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Abstract

Surface roughness of both machined and additively manufactured components is a critical characteristic
that ensures both functional requirements and efficient performance in mamprédgtion
applications requiring precise surface morphologies suchoas tsed in the aerospace and medical
industry. Due to uncertainties and the complex nonlinear nature of hundreds of manufacturing process
parameters ranging from melt pool temperature to velocity of the cutting tosUrtiaee roughness of

the manufacteed product is not controllable and hence requirespastessing.

In this study, a system to remove material and reduce the surface roughness of physieally hard
to-reach external and internal surfaces of amagnetic workpieceis designed, developed and tested
for efficacy and flexibility. Unlike conventional Magnetic Abrasive Finishing (MAF), this technique
does not involve any moving parts to impart rotating motion to either the electromagnet or the
workpiece.The system work on the principle of generating Rotating Magnetic Fields (RMF) to
manipulate the motion of Magnetic Abrasive Particles (MAPs) on the surface of a workpiece for
material removal in théorm of micro and namscale chipsAn optimal configuration of statiary
electromagnets is activatedingan FPGA control unit coupled with digital servomotor drives and a
DC power supply to generate the required magnetic flux density in the working region. The magnetic
field gradient can be significantly magnified by séleg an appropriate core tip shape from a selection
of eleven different tip shapes resulting in reduced leakage of magnetic flux. The modular nature of the
system allows the operator to change the core tip shiéggaesientation of coils, current, amplide,
frequency, and phase difference at any instant. Moreover, the entire setup is mouotadcaster

wheelsthatcan be easily moved and safely secured at any location.



Finite element parametric optimization in Ansys Maxwell is used to design andateba
novel tapered electromagnet geometry optimized for maximum gradient of magnetic field onddoth axi
and offaxial locations. Theerformancef the optimized geometig validated via both analytical and
experimental results with less thanareage error of 10%. Theovel electromagnet shape is designed
to reducehedistance between adjacent ca@lsdmaintaina uniform distribution of magnetic field in

the workspace.

To quantify the effectiveness of this technique, different optimal elecgoa@onfigurations
are implemented caluminumspecimens subjected to six different abresaued tested under a Laser
scanningconfocal microscope The average surface roughness (Ra) is improvad §8% to 36%

depending on the input process parametemsiely current, frequency and cycle time.
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Chapter 1

| ntroducti on

Additive manