to significantly reduce

the dynamic range of a MR damper. The optimisation strategy in the above paper is also based

on the quasi steady response of a single channel damper therefore the optimal solution may not

be satisfactory for the high speed applications such as aircraft landing gear. The design and the

optimisation approach for damper mentioned in this work is more generalized and is based on

accurate solution for the response of the damper. The operating speed for the aircraft landing

gear is around 6-7 m/s and so the transient effects need to be taken into account for the design of
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aircraft landing gear. In the papers described above the objective function for the fluid mechanics

of the damper have not been explicitly defined. As a result of this the optimal design strategies

described in these works are partially empirical in approach or are partially based on trial and

error approach. In Gavin et al (2001), Likang et al (2008) the objective function for optimisation

of actuator either consider a combination of power consumption of the coil and time constant or

power consumption of the coil. A simple consideration of the fact that the time constant of the

actuator is the ratio inductance to the resistance, leads to the concept that if inductance and

resistance are simultaneously minimised then the objective of limited minimisation of power

consumption can be achieved. For minimising the time constant the inductance needs to be

minimised at a higher rate than the resistance. Therefore it is proposed that the objective function

for the optimisation of the electromagnetic actuator should be the time constant of the coils. In

this work only one actuator coil is optimised. The other coils are included in the circuit

depending upon the flow path length. The number of coils to be wound is calculated by dividing

the flow path length by the width of the pole and subtracting 1 from the nearest integer so

obtained. Based on the work of Schechter (1982) and Lord Corporation engineering note the

design objectives for the design of actuator can be listed as follows:

(1) The reluctance of the flux conduit should be low. In this work steel to specifications

BS6004IEC227 has been used.

(2) Maximise the magnetic field energy in the fluid gap while minimizing the energy lost in

the steel flux conduit and regions of non working MR fluid and other areas. This

objective can be best met when the flow path and the magnetic coils are embedded in the

piston itself. This may result in design complexities if the flow path length is long.
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(3) Maintain sufficient cross section of steel to keep field strength H in the steel very low so

that the core does not saturate and its ability to control the yield shear stress by

magnetising the MR fluid is greatly reduced.

(4) The response time for the electromagnet is minimised. This is because the

implementation of model reference bases system would require a good computational

power and ability of the actuator to respond in less than 10 milliseconds. This objective

requires the coils to be organized in spools of parallel and series coils, Schechter, 1982.

The design of electromagnetic actuator is based on nonlinear magnetostatics. Based on the

geometry of the piston and the cylinder assembly for the piston flow channel given in Fig 6.2 the

magnetic circuit can be analysed using magnetic Kirchhoff law. In the Fig 6.2 the arrows

indicate the magnetic circuit for each coil. The magnetic Kirchhoff law in generalized form is

given as :

iNlH kk  6.3

where, Hk is the field strength lk is the effective length of kth element in the magnetic circuit.

Fig 6.2 Schematic of the piston and the electromagnetic coil configuration.

Dp
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For the magnetic circuit of one of the coils of the piston design being considered in this work the

expression for the current using Kirchhoff law is given as follows:

  ))2/2()(22/2(2
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In the above equation iac is current, Hg is the magnetic field intensity through the gap,gp is the

width of the gap, Hc is the magnetic field intensity through the core of the piston, lc is the length

of the core between the poles, lp is the width of the pole, Hp is the magnetic field intensity

through the pole, Dp is the diameter of the pole, tw is the thickness of the cylinder wall, Hw is the

magnetic field intensity through the cylinder wall, np is the number turns per layer in the coil, ns

is the number of spools in the coil and nl is the number of layers of windings in one spool. The

resistance of one spool (Rspool) of the coil is given by the following equation:
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If the spools are connected in parallel the resistance of coil is given as:
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The inductance of the spool is given as :
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If the spools are connected in parallel inductance of the coil is given as:
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In the above equations Rspool is the resistance of the one spool of the coil. In this scheme of the

coil circuit, a coil consists of a number multilayer layer coils, called as spools, which are

connected in parallel to achieve minimisation of time constant. The symbol Rw stands for the

resistance of coil, Lspool stands for the inductance of spool and Lw stands for inductance of coil.

For calculating the flux through each of the elements of the magnetic circuit the flux density

corresponding to the operating points is fixed and the flux densities for the other elements are

expressed in terms of the maximum flux density of the MR fluid. The maximum flux density is

obtained from the B-H curve of the MR fluid. In this case the MR fluid used is Lord Corporation

make MR132DG, Fig, 6.3
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Fig 6.3 B-H curve of MR132DG MR fluid(Lord Corporation).

The expression for the flux density of MR fluid flowing thorugh the gap is given as :
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If Bg =1T then the Expression for фB is given as follows:
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The expression for the flux densities through core (Bc), pole (Bp), cylinder wall (Bw) are given as

follows:
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With the above set of equations the objective function is defined as:
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Subject to following equality constraints:
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In the constraints equations given above the min and max symbols associated with the subscript

stand for minimum and maximum respectively. The value of H for the pole, cores and wall are

calculated by using the B-H curve given in the Fig 6.4.

Fig 6.4 Variation of flux density versus magnetic filed intensity for BS60004,IEC227.

With above set of equations for the objective function following observation can be made:

(1) The gradient based methods can lead to computational complexities.

(2) With the above scheme of connecting coils in the form of shunted spools of coils the

problem is a routing type of problem. A travelling salesman problem can be transformed

into its equivalent form. Thus, this problem is also a NP hard problem of optimisation.

Based on above observations the optimisation technique that has been selected is genetic

algorithm. The above optimisation program has been implemented using MATLAB genetic

algorithm toolbox. In using the above code the maximum and minimum limits of the piston core

diameter was taken to be 10mm and 20mm respectively. This is based on the diameter of the
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tube used for housing the cylinder, which has been taken as 55mm. Further considering that the

current capacity of the wire to be at least 1 A, the maximum and minimum limits of the wire

diameter were taken as 2mm and 0.9 mm respectively. The limits of the width of the pole have

been taken as 5mm to 20mm. The length of the coil was constrained to lie within the limits of

5mm to 20mm. With the above constraints the effects of variation of core diameter on time

constant was studied and the results are shown in Fig 6.5.

Fig 6.5 Variation of time constant with piston core diameter.

From the above figure it is clear that the time constant of the coil increases with the decrease

in the core diameter. Considering the spatial constraints due to the diameter of the cylinder

which houses the piston the the diameter of the core has been taken as 20mm. Similarly the

time constant is reduced with the reduction in diameter of the wire but considering the

current carrying capacity of the wire a time constant of 3 milli seconds is an acceptable

solution, Fig 6.6.
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Fig 6.6 Variation of the time constant with wire diameter.

Considering the above constraints the optimal solution is given as follows:

No of layers in one spool = 1

No of no of turns one layer = 10

Core diameter = 20mm

No of spools = 10

Wire diameter = 0.9mm (20SWG).

Pole widths = 10mm

Time constant =3.113650e+000 in milliseconds.

In the above solution the electromagnetic coils have been obtained as an assembly of parallel

connected layers. As such for same current density this configuration requires an increase in

input current by a factor equal to the number of coils connected in parallel as compared to a

single coil. This will result in an increase in power consumption. However the response of

the actuator will be within the response time required controlling the damper force. The
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above solution has been applied for all the three coils. The validation of the solution has been

done by static finite element simulation on ANSYS. For the coils of outer by pass channel a

similar optimisation solution can be made. However in this work the scheme of the coil

connectivity has been kept identical. Since the thickness of the outermost cylinder is the core

of the external coils therefore the depth of the coils has been taken as 10mm. The wire

diameter has been kept as 20SWG. For the design of damper apparatus the implementation of

above scheme of winding requires the design of insulated bus architecture. This presently

could not be achieved due to time constraints. As such in the present design of apparatus 3

coils of 100 turns each has been used. A similar solution has been applied for the external

coils as well. The configuration of the external coils has been shown in Fig 6.7.

Fig 6.7 Configuration of the electromagnetic coils for the outer bypass

channel.
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6.3.3 Finite element simulation of an electromagnet

The finite element simulation of the electromagnetic coils is required to verify that the cores of

the electromagnets are not saturated at the maximum current density. This is necessary because if

the core is saturated then further increase in current in the coil will not result in the change in the

flux density of the electromagnet and as such the MR fluid will not be controllable if the current

exceeds the value of magnetic flux density corresponding to the saturation of the core. The finite

element simulation has been done using ANSYS V12. Here a brief description of the formulation

is being made. The governing differential equations are given as follows:

The Maxwell equations are:

t




D
JH (6.17)

t




B
E (6.18)

0B . (6.19)

eqD. (6.20)

Since the magnetic field is solenoidal therefore it can be shown to be a curl of magnetic potential

A.

AB  (6.21)

In the above equation B is the magnetic flux density, J is current density, E is the electric

field intensity, D is the electric flux density, H is the magnetic field intensity and qe is the

electric space charge density. Combining Eq 6.21 and 6.18 following equation is obtained, which

is a mathematical expression for Faraday’s law:
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From the above equation and E = -∂A/∂t the following curl-curl problem is obtained:
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where, γ is the electrical conductivity. For a static 2D problem v=0 , Ji is expressed as 

current  θ direction and the above equation can be reduced to following form: 


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. (6.24)

The residual functional for the above equation is obtained by multiplying the above

equation by a weighted function Ψ and integrating the equation over the whole domain. This is 

called as the weak formulation. Thus the statement of finite element problem is given as follows:

Given:

2R:A

R:

Find

  ',0:)( 2R TXtA
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.

+ Boundary, interface and initial conditions.
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By using the Green first integral theorem the following weak formulation is obtained:
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Following using shape functions corresponding to PLANE 13 quadrilateral elements of

ANSYS 12 the following system of linear equation is obtained:
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The above formulation is applied to the computational domain of the coils and piston flow path

(Fig 6.2) and is shown as Fig 6.8.

Fig 6.8 Computational domain of piston flow path, piston and coil assembly

coils

Pole

Flow path

Cylinder wall
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Fig 6.9 Contour plot of the resultant magnetic flux at 1 MA/m2 current density.

Fig 6.10 Contour plot of the resultant magnetic flux at 10kA/m2 current density.
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Fig 6.11 Variation of magnetic flux through the gap for 1kA/m2 current density.

From Fig 6.4, BH curve and the contour plot for simulation of piston electromagnet at 10kA/m2

current density it is seen that the core does not saturate (Fig 6.10) and the MR fluid crosses the

operating point, Fig 6.11. This is an indication that the coils with shunt connection as given by

the optimisation scheme can be used to magnetise the MR fluid at the operating point. This is

because for the same input current, the current density for the shunted coils gets reduced by the

factor equal to the number of shunted coils. Alternately a single coil can operate at lower input
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current leading to the saving the power. The advantage of the shunted coils is that their time

constant is low and so the response time of the actuator is low. This will require some trial and

error simulation, which has not been presented in this work. The contour plot for simulation for

10MA/m2 current density in Fig 6.9 shows that the piston core is still controllable up to 100

times the current density. The plot of variation of magnetic flux through the gap shows that the

flux is nearly constant in the gap except for the last 0.2mm part towards the cylinder wall.

Therefore the calculations for the fluid flow under a given value of yield shear stress will be

valid with some correction applied to it. The flux line plot for the piston electromagnet is shown

in Fig 6.12. The flux lines obey the flux parallel boundary condition and as such they bend

inwards at the boundary of the piston. The pattern of magnetic field is, by and large,

symmetrical.

Fig 6.12 Contour plot of the resultant magnetic flux line 10kA/m2 current density.
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The electromagnetic simulation for the outer bypass channel has been done in the similar manner

with 10kA/m2 current density. The computational domain is shown in Fig 6.13.

.

Fig 6.13 The computational domain for the electromagnetic simulation for outer by pass
channel.

Fig 6.14 The contour plot for the electromagnetic simulation of outer-bypass channel

electromagnet showing flux variation for 10kA/m2 current density.
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Fig 6.15 The contour plot for the electromagnetic simulation of outer bypass channel

electromagnet showing flux lines for 10kA/m2 current density.

Fig 6.16 Variation of magnetic flux through the outer-bypass channel gap for 10kA/m2

current density.
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From Fig 6.16 it is gathered that at 10kA/m2 current density the MR fluid will reach the

saturation value and so the lower values of current will be applied for attaining yield shear

strength of 40kPa. This solution is acceptable as it ensures that the fluid reaches the maximum

value of yield shear stress for the above current density. The yield shear stress is almost constant

throughout the gap except for the outer 0.2mm part of the channel. Therefore in the experimental

setup some deviation in pressure gradient will be observed and so a correction factor for such a

variation can be developed.

6.4 Proposed Mechanical design of MR damper

The proposed implementation of mechanical design for dual channel flow MR damper has two

coaxial tubes of following dimension:

(1) Piston housing tube : Inner diameter of 55mm

Outer diameter of 68mm.

The piston housing tube has two rows of perforations on the top and on the bottom end. The top

end perforations connect the tube to the accumulator through the top cylinder head. The bottom

end rows of perforations connect to the outer bypass channel formed by the gap between the

coaxial assembly of the inner and outer cylinder. The outer cylinder has following dimensions:

(2) Outer cylinder: Inner diameter of 70mm

Outer diameter of 80mm.
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Fig 6.17 Proposed conceptual design of dual channel flow MR damper apparatus.

The structural design of the apparatus is based on standard procedure of pressure vessel design

and as such the description has been excluded from the thesis. However, the design of seals is an

important point of consideration in the design of MR dampers and so the same has been

described in this work.

The design of seals is important from the point of view of the life of seals. The sealing

materials rapidly deteriorate in contact with the suspension of fluid of the MR fluid. Commercial

MR fluids are suspensions of ferrite materials in hydrocarbon oils. Study of paper by Jolly et al,

(1998) leads to the conclusion that PTFE materials and neoprene materials have good resistance

to degrading effect of hydrocarbon oils. Therefore all the seals such as O-ring were used of Viton
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material (PTFE).The selection of rod seal is extremely important as it should be able to seal the

fluid and resist wear at 20 m/s.

Fig 6.18 ClaronTM make seal HBT035

Fig 6.19 Turcon Glydring TrelleborgTM make.

From the study of product catalogues of ClaronTM and TrelleborgTM it was found that the seals

such as HBT035 (Fig 6.18) and TrelleborgTM Glydring (Fig 6.19) were found to be most suitable.

The ClaronTM make seal shown in Fig 6.18 is available in Viton material. The TrelleborgTM seals

seem to be the best solution because the sealing material is TurciteTM which has low friction and

good wear resistance. This material is almost immune to lubricating oils and is used in lining the

guide ways of machine tools. This seal is expensive to procure in small quantities and so the

choice can be exercised in favour of ClaronTM make seal. If the results of the chapter 5 are
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studied it leads to the conclusion that, ideally, there is no need for the design of seal installation

such as above. The entire assembly can be considered to be a three channel type damper. From

the previous chapter it is seen that when the yield shear stress for the MR fluid in the outer

channel exceeds the yield shear stress of MR fluid flowing through the inner channel then the

fluid flow gets blocked in the outer channel. Thus the MR fluid itself can be used to seal the

damper by use of a permanent magnet ring at the sealing location. This aspect requires further

investigation by experimentation.

6.5 Summary

Chapter discusses a new optimisation scheme for the design of MR damper. The scheme is based

on the genetic algorithm. The chapter discusses the electromagnetic design of actuator for the

piston flow channel and outer bypass channel. In the last section the mechanical design of a dual

flow channel damper has been proposed.
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CHAPTER 7

CONCLUSION

7.1 Primary outcomes

The work presents a transient model for predicting the response of an MR damper. The proposed

model has been derived using the combination of Laplace and Weber transform to the Navier

Stokes equation. The important underlying assumptions such as laminar flow and inclusion of

body force due to the acceleration of piston have been justified. The assumption of laminar flow

has been validated by comparison of operating Reynolds number with the critical Reynolds

number. It has been shown that for single channel damper the flow remains Laminar for low

piston velocities, but the flow becomes turbulent if the piston velocities exceed 2m/s. This is

based on the correlation for the critical Reynolds number given in Nouar and Frigaard (2001).

The computational domain of the MR damper has been considered to be an annulus between the

piston and cylinder this because the solution for this type of domain can be applied to any other

design of MR damper such as bypass duct damper with the modification of boundary conditions.

The flow through the annulus can be considered to be a pressure driven Poiseuille flow

superposed with the Couette flow. The variation of the piston velocity has been considered by

applying Duhamel superposition principle for transient wall velocity boundary condition. The

results of the model have been compared with the quasi static model given by Kamath et al

(1996). The results show that the transient effect is significant even in the case of steady state

piston velocity boundary condition. This is because the density of MR fluid is quite high and so

the transient effects due to the inertia of the MR fluid become significant. This is a major
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contribution of this work. The model presented in this work was validated by comparison of the

predicted results with the experimental results for the Lord Corporation make RD8040 damper.

The proposed model is able to predict the hysteresis like variation of the damper force with the

velocity. The model also explains the effect of transient velocity boundary condition is

particularly significant when the change in damper stroke is about to take place. This is because

the effect of body forces and the change of damper velocity with time was found to be

significant. Therefore the consideration of body forces and transient wall velocity boundary

condition becomes important. The proposed model follows and identical algorithm for the direct

and inverse model. The inverse model can be used to determine the yield shear stress required to

generate the targeted damper force. Since the yield shear stress is function of applied magnetic

field therefore current input required for the producing the applied magnetic field can be

calculated. Therefore the inverse model can be used design a model reference based control

system to determine the current input for a given value of damper force. The inverse model can

also be used for the estimation of current compensation for the electromagnetic actuator based on

the feedback for the measured damper force.

It has been shown in this work that the flow through the channel of an MR damper

becomes turbulent as the piston velocity exceeds 2 m/s. Therefore a need was felt to propose a

novel concept of compounded MR damper in which the laminar flow conditions can be

maintained at higher piston velocities. The concept of compounding has been inspired by

concept of compounding applied to hydraulic dampers. The compounded MR damper has two

channels such as piston flow channel and an outer by pass channel. The bifurcation of MR fluid

displaced by the piston into piston flow channel and outer bypass channel results in an increase
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in Bingham number and a reduction in the operating Reynolds number for each of the channels

of the MR fluid. Based on this assessment of laminar flow consideration the compounded or a

dual channel type MR damper is able to maintain laminar flow condition up to 20 m/s. This is

another major contribution of this work. The design has been compared with the multi-duct type

(Gavin (2001)) damper and it has been shown that the proposed design can give higher damper

force than the multi-duct damper due to two reasons:

(1) Multi-duct damper (Gavin (2001)) is based on electrorheological fluids.

(2) The multi-duct design consists of a bypass ducts. Since the dual channel design has one

of the duct as a piston flow channel therefore due to the combination of pressure driven

Poiseuille flow and Couette flow the pressure gradient will be higher than the

corresponding multi-duct damper with the same piston diameter, same fluid properties

and the same flow path length.

7.2 Secondary outcomes

The work introduces a new split flow scheme for predicting the force for the dual channel

damper. The scheme can also be applied to the multi-duct damper developed by Gavin (2001).

For high speed dampers the control of spike and response time for the electromagnetic actuator is

an important consideration for the design of MR damper for high speed applications. Therefore a

new optimisation scheme has been proposed for the optimisation of flow path length and

response time of the electromagnetic actuators. It has been shown that the optimisation for the

dual channel flow damper is an np-hard problem, therefore genetic algorithm has been found to

be an effective technique for the optimisation for dual channel damper design. The application of
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genetic algorithm for the optimisation of the electromagnetic actuators has given acceptable

results which have been validated by finite element based static electromagnetic analysis.

7.3 Contribution to knowledge

The important contribution to the knowledge in the field of MR damper is the significance of

transient effects due to fluid inertia, body force due to the acceleration of the piston and the

effect of transient wall velocity boundary condition due to the change in the piston velocity. The

work also introduces the application of critical Reynolds number correlations ( Nouar and

Frigaard (2001)) for validating the laminar flow assumption for MR fluid flow. These

correlations have been used to demonstrate the effectiveness of dual channel damper in

maintaining laminar flow conditions at high piston velocities.

7.4 Future work

In future the investigation on dual channel damper will aim at following:

(1) Development of fractional calculus based model for modeling fragmentation of plug of

MR flow due sudden starting and stopping of MR fluid and it experimental validation.

(2) Improving the convergence of the Newton Raphson method based on the globally

convergent algorithm outlined in Press et al, (2009).

(3) Development of robust technique to impose Piston velocity Boundary condition by

Duhamel’s superposition for estimating velocity function for a generalise spring mass

damper system.

(4) Complete solution for the optimisation problem of damper described in chapter 6 to

minimise the transients in MR damper.



183 | | R M B h a t n a g a r , P h D t h e s i s

(5) Development of model reference control based control policy to achieve constant damper

force throughout the stroke as given by the damper’s theorem for high speed damper

applications.
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APPENDIX-I

A.1. INTRODUCTION:

A.1.1 Background:

The design of hydraulic shock absorbers for reduction of load transmitted to the structure, has

dominated all the applications for almost a century. Over the period of hundred years the design

of hydraulic dampers has evolved into different variants to suit the applications ranging from a

door closure to the recoil system of an artillery gun. A hydraulic damper is passive device and it

dissipates the energy input to it by forcing the fluid through a narrow orifice. The fluid emerging

out of the orifice is in the form of submerged free jet, which mixes with the stagnation fluid, and

the kinetic energy of the free jet is dissipated as heat energy. The pressure drop due to the change

in kinetic energy of the fluid across the orifice gives rise to an increase in pressure acting on the

damper piston on which the external load acts. Thus, the net effect is that a damper transmits a

very small force to the structure. The magnitude of the force transmitted to the structure is

generally the difference between the external load and the force corresponding the pressure

acting on the damper piston.

If the velocity of the damper is constant the orifice area is to be kept constant for

keeping the damper force constant. However, as the damper stroke progresses the damper

decelerates the system and the velocity gets reduced to zero at the end of the stroke. Due to the

reduction in the velocity of the damper piston the braking force of the damper reduces and so in

order to maintain the constant braking force the orifice area is progressively reduced with the

stroke to a very small value at the end of the stroke. Whenever the load transmitted by the
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damper to the structure is a major contributor, the design of a structure is dependent upon the

simultaneous minimization of transmitted force and the stroke of a damper. A very long damper

stroke will result in reduction in transmitted force but will also result in an increase in the size of

linkages and components for the supporting or fixing system of the damper. A damper with a

long stroke will itself be required to be sufficiently rigid to resist buckling. Thus, a long stroke

damper will indirectly lead to an increase in the weight of the structure. In the case of dampers

for seismic application, the amplitude of seismic force is not large and so the simultaneous

minimization of transmitted force and damper stroke is required for compatibility with the load

amplitude and its magnitude. In the case of automobile dampers, the compatibility with the

vibration amplitude, force magnitude, and structural weight along with terrain and mission are

important considerations (Hajihosseinloo (1989), Brown (1946) and Bhatnagar et al (2009)). In the

majority of dampers, the damping force is designed to vary with the stroke by variation of area

using a taper rod. Thus a hydraulic damper is an open loop control system in which the control

law for varying the orifice area is implemented by means of a taper control rod type arrangement

(see Fig A.1).

Fig A.1 Schematic of taper rod type damper.
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However, the results of computational models (Hajihosseinloo (1989), Brown (1946) and Bhatnagar

et al (2009)) and experiments show that the variation of damping force with the damping stroke is

not constant as is the aim of this design approach. The approximate behavior of such a damper

can be attributed to the non-linearities of the governing differential equation and lack of

adaptability inherent in the system-design. The control law for the variation of orifice area is

based on inviscid flow analysis and as such in actual case an appearance of spike in curve for the

variation of damper force versus stroke is observed. In a manufactured product the geometric

errors due to manufacturing tolerances and variation of coefficient of discharge due to inherent

and environmental reasons contribute to the variation in the response. The presence of spike

leads to secondary vibrations in the structure or fatigue failure of the structure at the joints due to

stress concentration. In case of applications requiring vibration isolation such as engine mounts,

suspension and driver seat mountings of an automobile the damper force is required to be

adjusted with the frequency of vibration such that the damping coefficient is high at low

frequencies and low at high frequencies. These are mutually conflicting requirements which

cannot be met by a hydraulic damper which is reactive in nature. Here the term reactive means

that the damper develops the damper force as a result of force input to the damper.

Since the hydraulic dampers have been used in wide range of application from low speed

upto high speed and heavy loads therefore it was considered relevant to present a survey of the

hydraulic damper designs. The survey presented in this thesis is considered to be helpful in

evolving some of the concepts of magneto-rheological dampers from hydraulic dampers.
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A.1.2 Survey of Hydraulic damper designs:

The designs of a hydraulic damper can be categorized based on the magnitude and the speed of

application of the load in the following manner with exemplified applications:

Range of Speed (m/s) and load (N) Design of Hydraulic damper

(1) Low speed 0-2 Taper rod type with short stroke(0-100mm)

Light load 0-1000

Applications: Door closures, vibration isolators, shock absorbers for passenger cars.

(2) Medium speed 3-6 Taper rod type with medium stroke(100-500mm)

Medium load 1000-10000 Valve type, bleeding hole and shim valve type

Applications: Passenger cars, Racing cars, Aircraft landing gears, armored fighting

vehicles, rotary dampers used in armored fighting vehicles, seismic dampers.

(3) High speed 7-30 Taper rod type with long stroke(1100-1500mm)

Medium load 0-10000 Throttle valve type, compounded type

Applications: recoil systems of artillery guns.
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A.1.2.1 Taper rod type dampers

At low speeds, which are less than 1m/s, the orifice area is not required to be varied for

maintaining constant force along the stroke of the damper. Such dampers are suitable for door

closures, bicycle shock absorbers and very low amplitude vibration isolators. However, if the

speed is more than 1m/s, the loads are heavy and the amplitude of vibration or load amplitude is

large then the force transmitted to the structure and the stroke of the damper is required to

optimised simultaneously. This is because if the stroke is too long the damper will be required to

be sufficiently rigid to resist buckling or the structure is required to provide long guide ways to

for supporting the damper. On the other hand if the damper stroke is too small the force

transmitted to the structure will be large. Thus, in both the cases the structure will become heavy

and the advantage of using shock absorber will be offset and hence there is a need to control the

variation of orifice for maintaining a constant damper force along the stroke for achieving

simultaneous minimum of damper force and stroke. This is achieved by varying the orifice area

by means of taper rod (see FigA.1). The other variations of implementing the variation of

orifice such as tapered groove type and perforated tube are shown in Fig A.2.
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Fig A.2 Taper groove type and perforated tube type dampers.

The variation of orifice area is given by parabolic law (Eq1) as outlined in [2, 3].

0
2

2

0 Ax
l

AA
A e 


 (Eq1)

Where, ‘A’ is the orifice area at the instant ‘x’ of the stroke, ‘A0’ is the area of orifice at the

beginning of the stroke, ‘Ae’ is the area at the end of the stroke and ‘l ’ is length of the stroke of

the damper.

A.1.2.1 A. Modeling of the taper rod type damper

There are two techniques to simulate the model of a taper rod type damper viz.

(1) Lumped mass parameter model.

(2) Computational fluid dynamics based semi lumped mass parameter model.
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A.1.2.1 A (1) Lumped Mass parameter model

The structure and the damper with restoring spring are represented by one dimensional equation

of functions of mass, spring stiffness, damper velocity, density of fluid, stroke of the damper and

acceleration. The lumped mass parameter model is given by the following equation with

reference to Fig A.3:

 singMcosgMfxk)t(FxM ssds  (2)
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(Rhienmetall) (3)

Where, ‘ x ’ is the acceleration of the sprung mass, ‘x’ is the displacement of the system , ‘Ms’ is

the sprung mass, ‘F(t)’ is the time varying input load, ’k’ is the spring constant of restoring

spring, ‘μ ’ is the coefficient of friction, ‘g’ is the acceleration due to gravity, ‘q ‘ is the orifice

area, ‘Q’ is the effective area of the damper piston, ‘ ’ is correction factor for viscosity, ‘ρ’ is

the density of damper fluid, ‘Cd’ is the coefficient of discharge of the orifice, ‘fd’ is the damper

force ‘t’ is time and ‘vr’ is relative velocity of the damper fluid relative to piston.
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Fig A.3 Lumped mass parameter model of a structure with restoring spring and

damper.

The lumped mass parameter is sufficiently accurate if for modeling a taper rod type damper. The

only major limitation of the model is that the coefficient of discharge for the submerged orifice is

required to be determined accurately. The solution of the above differential equation is obtained

by standard numerical integration methods. The validity of the model has been established and

results presented in (Hajihosseinloo (1989), Brown (1946) and Bhatnagar et al (2009)). In this survey

the simulation results for taper groove type damper for an artillery gun have been presented. The

variation of pressure acting at the base of the gun barrel with time is given in Fig A.4. In the

FigA.4 the negative force denotes the equivalent force due the reduction of recoil momentum by

the muzzle device. The input load to the damper is product of area of cross section at the base of

the gun barrel and the pressure acting at the base of the barrel.
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Fig A.4 Variation of propellant firing pressure acting at the base of the gun barrel with

time

The profile of the taper grooves is approximately parabolic (see fig A.5) for the following

reasons:

(1) During the gun fire of projectile form an artillery gun the damper should offer

minimum resistance so as to prevent violent oscillation of the gun structure. This

explains the presence of step at 0.1m in the initial part of recoil stroke as shown n Fig

A.4.

(2) For manufacturing convenience the parabolic profile is approximated as a series of

tapers.
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(3) The grooves are rapidly closed during the end part of the stroke to prevent the damper

piston hitting the damper cylinder head as a safety measureas shown in FigA.4

between 1.4 and 1.6m recoil stroke.

Fig A.5 Variation of depth of grooves with stroke for a taper groove type damper.

The total damper force versus stroke obtained from the numerical simulations, for different

densities of fluid (see Fig A.6) shows that the spike of the damper force increases with the

decrease in density of the fluid. On the other hand at fluid density equal to 1090Kg/m3 the peak

value of damper force in the initial part of the stroke is almost same as the value of total force at

the spike for the density of fluid equal to 800k/m3. The simulation explains why the density of

damper fluids is kept near 800Kg/m3. From the simulation it is also concluded that the presence

of total damper force spike or peak in damper force cannot be minimized beyond a limit by

changing the density of damper fluid. If the density of the damper fluid is increased to

1090kg/m3 the stroke length required to bring the recoiling gun to stop can be reduced but the

peak force increases to a value corresponding to the damper force at the spike for damper fluid
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with density equal to 800Kg/m3. Here the total damper force is the sum of force developed in

damper due to pressure drop across the orifice, the force due to the restoring spring and the force

of friction due to seals and slideways friction.
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Fig A.6 Variation of total damper force versus stroke for taper rod type damper for

different density of fluids.

A.1.2.1 A(2) Computational fluid dynamics based semi lumped mass parameter model:

In this approach the entire spring mass damper system is divided into trivial and non trivial

domains. The trivial domains are the domains which can be represented by lumped mass

parameter models with an acceptable accuracy. The region of orifice within the bounds of piston

with taper rod is considered as the computational domain with inlet, wall and outlet boundary

conditions. For each iteration step the pressure field is calculated to get the pressure at the inlet
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and the lumped mass parameter equation is integrated to obtain the inlet velocity boundary

condition. The inlet velocity boundary condition is the product of ratio of effective piston area to

the orifice area and the velocity of the piston. The outlet boundary conditions are the outlet

pressure and the mass flow rate which is equal to rate of fluid displacement by the effective

piston area. If the solution converges the groove depth is calculated and the position of the wall

representing the groove is changed by the value equal to the displacement corresponding to the

change in depth of the groove and the mesh is updated. The iteration is carried for next time step

followed by the updation of mesh and the solution continues to march till the piston speed is very

near to zero value. The computational domain representing the piston and groove surfaces

bounding the orifice is shown in Fig A.7.

Fig A.7 Computational domain of the damper representing the piston and groove walls and

the orifice of a taper groove damper.

The computational fluid dynamical model can be used to study the dissipation mechanism in the

damper by simulating the transient free jet flow. It eliminates the use of Eq (3) in the lumped
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mass parameter model and is also an effective tool for proof or damper design before the field

trials. The model is able to account for the changes in flow due to the moving wall effect of the

changing groove depth which results in dynamic changes in the discharge coefficient of the

orifice. The only drawback of this technique is that it is computationally expensive. Since the

lumped mass parameter is computationally inexpensive and has reasonable accuracy therefore

taper rod type damper can be design using lumped mass parameter approach. However for

diaphragm spring valve or valve type dampers or compounded type the computational fluid

dynamics approach is more productive in rendering the effective design of dampers by reducing

the experimental and testing efforts. It is for this reason that the results for computational fluid

dynamical model for taper groove type dampers have been kept out of the purview of this

survey.

A.1.2.2 Shim valve type dampers:

These dampers are essentially valve type dampers in which there is a bleeding hole for

generating pressure gradient for damper force at low pressure and low velocity. However, as the

velocity of the input load increases the damper pressure also increases up to a value at which the

damper springs start deflecting resulting in an increase in orifice area and the damper force

remains approximately constant for the rest of the damper stroke. The schematic of shim valve

type damper is shown in Fig A.8. The schematic only show the single acting type damper. In

case of double acting type damper the holes covered by the shim on the either side of the piston

are staggered and the shims have rosette geometry to permit the opening of the holes on the

opposite side of the piston.
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Fig A.8 Schematic of a shim valve type damper.

A.1.2.2 A Modeling of Shim valve type damper

A. 1.2.2 A (1) Lumped mass parameter model:

The lumped parameter model and Computational fluid dynamics model can also be used to

simulate the diaphragm valve type damper. The Computational fluid dynamics approach is more

accurate and can simulate the flow and pressure acting on the shims. The lumped mass parameter
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model for shim valve type damper requires modifications in the calculations for the damper

force. The expression for ‘q’ in Eq 3 for shim valve damper is given as follows:

wdn
d

q s
b  
4

2 (4)

Where, ‘db’ is the diameter of bleed hole, ‘ds’ is the diameter of holes covered by the shims,‘w’ is

the deflection of shim and ‘n’ is the number of holes covered by the shim. The value of ‘w’ can

be calculated by solving the equations for equilibrium of forces, moments and compatibility of

deflection for the set of shim based on Roark (1975) The data for the simulation of shim valve

type damper is given as follows:

(1) Damper diameter 50mm

(2) Bleeding hole diameter 4mm

(3) Number of shims 3

(4) Shim outer diameter 34mm

(5) Shim inner diameter 20mm

(6) Piston rod diameter 20mm

(7) Retracting spring type Pneumatic type integral with damper.

(8) Initial of gas volume of spring 1.96e-3m3

(9) Retracting spring pressure 10 bar.
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The response of the damper has been simulated for the sine wave velocity function given as

follows:

)40sin(100)( tTF  (5)

The dynamics of the shim valve is given by following equation:

shimdshimshimshimholesdshimshim AxCxkAPxm 2

2

1
  (6)

In the above equation ‘mshim’ is the mass of shim,‘ shimx ’ is the acceleration of the shim, ‘ΔPd’, is

the pressure drop across the orifice, ‘kshim’ is the stiffness of shim, ‘Aholes’ is the holes covered by

the shim valve,’xshim’ is the deflection of the shim, ’Cdshim’ is the coefficient of drag on the shim,’

x ’ is the velocity of shim,’Ashim’ is the surface area of the shim.

The symbols used in the above expression have already been defined in the previous section. The

variation of curve for variation of total damper force versus stroke is a smooth curve for square

sine function (ref Fig A.8).Because of the low velocity (2.2m/s) of damper the model does not

show the presence of spike. However in actual situation there is a presence of spike at the

pressure at which there is a significant deflection of shim.
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Fig A.8. Variation of total damper force versus stroke for the shim valve type damper.

The detailed design procedure has been outlined in Dixon (1999). The analytical and

computational fluid dynamics models have been also reported in (Dixon (1999), Guzzoni et al

(2007), Talbot and Starkey (2002)). In Talbot and Starkey (2002) the experimental validation of

the model shows a very good agreement of the results with the results of the model.

A.1.2.2 A (II) Computational Fluid Dynamics Model

The modeling technique for the shim valve type damper is identical to the modeling technique

for taper groove type damper. However the computational domain has some different boundary

conditions due to shim. The computational domain for the shim valve damper is shown in Fig 11.

In this work the computational fluid dynamics model for damper is 2D axi-symmetric. However

for more accurate results a 3D model should used because the mechanism of dissipation is

essentially turbulent in nature and so a 3D model is more appropriate. In this work 2D axi-

symmetric realisable k-ε turbulent model (Lumley (1978)) has been used to demonstrate the 

technique and to present the reasonably accurate survey. In the computational domain there are

two inlet boundary conditions for bleeding holes and shim valve. The valve area for shim valve
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has been transformed to an equivalent axi-symmetric inlet with a shim of diameter weighted

average thickness. The shim is considered to be a moving wall with mesh displacement

corresponding to the deflection of shim using the formulas outlined in Roark (1975). For

calculating the outlet boundary conditions the following equations are used:

 xdm p  2 (7)

Where, ‘m ’ is the rate of fluid displacement by the damper piston, ‘dp’ is the diameter of the

piston, ‘ x ’ is the velocity of the piston, ‘ρ’ is the density of the fluid. The pressure of the

restoring gas spring is given by following equation:

3112 .

i

ri
ix

V

xdV
pp 












 


 (8)

In the above equation ‘px’ is the gas pressure of the restoring spring at ‘x’ position of the damper

piston, ‘pi’ is the initial gas pressure of the restoring spring, ’Vi’ is the initial volume of gas of the

restoring spring, ’dr’ is the diameter of the damper rod. The Eq (7) is used to apply the targeted

mass flow rate and Eq(8) is used to calculate the outlet pressure boundary condition. The

velocity inlet boundary condition is given as follows:

q

xQ
vinlet




(9)

The pressure inlet pressure for each time step and at each iteration is used to calculate the

damper for ‘fd’ and is substituted in lumped mass parameter model of the system given by Eq(2)

to calculate the refined value of acceleration. The integration of acceleration with initial value of



202 | R M B h a t n a g a r , P h D T h e s i s

velocity and displacement of the damper piston is used to obtain the refined guess of boundary

conditions for the computational domain shown in Fig A.9 till the convergence is obtained. The

solution marches through the subsequent time steps till the damper velocity becomes zero.

Fig A.9 The computational domain of shim valve type damper.

The finite volume mesh is shown in Fig A.10.

Fig A.10 The Finite volume meshes of shim valve type damper.

The simulated pressure and velocity fields are as shown in Fig 14,15.
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Fig A.11 Plot of pressure field simulated by k-ε CFD model of shim valve damper 

Fig A.12 Plot of axial velocity field simulated by k-ε CFD model of shim valve damper 

A.1.2.3 Throttle valve type damper

The working of this type of damper is much similar to shim valve type damper except that the

shim valve is replace by a spring loaded valve (see Fig A.13).
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Fig A.13 Schematic of a throttle valve type damper.

The variants of a throttle valve type damper are used in racing cars shock absorbers, aircraft

landing gear shock absorbers and artillery system recoil dampers. In case of artillery recoil

dampers most widely used design is called as the Schneider type recoil damper (Ordnance

Department Document No 2035 (1921)). The modeling of the throttle valve type damper is

similar to modeling of shim valve type damper with a variation that the throttle valve has longer

lift and higher flow rate as compared to the shim type damper. Since the damper characteristics

of this type of damper has close resemblance with shim valve type damper and compounded type

damper therefore the survey presents the investigation on compounded damper in more details.

The findings based on results of the simulations the compounded damper are generally

applicable to all other designs of dampers. The total damper force characteristics for valve type

dampers differ from the similar characteristics of taper rod type dampers in respect of occurrence
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of pressure spike. In case of valve type dampers the occurrence of spike takes place at the instant

the throttle valve lifts up or pilot valve lifts up in case of a compounded damper.

A.1.2.4 Taper rod and pilot valve type compounded damper

The taper rod and pilot vale compounded type damper is a combination of taper rod and throttle

valve type damper as shown in Fig 18.

Fig A.14 Schematic of a damper with taper rod and pilot valve [3].

The taper rod and pilot valve damper is a compounding device used in high speed and high

loading applications such as heavy artillery guns. In this type of damper the pilot valve open as

the damper reaches the maximum velocity which is in the range of 12-25m/s. From the study of

total damper force versus the stroke and velocity versus stroke characteristics it is observed that

there is an occurrence of spike at a velocity of 12m/s and at this instant the pilot valve starts

opening and is fully open at maximum velocity. The total damper force becomes almost constant

once the spike dies down.
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A.1.2.4 A Modeling of taper rod and pilot valve type compounded type damper[3]

1.2.4 A (1) Lumped Mass Parameter model:

The lumped mass parameter model of the taper groove and pilot valve type damper is described

by two differential equations viz. Eq (2) and the equation of motion for the lift of the pilot valve.

The flow area of the taper grooves and flow area due to the lift of the pilot valve is the total

orifice area, across which the pressure gradient due to damper piston velocity. The schematic of

the lumped mass parameter model for the damper is shown in Fig A.14.

Fig A.14 Lumped mass parameter model of taper rod type damper.

The modeling forces acting on the pilot valve is base on inviscid flow theory and the assumption

to this model are as follows:

(1) Inertia forces are significantly larger than the viscous forces and so the

viscous force can be neglected. The braking force is a stronger function of
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density than viscosity of the fluid.

(2) The compressibility effects are negligible. This assumption is particularly

valid if the damping fluid is water-glycerin or water-ethylene glycol mixture.

(3) Properties of the fluid remain constant as the change in temperature remains

negligible for a single stroke of damper. The algorithm used in this paper

can also take into account for the change in density but the same has not

been accounted for, in this paper.

(4) The piston of the damper and pilot valve act like rigid bodies. The expression for

braking force ’
df ’ as mentioned in Bhatnagar et al (2009) is given as follows:

2

2
2
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Where, ‘fd’ is the damper force, ‘Ap’ is the area of the damper piston, ’ah’ is the area of the jet

holes shown in Fig 20, ‘agrv’ is the area of the taper grove, ‘n2’ is the number of taper

grooves, ‘Cdgrv’ is the coefficient of discharge for the , ‘Cdpv’ is the coefficient of discharge

of the orifice due to the lift of the pilot valve,’ do’ is the outer pilot valve diameter, ’vr’ is the

velocity of the piston and ’xlpv’ is the lift of the pilot valve. For calculating the lift of the pilot
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vale the fluid domain surrounding the rear of the piston and the pilot valve is divided into

sub-domains (see Fig 20) for solving the Euler’s momentum equations.

Fig A.15 Enlarged view of schematic of damper piston with pilot valve showing fluid flow

through the gap due to the lift of valve through the valve pocket

The additional assumptions are as follows:

(1) The fluid domain Ω1 is subjected to body force due to the acceleration of damper piston.

(2) The fluid sub-domain Ω21 is subjected to the body force due to acceleration of piston and

relative acceleration due to lift of pilot valve. The entire fluid sub-domain has velocity

equal to the velocity of the lift of the valve.
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(3) The fluid sub-domain Ω22 is subjected to body force due to acceleration of piston.

(4) The fluid sub-domain Ω23 is subjected to body force due to acceleration of piston of

damper.

The above assumptions are justified as the governing differential equations such as Euler

equations, potential flow equations and the continuity equations for sub-domains are

compatible. The detailed derivation for the expression of forces developed due to pressure

gradients in each of the above fluid sub-domains have been outlined in Bhatnagar et al

(2009). Here the final expression will be presented for the sake of brevity.

The expression for pressure force developed in the fluid domain Ω1is given as follows:

15141312111 FFFFFF  (11)
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Where,

F11 is the pressure force due to the inertia effect of variation of radial velocity of flow with

respect to time. The symbols with superscripted dots represent the time derivatives of the

variables represented by the symbols.
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Where, F12 is the pressure force due to radial variation of the radial velocity and ’ao‘ is the total

area of the orifice at the instant x of damper stroke and xplv of pilot valve lift..
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Where, F13 is the pressure force due to impact of jets from the jet-holes on pilot valve.
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Where, F14 and, F15 are the pressure forces due to time derivative of the velocity through the jet

holes.

2 2
15 ( )rel h plv r plv o iF v a x v x r r       (12e)

In the above expressions vrel is the velocity of the pilot valve relative the velocity of the damper

piston, ro and ri are outer and the inner radii of the pilot valve. The above expressions have been
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derived by considering the jet holes at the inner radius. The final expression of the force on the

inner surface of the pilot valve is given as follows:

25242322212 FFFFFF  (13)

The pressure force due to the axial velocity of the pilot valve is given as:
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The pressure force due spatial and time derivatives of the axial velocity of the fluid is given as:
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The pressure force due spatial and time derivatives of the radial velocity of the fluid is given as:

23 231 232F F F  (13c)

Where the terms 231F and 232F are given by
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The pressure force due to the radial variation of kinetic energy due to radial velocity is given as:
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The pressure force due to body forces acting on the sub-domains of fluid domain Ω2 is given as

follows:

2 2
25 1 2( )( ( ) ( ) )r rel ro i xplv rF r r w v v x v w v           (13e)

The equation of motion of pilot valve can now be written as:
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(14)

In the equation above, ‘mpv’is the mass of pilot valve; the third term represents the spring force

due to lift of pilot valve and preload deflection and the last term represents the damping due to

the viscosity effects of the fluid used for the damper. The symbols ‘Cvdamp’ represents the

damping coefficient to account for viscosity effects in the equation. The initial and boundary

conditions for the model are given as follows:
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Initial conditions:

(damper stroke ) x=0 , (damper piston velocity) vr=0, (pilot valve lift)

xplv= 0.0001mm,

(Pilot valve velocity relative to the piston) vrel=0 at t=0.

In the initial conditions, it may be noted that some small value of pilot valve lift must be

prescribed for obtaining the finite values of pressure forces.

Boundary conditions:

For t>0

vr=0 at xplv=xpmax ( Maximum pilot vale lift)

when

xplv=0.0001 mm vrel=0

xplv=δ-0.0001 mm    vrel=0

The last two boundary conditions on the pilot valve lift indicate that the pilot valve comes to rest

as it reaches the mechanical limits of the maximum and minimum lift. The solution procedure is

based on Newmark-β Predictor method (Subbaraj and Dobainish (1989)) and has been described 

in details with stability criteria in Bhatnagar et al (2009)). The simulation for two loading cases

(Fig A.16) was experimentally validated and it was simulation results were found to be in good

agreement with the experimental measurements (see FigA.16& FigA.17).
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Fig A.16 Variation of load versus time for the load acting on the taper groove and pilot

valve compounded damper Bhatnagar et al (2009)).

Fig A.17 Variation of experimentally measured and predicted braking force with time for

loading case A and (b) case B Bhatnagar et al (2009)).
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The variation of total damping force for load case A for different density of fluid shows that the

taper groove and pilot valve type compounded damper gives the best performance for high

density fluid. At less than 1050 kg/m3 density the model gives fictitious oscillation but is able to

show that the peak damper force rapidly increases with the decrease in the density of the fluid

(see Fig A.18). This leads to the conclusion that the taper groove and pilot valve compounded

damper is suitable for high density damper fluids.
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Fig A.18 Variation of total damper force versus stroke for different densities of damper

fluid.

The parameter study for the effects of variation of sprung mass, damper fluid density, maximum

pilot valve lift will be presented in the following section which deals with the computational

fluid dynamics modeling of taper grooves and pilot valve compounded damper.

A.1.2.4 A (II) Computational fluid dynamics model
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The computational fluid dynamics modeling of the taper groove and pilot valve compounded

damper is achieved by stepwise division of entire computational domain into trivial and non

trivial sub-domain. This is necessary for achieving computational economy with reasobale

accuracy of the solution. The solution of entire computational domain including piston and

restoring spring is definitely most accurate but it is extremely computationally expensive and

may result in formidable debugging difficulties. In view of this the computational domain is

divided into trivial and non trivial domains in following steps (see also FigA.19):

(1) The pressure of the restoring spring can be computed in the manner similar to the

procedure given in section 1.2.2 A (II) for calculating the pressure outlet boundary

condition. The force acting of the piston as product of pressure of restoring spring at a

given time step and the damper piston area for using in Eq (2). Thus, the restoring spring

is treated as a lumped mass parameter sub-model.

(2) The taper grooves in this model are not modeled with the computational domain. The

effect of variation in depth is used to compute the orifice area and added to the orifice

area due to the lift of the pilot valve as obtained from the computational fluid dynamics

model for calculating the inlet velocity to the jet holes shown in Fig A.15 using Eq (8).

This simplification results in the neglecting of the effect of moving wall boundary

condition due to the change of the depth of grooves. Since this velocity component is

small as compared to the maximum velocity of the damper, which is in the range of 18-

19m/s for loading cases similar to case A or B, therefore this simplification will not

induce significant error in the solution.



217 | R M B h a t n a g a r , P h D T h e s i s

(3) The net effect of drag force and pressure force acting on the pilot valve is obtained by

integrating the pressure and wall shear stress acting on the surface area of the pilot valve

for each iteration of a given time step using the CFD solution and the lumped parameter

equation of motion is integrated to obtain the lift and velocity of pilot valve to obtain the

moving wall boundary condition for the pilot valve and the mesh displacement for the

adjacent meshes. The equation of motion pilot valve is similar to Eq(13) with a variation

that the first two terms on the left hand side and the four the term are replaced by the net

force as above the calculation of restoring of the spring of pilot valve is calculated using

pilot valve lift in the second term.

(4) The piston walls and stationary pilot valve walls have no slip stationary wall boundary

conditions.

(5) The computational domain showing the pilot valve and rear side of the piston (see figure

A.15) is given in Fig A.20. is the non trivial computational domain for which the finite

volume mesh is laid out (see Fig A.21).
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Fig A.19 Subdivision of computational domain for taper rod and pilot valve compounded

damper.

For the modeling of dampers the software package found to be most suitable for the

implementation was FLUENT Ver 12.x. This is because the user defined routine

programming is more straightforward in FLUENT. The modeling of dampers with valves

will require moving mesh finite volume method based on Ferziger and Peric (2002).

Fig A.20 Computational domain of taper groove and pilot valve compounded damper.

The subdivision of the computational domain is given in Fig 24 below:

Fig A.21 Finite volume mesh of the computational domain of taper valve and pilot valve

compounded damper.
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The pressure and velocity fields computed by the model at various instants of time are shown

in Fig A.22a and b respectively. The pressure filed plot shows that at low piston velocity

there are small pressure gradients in the region between the cylinder wall and pilot valve.

However as the piston speed reaches maximum velocity the pressure pike appears and during

this time duration there is formation and oscillation of vortex. As the pressure spike subsides

there is formation of larger vortex which oscillates with low velocities. The pressure

gradients in the pilot valve pocket do not change significantly.

Fig A.22a Pressure field plot of simulation of taper groove and pilot valve compounded

damper.
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Fig22b Velocity field plot of simulation of taper groove and pilot valve compounded

damper.
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The comparison of variation of damper force using computational fluid dynamics model and

experimentally measured damper for load case A is shown in Fig A.23.

Fig A.23 Comparison of damper force versus time variation predicted by k-ε turbulent 

flow CFD model with experimental results for load case A.

The comparison of CFD model with experimental measurements show that the CFD model

under predicts the damper force spike. The inviscid flow model over predicts the damper force

spike. This leads to the conclusion that the laminar flow model or inviscid CFD model may give

better results. Such investigations have been kept out of the purview of the survey in as much as

such investigations are beyond the scope of thesis work. Since the design of damper is required

to be safe and reliable therefore inviscid model can be considered to give an acceptably

conservative design. It also pertinent to mention that inviscid flow model is computationally
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inexpensive. Based on above conclusion the parametric study based on inviscid flow model is

presented below (Bhatnagar et al (2009))).

The performance characteristics of the damper have been studied for variation of peak

damper force with density of the damping fluid, sprung mass and maximum permissible pilot

valve lift. The peak braking force has been studied because the damper force remains fairly

constant in the rest of the damper stroke. The peak damper force has been non-dimensionalised

with reference to density of fluid, maximum permissible pilot valve lift and peak velocity of the

damper. The expression for non –dimensional damper force is given as:

2 2
max

b
bnd

plv r

F
F

x v
 (14)

The variation of peak braking force with density is shown in Fig. A.24.

Fig A.24 Variation of non-dimensionalised peak damper force at constant valve lift in mm with the

change in density
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The curves for the variation of peak braking force after non dimensionalisation show

similarity in form. The peak braking force in non-dimensionalised form is a measure of specific

rate of dissipation of momentum which is similar to specific impulse used to define the

performance in jet engines. The peak braking force increases with the decrease in the density of

the damping fluid because the specific rate of change of momentum of damping fluid at the

combined effective area of orifice of the damper is higher.

The peak braking force has been found to increase with the increase in sprung mass. This

observation is also in agreement with Brown (1947). The damper stroke and the peak velocity of

a damper decrease with the increase in the sprung mass if the kinetic energy imparted to the

damper by the dynamic load is kept constant. Since the damper is designed for maintaining

constant braking force therefore for same dissipation of kinetic energy the mean and peak

braking force should increase with the reduction in damper stroke due to increase in sprung

mass. The variation of braking force with the increase in the sprung mass is shown in Fig. A.24.

The peak braking force decreases with the increase in the maximum lift of pilot valve due

to increase in the orifice area and also because the braking force is inversely proportional to the

orifice area. The curves shown in Fig A.25 for sprung mass 2565 kg and 2765 kg are

approximately same.
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Fig A.24 Variation of non-dimensional peak braking force at constant valve lift in mm with

the change in sprung mass.
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Fig A.25 Variation of non dimensional peak braking force at constant sprung mass with the

change in pilot valve lift.
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A.2 Overview of Magnetorheological (MR) Dampers

The basic objective of this section is to present an overview and to derive the problem definition

of this work. The MR fluids/damper from this section onwards will now be referred to as MR

fluids/dampers. The findings led to explore the solution in terms of smart fluid based dampers.

Since the MR dampers operate at low power current source therefore they have started finding

application in areas such as vibration proof tables, mountain bike, seismic protection systems for

civil structures and automobiles. The development of MR dampers started in early nineties by

the manufacturers such as Lord Corporation and the early model series from the same

manufacturer was named as “Motion Master”. These dampers were used in truck seat suspension

and prosthetic legs. General Motors introduced these dampers for an exclusive model of Cadillac

in 2003. All of the above applications are low speed applications as maximum speed of the

damper piston is not more than 2 m/s. However there is a recent interest in exploring the

possibility of using MR dampers for high speed applications such as aircraft landing gears and

artillery dampers.

A.2.1 Magnetorheological fluids

MR fluids are the slurry of hydrocarbon oils or silicone oils and micron size ferrite particles. The

ferrite particles are coated with anticoagulant for preventing them to for lumps due to

coagulation. When un-activated by the magnetic field they behave like an ordinary Newtonian

fluid. However, when a magnetic field applied in the direction of perpendicular to the flow the

ferrite particles align along the magnetic field to form columnar structures which offer resistance

to the parent fluid as it flows over them. The shear stress developed due to the flow of parent

fluid over them results in the breaking and reformation of ferrite particles chains. This results in
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an increase in apparent viscosity of fluids. The magnetic fluids can be divided into following

three types:

(1) Magnetorheological fluid.

(2) Ferro fluids.

(3) Bi –disperse fluids.

Out of the above magnetic fluids the behaviour of magneto-rheological fluids has be already

described above. The Ferro-fluids are the suspensions of nano-ferrite particles in hydrocarbon

oil. These fluids exhibit increase in viscosity under steady magnetic field in the manner similar to

MR fluids, with the difference that the increase in apparent viscosity is limited to twice the

viscosity of parent fluids. In case of MR fluids the increase in viscosity is 5-7 times that of parent

fluid. The ferro-fluids have many other interesting properties such as they show a reduction in

apparent viscosity as compared to the parent fluid when subjected to oscillatory magnetic field.

The bi-disperse fluids are the mixture of MR and Ferro fluids and they have faster

response to magnetic field as compared to MR fluids and they have a longer sedimentation time

for ferrite particles as compared to MR fluids. The behavior of all of the above types of fluids

under the influence of steady magnetic field is same. The formation of columnar structures of

ferrite particles in magnetic fluids is as shown in Fig A.26.
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Fig A.26 Behavior of ferrite particles under the influence of magnetic field as the MR fluid

flows between the two parallel plates.

The MR fluids can be used in three modes of flow. In the valve mode the fluid flow is like a

Poisueille flow. In this mode the resistance of the fluid flow can be varied as the fluid flows

between two stationary plates or an annular gap. This is called as the valve mode (see Fig 32).

In the shear mode one of the plate or cylinder is moving in the direction opposite to the flow. The

MR fluid can be stationary or moving with some value of velocity. In latter case it is more

appropriately called as the mixed mode operation of MR device (ref Fig A.27).
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Fig A.27 Shear mode operation of MR device.

In the rotatry devices such as clutches and brakes pure shear mode type operation of MR fluid

takes place. the In the squeeze mode operation of the MR device one of the parallel plate moves

perpendicular to the direction of flow as shown in Fig A.27.

Fig A.28 Squeeze mode operation of MR device.
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A.2.3 MR Devices

The MR fluids can be used in various applications such as dampers, clutches, seals, bearing etc.

In this work the application of MR devices shall be confined to the dampers as it is the theme of

this investigation. Out of the application of above three modes the dampers use valve mode or

shear mode operations. The simplest design of MR damper has a piston which has magnetic coils

provided with suitable wiring arrangement for energisation. The damper is usually provided with

an integral or separate gas type restoring spring. If the damper has an integral restoring spring

then it is called as twin tube damper. On the other hand if the restoring gas spring is separate then

the MR dampers are usually mono-tube type construction (See Fig A.29(Dixon (1999), (2001),

Boelter et al (1997), Gregory et al (2007), Liao et al (2007), Poynor (2001)). In this design the Mr fluid

flows between the cylindrical surface of the piston and the wall of the cylinder

Fig A.29 Schematic of a mono-tube damper

Thus, it is a flow and shear mode type damper or mixed mode type damper. In valve mode type

dampers the MR fluids either flows through a hole in the piston which is surrounded by the coils
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or the piston forces the fluids through an annular gap which is surrounded by the coil as shown in

Fig A.30,A.31 (Dixon (1999), Kawashima et al (2001), Boelter et al (1997), Gregory et al (2007), Liao

et al (2007), Poynor (2001))..

Fig A.30 Schematic of a mono-tube valve mode type damper with flow passage

embedded in the piston.

Fig A.31 Schematic of a mono-tube valve mode type damper with bypass type flow

passage.
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The principle of valve mode type damper can also be used for valve application as described in

Ai (2006). For enhancing the effectiveness of the valve the coils can be designed to be positioned

in the annular gap so that the flow of MR fluid under the influence of magnetic field can be

radial and annular. This design results in an increase in the fluid volume affected by the magnetic

field. The MR fluids based valve can be modified into a more compact form and used to control

the valve lift of the valve type damper described in the survey of conventional hydraulic type

dampers to control the damper force spike. The schematic of such a design which has be also

referred to in Poynor (2001) is shown in Fig A.32.

Fig A.32 Schematic of a MR damper or valve controlled conventional valve type

damper Poynor (2001).

A brief survey of the all the dampers designs based on study of literature such as (Dixon (1999),

Boelter et al, (1997), Gregory et al (2007), Liao et al (2007), Poynor (2001)) shows that the MR
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dampers have so far been subjected to speed in the range [0-2m/s]. However towards the later

part of the decade 2000 the work on MR dampers subjected to impact loading has started

appearing (Wang and Li (2006), Lee and Wereley (1999), Norrsi and Ahmedian (2003), Facey et al

(2005)). The study of these findings on the MR dampers subjected to speeds in the range of 5-7

m/s show the presence of damping force spike (Wang et al (2006)). There are very few

publications describing the performance of the damper behavior at speeds above 8m/s second.

This can be possibly because a large number of real life applications which require dampers to

operate in the speed upto 2m/s. The applications of dampers for aircraft landing gears operate

at heavy loads and in the speed range of 5-7m/s. The other reason for use of MR dampers for

low speed application is due to the need for development of a satisfactory and stable fluid

dynamic model. So far the behavior of the MR dampers have been described by the fluid

dynamics model based on Herschel Bulkley model of Bingham plastic type non-Newtonian

fluids (Kamath et al (1996)). Due to the formation and breakage of the chain ferrite particles in

the MR fluids subjected to the magnetic field, MR fluids behave like Bingham fluids(nature of

flow is similar to toothpaste). A generalized plot showing the variation of shear stress with the

shear rate is shown in Fig A.33. The fig A.33 shows that the Bingham plastic remains

stationary until the shear stress corresponding to the shear stress in the fluid is less than the

initial shear stress. If the shear stress corresponding to the pressure gradient across the fluid

channel exceed the initial shear stress then the fluids flow in such a way that the increase in

shear stress is linearly proportional to the shear rate.
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Fig A.33 Herschel Bulkley model for Bingham plastics.

The model has been used in [26-27] to calculate the pressure gradient across the fluid

channel of MR damper to get the value of damper force. The second category of MR damper

models describe the damper force versus stroke variation by an experiment based

phenomenological model Wereley et al (1999), Butz and Von Stryk (2002), Mohammad et al (

2007) and Wang and Liao (2011). In this model the transient response fluid dependent upon

the transient response of the electromagnetic coil and the constant force versus stroke behavior

is described by limit cycle curve obtained as a solution to differential equation for hysteretic

systems. The constants of the solutions are determined by experimental methods.
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A.3 Conclusion

Based on the survey of the dampers following conclusions are drawn:

(1) The taper grooves dampers can be used for applications at all speeds. The damper fluid to

be used for taper grooves type dampers, gives the best performance if the density is kept

around 800kg/m3.

(2) For speeds in the range of 3- 6m/s shim vale type damper and valve type dampers are

suitable. These designs generally give pressure spike at the instance the valve starts

opening. The valve type dampers can also be used for high speed applications like

artillery guns.

(3) For high speed and heavy loads the taper groove and pilot valve compounded dampers

are suitable. Just as in case of a shim vale type damper there is a bleeding hole, in the

same way the compounded type dampers are provided with taper grooves as variable

orifice. The compounded type dampers give best performance in terms for lowest vale of

spike, minimum mean damper force and minimum stroke if the density of the damper

fluid is in around 1090kg/m3.

(4) The survey also shows that the inviscid flow model gives the upper limit of the damper

force spike and the CFD simulation based k-ε turbulent flow model gives the lower limit 

of the pressure spike. The selection of suitable flow model for CFD simulation can be

further investigated. However, the survey also brings out the fact that the inviscid flow

models are computationally inexpensive and give a conservative design.
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(5) The pressure spike in the damper can be minimized based on the appropriate choice of

the damper depending upon the application; however the spike cannot be eliminated by

tuning the system parameters. This is because the control of orifice in a damper is an

open loop system. In case of valve type dampers it is quite possible to design a feedback

control system to control the lift of the valve. The development of such a system had so

far been constrained by the overall response time of the systems which include the

electromagnetic coil and the dynamics of the spring mass damping system associated

with valve itself. As such elimination of pressure spike continues to be a challenge in the

field of the design of hydraulic dampers.

(6) Over and above this, applications which operate in wide range of speed require that the

damping force should correspond to high damping ratio at low frequencies and low

damping force at high frequencies. Since the hydraulic dampers are controlled by open

loop control laws (in the form of taper rod, shim valve, compounded vale etc.) therefore

they cannot meet such mutually conflicting requirements. Hence there is a need to evolve

the design of dampers which can meet such requirements.

(7) It is pertinent to reiterate that the requirement in point (6) can only be met in the best way

if the spike minimized to a value as close to the constant damping force, otherwise the

system will be subjected to secondary vibrations. The dampers of the car suspension have

damping ratio corresponding to under damped system, whereas an artillery system has a

damper which provides over damping.
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Velocity
in m/s

Displacement
in m

Experimetally
measured force

in N

force due to
Duhamel

superposition
model in N

0 -0.01369 -164.1225586 -170.6874609

0.005269 -0.01333 5.09829092 5.302222557

0.01391 -0.01207 29.91553116 31.1121524

0.020963 -0.00996 52.62701035 54.73209076

0.027146 -0.00713 71.81760406 74.69030823

0.0314 -0.00377 173.2462921 180.1761438

0.033348 -0.00011 331.7265625 344.995625

0.033624 0.003637 425.516571 442.5372339

0.032036 0.007266 419.7636719 436.5542188

0.029369 0.010636 414.0394592 430.6010376

0.02494 0.013577 386.1195679 401.5643506

0.018577 0.015862 356.4514465 345.7579031

0.011447 0.017383 321.3700256 311.7289249

0.00433 0.0181 257.2425842 249.5253067

-0.00261 0.018053 -253.1562805 -245.5615921

-0.01085 0.017133 -548.4633179 -532.0094183

-0.01887 0.015299 -563.713562 -546.8021552

-0.02535 0.012676 -602.2567139 -584.1890125

-0.02974 0.009516 -625.2366943 -606.4795935

-0.03288 0.005968 -645.3695068 -626.0084216

-0.03435 0.002195 -651.3868408 -631.8452356

-0.03341 -0.00156 -651.4395142 -631.8963287

-0.03034 -0.00505 -644.0988159 -624.7758514

-0.02642 -0.00811 -631.3317871 -612.3918335

-0.02095 -0.01063 -604.987915 -586.8382776

-0.01423 -0.01243 -568.2130127 -551.1666223

-0.00709 -0.01344 -515.1734009 -499.7181989

-0.00011 -0.01368 -233.9036255 -226.8865167

0.007341 -0.01311 363.706543 352.7953467

0.015444 -0.01165 375.4630737 364.1991815

0.022567 -0.00935 428.9964905 416.1265958

0.028189 -0.0064 450.3093872 436.8001056

0.03212 -0.00294 463.3418274 449.4415726

0.033692 0.000786 467.6229553 453.5942667

0.033443 0.004531 469.6450195 455.5556689

0.031496 0.008107 464.0280762 450.1072339

Table A.1 for Fig 4.6 and 4.7
APPENDIX-II
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Velocity in
m/s

Displacement in m
Experimetally

measured force
in N

force due to
Duhamel

superposition
model in N

0.028456 0.011382872 447.4996338 434.0746448

0.023447 0.014177024 419.5187683 406.9332053

0.016879 0.016288172 384.9803772 373.4309659

0.009714 0.017612617 338.5162659 328.3607779

0.002681 0.018151337 237.5289307 230.4030627

-0.00439 0.017917218 -368.3213806 -357.2717392

-0.0128 0.016785773 -557.2355347 -540.5184686

-0.02071 0.014749534 -589.59021 -571.9025037

-0.02653 0.011971569 -623.4527588 -604.749176

-0.03056 0.008702214 -645.2404175 -625.883205

-0.03344 0.005078713 -660.4921265 -640.6773627

-0.03416 0.001301507 -664.8288574 -644.8839917

-0.03302 -0.002414664 -662.6759033 -642.7956262

-0.02954 -0.005815799 -653.0280762 -633.4372339

-0.02514 -0.008760951 -637.7532349 -618.6206378

-0.01966 -0.011126544 -611.0457153 -592.7143439

-0.01254 -0.012742948 -566.260498 -549.2726831

-0.00532 -0.013577851 -497.9233398 -482.9856396

0.001556 -0.013627957 -61.87593842 -60.01966026

0.009342 -0.012858869 385.9193726 374.3417914

0.017529 -0.011168205 389.9460754 378.2476932

0.023929 -0.008706665 439.8912048 426.6944687

0.029337 -0.00560133 459.0175781 445.2470508

0.032457 -0.002086108 471.0367126 456.9056113

0.033823 0.001657322 477.1019897 462.7889301

0.032938 0.005369441 478.5027771 464.1476938

0.031024 0.008893976 468.4570618 454.4033499

0.02749 0.012085949 450.6754456 437.1551822

0.022026 0.014737736 419.8209839 407.2263544

0.015333 0.016679021 377.2737122 365.9555008

0.007901 0.017810132 323.0715637 313.3794168

0.001199 0.018162267 147.5253906 143.0996289
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Table A.2 for Fig 4.8 and 4.9

Velocity in
m/s

Displacement in m
Experimentally

measured force in N

Damper force due to
Duhamel superposition

model in N

0 -0.006629077 79.64711761 0

0.043243 -0.002004 97.1207962 663.9127798

0.045485 0.003032937 102.2569199 389.1992454

0.042412 0.00787801 92.73053741 446.7055708

0.036819 0.01218887 503.0501404 504.7521988

0.026391 0.015496922 859.5554199 936.0080228

0.01371 0.017447487 731.742981 753.3533823

0.001313 0.017997487 350.1419067 771.6819287

-0.01166 0.017157892 -536.7483521 -696.4409437

-0.02647 0.014699568 -1230.061157 -1294.134794

-0.0365 0.010947299 -1219.578979 -1297.46241

-0.04398 0.006270586 -1300.869141 -1299.879769

-0.04537 0.001250402 -1300.807251 -1300.326488

-0.04286 -0.003630775 -1292.863892 -1299.522201

-0.036 -0.007870092 -1255.161011 -1297.300228

-0.02629 -0.011148608 -1173.266846 -1085.000078

-0.01375 -0.01309662 -1050.918213 -1091.512666

-0.00143 -0.01365048 -650.4717407 -692.6987627

0.011338 -0.012845876 487.087677 487.1773327

0.025665 -0.010442896 980.4146729 1016.305585

0.036294 -0.006732928 1023.997375 1017.436039

0.04338 -0.002119952 1082.36377 1018.149869

0.045563 0.002918341 1084.110718 1018.365438

0.042544 0.007767482 1067.208618 1018.06683
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Velocity in
m/s

Displacement in m
Experimentally

measured force in N

Damper force due to
Duhamel superposition

model in N

0.0425445 0.007767482 1067.208618 1018.06683

0.0370088 0.012093444 1012.721313 1017.509197

0.026656 0.015426799 921.0614014 1016.41534

0.0141503 0.017412962 809.9043579 792.9275161

0.001673 0.01799882 409.4971619 546.5938337

-0.011266 0.017200124 -505.2940979 -618.8175045

-0.026023 0.014787403 -1254.125488 -1293.984231

-0.036335 0.01105096 -1261.341309 -1297.408315

-0.043811 0.006404459 -1340.738525 -1299.826823

-0.045603 0.001366489 -1337.209473 -1300.400892

-0.042953 -0.003527751 -1317.091187 -1299.551022

-0.036042 -0.007776403 -1268.534424 -1297.312697

-0.026526 -0.011068329 -1188.412354 -1085.067768

-0.014009 -0.013055049 -1065.908569 -1091.596743

-0.001741 -0.013649226 -696.3122559 -692.8530963
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Table A.3 for Fig 4.10 and 4.11

Velocity in
m/s

Displacement
in m

Experimentally
measured force in

N

Model force due to
with Duhamel

superposition in N

0 0.017158402 -194.4437103 0

-0.00476 0.016639808 -196.568161 -166.370692

-0.00583 0.016027823 -199.4237213 -204.2755244

-0.00655 0.015322166 -208.4920959 -242.1745137

-0.00715 0.014540406 -762.9533081 -280.0802741

-0.00796 0.01367825 -1104.695435 -1068.753276

-0.00858 0.01273196 -1108.177856 -1107.643961

-0.00912 0.011727012 -1160.522339 -1146.636139

-0.00976 0.010659242 -1148.48938 -1053.972327

-0.01015 0.009535287 -1170.602051 -1092.743019

-0.01046 0.00836309 -1164.600586 -1131.608661

-0.01102 0.007157171 -1176.805664 -1170.693932

-0.01127 0.005909595 -1175.92688 -1077.661989

-0.01137 0.004644446 -1178.407593 -1116.416668

-0.0115 0.003360698 -1178.935181 -1155.299336

-0.01156 0.00207345 -1179.828979 -1194.294124

-0.01137 0.000794845 -1185.426025 -1100.914132

-0.01135 -0.000482088 -1188.901367 -1139.697086

-0.01115 -0.001734194 -1189.714111 -1178.536463

-0.01097 -0.002961912 -1188.455566 -1085.294297

-0.01062 -0.004158724 -1180.026978 -1123.905301

-0.01013 -0.005301961 -1174.975708 -1162.573787

-0.00985 -0.006398918 -1171.450439 -1069.444806

-0.00918 -0.007444349 -1164.694458 -1107.873678

-0.00875 -0.008431775 -1158.425659 -1146.489354

-0.00814 -0.009364164 -1149.465698 -1185.144612

-0.00744 -0.010211149 -1140.330566 -1177.956842

-0.00677 -0.010997752 -1129.043823 -1139.81838

-0.00595 -0.011683739 -1118.165039 -1101.620501

-0.00517 -0.012290329 -1107.203735 -1063.44731

-0.00435 -0.012800515 -1099.654785 -1025.250524
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Velocity in
m/s

Displacement in
m

Experimentally
measured force in N

Model force due to
with Duhamel

superposition in N

-0.00595 -0.011683739 -1118.165039 -1101.620501

-0.00517 -0.012290329 -1107.203735 -1063.44731

-0.00435 -0.012800515 -1099.654785 -1025.250524

-0.00336 -0.013219448 -1081.913452 -1115.434579

-0.00254 -0.013526328 -1060.7771 -1077.15649

-0.00175 -0.013751229 -1028.150024 -1038.858527

-0.00093 -0.01388411 -974.7607422 -1000.480441

3.07E-05 -0.013910036 -704.194397 -1052.122376

0.001026 -0.013824832 -72.0686264 -172.2071906

0.00187 -0.013647825 123.9560928 254.0551117

0.00273 -0.013374221 331.1929626 278.3427838

0.003825 -0.012985656 285.0030212 302.6619655

0.004561 -0.012495923 433.5426331 683.5611598

0.005377 -0.011929561 671.7174072 708.4346475

0.006059 -0.011264661 882.8078003 733.3597798

0.00703 -0.010521705 870.6826782 758.4199171

0.007728 -0.009677073 889.3515625 783.5259123

0.008429 -0.008761198 899.7466431 808.735268

0.009017 -0.007776952 912.0770264 834.0387428

0.009578 -0.006727129 915.3312378 859.4607793

0.010002 -0.005625582 914.8013306 884.993949

0.010501 -0.00446404 919.2504883 910.6856232

0.010908 -0.003268171 925.4579468 936.5194051

0.011103 -0.002036816 931.6987915 962.4862556

0.011237 -0.000789516 933.9373779 988.6253008

0.011538 0.00048166 937.0224609 926.3009434

0.011434 0.001762868 935.7693481 952.1495508

0.011419 0.003036076 938.4251099 978.1888942

0.011338 0.004308003 942.3510132 915.9673682

0.01121 0.005558648 941.1767578 941.7443365

0.010961 0.006791872 937.2044678 967.6690107
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Velocity in
m/s

Displacement in m
Experimentally

measured force in
N

Model force due to
with Duhamel

superposition in N

0.010792 0.008001186 926.3847046 993.7899031

0.010469 0.009174482 919.2169189 976.6388965

0.010052 0.010307143 913.274231 952.3162147

0.009573 0.011390786 904.609375 927.9851302

0.009072 0.01241454 895.7136841 903.6528194

0.008309 0.013366882 883.5418701 879.2754103

0.007542 0.01423747 873.7749634 854.8992296

0.006993 0.01504081 861.4448853 830.565798

0.006319 0.015763031 849.1486816 806.2110034

0.005468 0.01640722 834.7681274 781.8232175

0.00465 0.016957229 822.6129761 757.4412962

0.003877 0.01741823 802.2116089 733.0677613

0.003036 0.017772697 772.8515625 708.6770446

0.001978 0.018034883 718.7365112 684.2292744

0.001336 0.018200601 559.9385986 659.8743126

0.000218 0.0182603 192.5799866 635.3801171

-0.00052 0.018225431 -125.7751389 -128.2198745

-0.00159 0.018087741 -269.1176453 -166.0785975

-0.00253 0.017836031 -252.8595428 -203.949579

-0.00335 0.017485093 -251.1887207 -241.8308515

-0.00444 0.017038481 -443.7146606 -279.7684598

-0.00509 0.016498277 -1149.348633 -1067.558699

-0.00604 0.015858021 -1100.585449 -1106.605396

-0.00667 0.015128274 -1151.299194 -1145.625201

-0.00735 0.014323979 -1161.834106 -1053.090024

-0.00813 0.013441763 -1177.385498 -1091.996207

-0.00879 0.012484252 -1191.432007 -1130.979208

-0.00924 0.011467217 -1209.832642 -1170.014933

-0.01004 0.010376654 -1210.057617 -1077.238487

-0.01032 0.009235402 -1202.097168 -1116.042605
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Velocity in
m/s

Displacement in
m

Experimentally
measured force in

N

Model force due
to with Duhamel
superposition in N

-0.01071 0.008053659 -1204.286133 -1155.009097

-0.01104 0.00684148 -1212.533569 -1194.096822

-0.01129 0.005594432 -1217.337402 -1100.885886

-0.01154 0.004327181 -1221.203491 -1139.765103

-0.01163 0.003037592 -1220.62207 -1178.71474

-0.01156 0.001755384 -1222.648438 -1085.494769

-0.01169 0.000464114 -1225.833618 -1124.284986

-0.01135 -0.000804822 -1223.76001 -1163.029379

-0.01124 -0.002056042 -1217.873291 -1069.924087

-0.01088 -0.003268669 -1207.713379 -1108.489923

-0.01045 -0.004446536 -1201.54187 -1147.139336

-0.01018 -0.005577167 -1194.45459 -1185.966718

-0.0096 -0.006656247 -1187.170532 -1178.844211

-0.00928 -0.007696205 -1178.494385 -1140.838955

-0.00869 -0.008674767 -1165.819702 -1102.74321

-0.00803 -0.009582917 -1152.908813 -1064.626374

-0.00731 -0.010422028 -1140.317993 -1026.495509

-0.00645 -0.011171068 -1125.487061 -1116.975716

-0.00594 -0.011840417 -1115.52478 -1078.920554

-0.00499 -0.012416802 -1103.374634 -1040.674311

-0.00427 -0.012912468 -1086.255127 -1002.529382

-0.0033 -0.013307087 -1065.531494 -1067.038477

-0.00242 -0.0136004 -1041.309814 -1028.735341

-0.00151 -0.013798806 -1009.770691 -990.3656219

-0.00071 -0.013905249 -931.1515503 -952.0013874

0.00039 -0.013895786 -507.5906067 -643.2155124
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Table A.4 for Fig 4.13 and 4.14

Velocity in
m/s

Displacement in m
Experimentally

measured force in N

Model force due to
Duhamel

superposition in N

0 -0.003310351 -250.5461731 0

-0.01965 -0.005572338 -254.1684265 -280.9403246

-0.01792 -0.007637172 -256.0968628 -314.8990797

-0.01584 -0.00947144 -254.1969757 -348.7671957

-0.01316 -0.01102316 -254.8069611 -382.4832616

-0.01005 -0.012249485 -350.3986206 -416.0517151

-0.00694 -0.013131941 -460.861969 -499.2317867

-0.00349 -0.013636876 -495.2926025 -464.2376245

-0.00027 -0.013778604 -303.303009 -428.8470266

0.003207 -0.013548139 230.6412659 313.3049524

0.006628 -0.012936401 372.8485107 338.5188424

0.010377 -0.011906195 391.8568115 363.8149704

0.013646 -0.010506022 413.2306824 389.1731884

0.016331 -0.008789423 422.3583069 414.6197223

0.018618 -0.006799195 428.7138672 392.1246152

0.020616 -0.004574447 431.7062683 417.5383274

0.022142 -0.0021554 429.5416565 443.0774327

0.02257 0.000334857 425.7673645 468.7030933

0.022689 0.002848194 425.8077087 469.1734832

0.02228 0.005329089 426.6517029 469.133177

0.021372 0.007729223 425.2041321 469.043228

0.02012 0.010007983 423.6563721 468.9180927

0.018484 0.012113131 414.0014648 471.4661258

0.015965 0.013968093 397.6633301 446.5460445

0.013131 0.015522923 377.0718384 374.7936762

0.009969 0.016727785 355.5700989 349.8776196

0.006899 0.017587382 332.7150574 324.9755789

0.003694 0.018095883 295.5377502 300.0392854

0.000416 0.018240904 127.3865814 274.9708891

-0.003 0.018014751 -405.4958801 -418.6566757

-0.00682 0.017370442 -516.510498 -453.9666567
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Velocity in
m/s

Displacement in
m

Experimentally
measured force in N

Model force due
to Duhamel

superposition in
N

-0.003 0.018014751 -405.4958801 -418.6566757

-0.00682 0.017370442 -516.510498 -453.9666567

-0.01035 0.016329322 -545.3163452 -489.2797741

-0.01358 0.014917546 -566.5169067 -524.713458

-0.01644 0.013168219 -586.0153198 -560.2889864

-0.01871 0.011153206 -605.4094849 -542.7917557

-0.02054 0.00892395 -619.3908081 -578.2494401

-0.02178 0.006540729 -625.4989624 -613.7985196

-0.02269 0.004039854 -628.1972656 -649.531136

-0.02279 0.001503662 -630.3266602 -685.3150248

-0.02239 -0.001013747 -633.6859131 -650.070469

-0.0214 -0.003424047 -633.7078247 -649.7530886

-0.01961 -0.00567646 -630.5980225 -649.17509

-0.01782 -0.007725582 -625.8583984 -648.5907043

-0.01562 -0.009544274 -614.9550781 -647.8663654

-0.01296 -0.011078706 -598.6951904 -646.9753586

-0.00994 -0.012288715 -577.9613647 -547.6796724

-0.00684 -0.013154178 -550.380249 -512.7764251

-0.0034 -0.013644215 -511.4543762 -477.75217

-0.00019 -0.013775311 -327.948822 -442.2842227

0.003276 -0.013530857 234.1187134 313.3138748

0.006947 -0.012897764 369.1399536 338.5509459

0.010529 -0.011842711 390.5693054 363.8289916

0.01378 -0.010427651 415.3550415 389.1853419

0.016473 -0.008693076 428.7046814 414.6329069

0.018679 -0.006694489 436.8439636 392.129747

0.020646 -0.004462107 441.9160767 417.5409601

0.022072 -0.002051221 442.6753845 443.070885

0.022679 0.000442831 440.9316406 468.7137939

0.02274 0.002966437 440.8877869 469.1734832
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Velocity
in m/s

Displacement in
m

Experimentally
measured force in

N

Model force due
to Duhamel

superposition in
N

0.022089 0.005445623 442.1492004 469.133177

0.021283 0.007835508 442.8896484 469.043228

0.0201 0.010112929 435.7674866 468.9180927

0.018264 0.012207191 421.4771729 424.5705466

0.015857 0.014040545 403.1083374 399.6869355

0.013008 0.015580885 383.0870972 374.7827696

0.009844 0.016776236 362.4646912 349.8663272

0.006782 0.01761961 339.387146 324.9642258

0.003556 0.01811826 299.4841003 300.0229961

0.000253 0.018244911 119.9337845 274.93673

-0.00325 0.017996108 -413.5569763 -451.1818199

-0.0071 0.017328719 -518.8592529 -486.6643415

-0.01056 0.016263075 -549.6282959 -522.1420567

-0.01374 0.014829753 -572.1288452 -557.7680054

-0.01646 0.013072317 -594.9464111 -593.5335094

-0.01886 0.01105262 -614.5176392 -542.832026

-0.02058 0.008822979 -623.5392456 -578.2613291

-0.02193 0.006428057 -628.5577393 -613.8428757

-0.02265 0.00392423 -633.0916748 -649.5160086

-0.02288 0.001367167 -636.6022339 -685.3444228

-0.02236 -0.001141228 -636.5722046 -650.070469

-0.02128 -0.003542671 -635.1405029 -649.7530886

-0.01966 -0.005783243 -631.6390381 -649.17509

-0.01762 -0.007814751 -626.4315186 -648.5907043

-0.01554 -0.009620314 -615.6993408 -647.8663654

-0.01288 -0.011141058 -598.7266235 -646.9753586

-0.00983 -0.012338058 -578.0453491 -547.6466692

-0.0067 -0.013191092 -554.4240723 -512.7335303

-0.00329 -0.013667514 -511.3687134 -477.7109834

0.000119 -0.013775952 -288.0732117 -265.5745713
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Velocity in
m/s

Displacement in
m

Experimentally
measured force in N

Model force due
to Duhamel

superposition in
N

0.003414 -0.013513496 250.0748596 389.1853524

0.007297 -0.012844801 361.87146 414.6367642

0.010729 -0.011775993 385.0799866 440.2253326

0.01378 -0.010347905 410.320282 465.9583509

0.016515 -0.008601774 423.0389404 443.0722947

0.018909 -0.006589928 435.329071 469.1734832

0.020772 -0.004351016 441.9724121 443.0722947

0.022087 -0.001930716 443.7956238 469.1734832

0.022837 0.000568724 443.252594 469.1734832

0.022746 0.003094223 444.0126038 469.133177

0.021987 0.005567878 448.724884 469.043228

0.021282 0.0079584 446.562561 468.9180927

0.019986 0.010216171 434.0139771 496.2984988

0.018118 0.012294441 421.0714722 424.5569141

0.015791 0.014122627 404.3694763 399.6809601

0.012949 0.015652604 383.8356323 374.7774759

0.009741 0.01682926 363.6542358 349.8569692

0.006561 0.017660059 339.2228088 324.9427763

0.003397 0.018136764 299.2769775 300.0039374

0.000127 0.018248212 89.59132385 274.9089557

-0.00358 0.017969934 -429.2356567 -451.2956121

-0.00716 0.017280223 -521.454834 -486.6820108

-0.01064 0.016205616 -552.2199707 -522.1650931

-0.01378 0.01475274 -577.0558472 -557.7823271

-0.01654 0.012988737 -598.9830322 -593.5573378

-0.01891 0.010954173 -613.7316895 -542.8476861

-0.0208 0.008702481 -621.5969849 -578.3248834

-0.02198 0.006293984 -628.4096069 -613.8595585

-0.02263 0.003789441 -632.4646606 -649.510714

-0.02279 0.001247909 -634.6575928 -685.313881

-0.02226 -0.001257496 -635.4281616 -650.070469
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Table A.5 for Fig 4.15 and 4.16

Velocity in
m/s

Displacement in
m

Experimentally
measured force in N

Damper force due to
Duhamel

superposition model
in N

0 -0.0043746 0 0

0.021934 -0.00195797 983.6624756 944.3159766

0.022819 0.000545149 987.489624 947.9900391

0.022639 0.003064725 979.4627686 940.2842578

0.022066 0.005536465 974.5167236 935.5360547

0.021171 0.007924858 964.1929932 925.6252734

0.01994 0.01018684 942.3361206 904.6426758

0.018008 0.012257541 917.1647949 880.4782031

0.015601 0.01407195 882.2235107 882.2235107

0.012712 0.015585911 847.9944458 847.9944458

0.00958 0.016751066 804.5449829 804.5449829

0.006376 0.017566206 752.6019897 710.8459473

0.003317 0.018034859 675.2150879 643.0713459

-1.6E-05 0.018142361 242.834137 133.4737072

-0.0037 0.017847596 -263.0570679 -244.5589594

-0.00713 0.017159309 -383.0418701 -327.7004307

-0.01089 0.016066981 -1106.887695 -1106.887695

-0.01407 0.014599923 -1070.899048 -1070.899048

-0.01683 0.01281293 -1140.207153 -1140.207153

-0.01895 0.010770921 -1164.010132 -1164.010132

-0.0206 0.00852876 -1196.755859 -1196.755859

-0.02195 0.006118106 -1221.386475 -1221.386475

-0.02276 0.003599937 -1230.238037 -1230.238037

-0.02294 0.001054682 -1229.142944 -1164.42232

-0.02214 -0.00144653 -1219.577759 -1164.14947
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Velocity in
m/s

Displacement in
m

Experimentally
measured force in N

Damper force due
to Duhamel

superposition
model in N

-0.01251 -0.0113567 -1085.461304 -1085.461304

-0.00961 -0.01252267 -1042.838623 -1042.838623

-0.00631 -0.013338011 -997.4239502 -997.4239502

-0.00296 -0.013790265 -925.6080322 -971.2070434

0.000353 -0.013881848 -558.2980957 -526.9000316

0.003762 -0.013582715 283.7832642 199.1434514

0.007606 -0.012878436 342.7577515 266.6460778

0.010924 -0.011782438 838.5613403 838.5613403

0.014184 -0.010324937 847.3214722 847.3214722

0.016786 -0.008551358 903.8077393 943.9391814

0.019125 -0.006521101 938.7865601 944.2206723

0.021022 -0.004262883 964.9400635 944.4406989

0.022269 -0.001839329 972.5430298 944.5821412

0.022903 0.000666296 974.8847656 944.6531977

0.022672 0.003186681 975.4602051 944.6273517

0.022099 0.005658127 971.1404419 944.5629728

0.021301 0.008041845 961.8928223 944.4726395

0.019855 0.010286132 938.7717896 944.3061584

0.018064 0.012345273 913.3657227 944.094444

0.015542 0.014148218 879.3493042 943.7840196

0.012841 0.015651425 840.0698853 943.4298866

0.00958 0.01680797 797.8287354 942.9583421

0.006266 0.017600358 751.6296387 942.3982944

0.003106 0.018049702 668.5351563 941.721184

-0.00013 0.018134549 181.1732025 1153.540542
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Table A.6 for Fig 4.17 and 4.18

Velocity in
m/s

Displacement in
m

Experimentally
measured damper

Force in N

Force predicted by
Duhamel

superposition
model in N

0 0.002794296 17.95718765 0

0.007682 0.014124746 777.6766968 874.1484188

0.007142 0.014941829 771.7510376 873.8387422

0.006496 0.01569012 767.3946533 873.4674189

0.005788 0.016359128 757.9074707 873.0594445

0.005163 0.016957687 745.2353516 872.6986907

0.004358 0.01747648 726.8430176 785.4288216

0.003456 0.017890697 698.6914673 706.8859395

0.001714 0.018149229 600.8239136 636.1973455

0.000439 0.018248122 287.811615 572.577611

-0.00047 0.018222803 -80.5763092 -197.6213328

-0.00156 0.018089736 -229.86586 -265.770882

-0.00264 0.017849896 -169.2612457 -132.9454385

-0.00344 0.017496573 -267.6330261 -300.0222365

-0.00419 0.017056862 -463.5889893 -467.0588108

-0.005 0.016536873 -977.8692017 -1031.766871

-0.0059 0.0159014 -927.2484131 -1032.84352

-0.00678 0.015182982 -965.1329346 -1033.893391

-0.00747 0.014379201 -966.7216797 -1034.7143

-0.00821 0.013490544 -971.9904785 -1035.527055

-0.00873 0.012548186 -974.4886475 -1036.209975

-0.00937 0.011525704 -980.4298096 -1036.96207

-0.00996 0.010452542 -990.5818481 -1037.651677

-0.0103 0.009319791 -1000.976746 -1038.051092

-0.01074 0.008141641 -1007.447571 -1038.569004

-0.01111 0.006921581 -1013.966858 -1039.002124

-0.01134 0.005675129 -1018.100769 -1039.280333

-0.01156 0.004399689 -1020.714294 -1039.535422
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Velocity in
m/s

Displacement in m
Experimentally

measured damper
Force in N

Force predicted by
Duhamel

superposition
model in N

-0.0116 0.003109784 -1023.424744 -1039.581841

-0.01155 0.001826493 -1027.174438 -1039.521668

-0.0117 0.000538397 -1026.467163 -1039.695549

-0.01135 -0.00072826 -1024.780396 -1039.288787

-0.01118 -0.001976962 -1022.392517 -1039.095031

-0.011 -0.003195172 -1020.133728 -1038.878082

-0.01046 -0.004370379 -1019.616455 -1038.241963

-0.01027 -0.005515463 -1019.727112 -1038.026508

-0.00975 -0.006609958 -1018.225342 -1037.410714

-0.00934 -0.007649612 -1015.606079 -1036.928377

-0.00865 -0.008624144 -1010.720764 -1036.117507

-0.00803 -0.009536157 -1003.297913 -1035.374011

-0.00733 -0.010372995 -992.3458862 -1034.545422

-0.00515 -0.0123926 -962.1398315 -1031.946389

-0.0043 -0.012890317 -943.5213623 -1031.946389

-0.00326 -0.013287945 -921.2411499 -980.3490692

-0.00241 -0.013574756 -901.8682861 -1000.987997

-0.00173 -0.013783396 -868.8716431 -877.1544303

-0.00068 -0.013894405 -796.3024902 -732.0269741

0.000226 -0.013896026 265.5778198 223.5303459

0.001316 -0.013792876 247.7327499 273.3392578

0.001892 -0.01359925 212.1833801 301.3273603

0.002989 -0.013302392 347.2420349 329.4577855

0.003818 -0.012897427 330.1000366 357.5703312

0.004745 -0.012391025 489.3109436 385.7484358

0.0055 -0.011801114 803.4400024 872.893357

0.006261 -0.01111828 793.3079224 873.3323536

0.007219 -0.010350083 822.5409546 873.8828855
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Velocity in
m/s

Displacement in m
Experimentally

measured damper
Force in N

Force predicted
by Duhamel

superposition
model in N

0.007852 -0.009492913 828.5744629 874.24559

0.0084 -0.008563862 841.3186646 874.5593639

0.009097 -0.007567454 851.7003784 874.8367071

0.009576 -0.00651098 858.1802368 875.2313322

0.010091 -0.005392363 858.9711914 875.5246285

0.010624 -0.004224536 857.3307495 875.8276345

0.010907 -0.003019382 852.4978027 875.9885836

0.01102 -0.00178784 851.2507324 876.0529087

0.011411 -0.00053041 856.2057495 876.2746519

0.011514 0.000746024 859.0791016 876.3333595

0.011459 0.002029543 861.3707886 876.3023916

0.011462 0.003308238 862.8345947 876.3039485

0.011315 0.004567769 858.9383545 876.2203199

0.01109 0.005817262 855.15271 876.0929166

0.010979 0.007044278 851.8765259 876.0293644

0.010657 0.008245207 847.821167 875.8464478

0.010368 0.00941014 843.5518799 875.6823789

0.01 0.010529721 839.1735229 875.4725839

0.009408 0.011605359 830.1657715 875.1351717

0.008929 0.012617062 821.9984131 874.861768

0.008263 0.013552008 811.5940552 874.4809757

0.007424 0.014413548 798.4235229 874.0004358

0.006889 0.015199834 789.9356079 873.693277

0.006119 0.015903207 781.8046265 873.2502022

0.005392 0.016531877 769.5627441 872.8305671
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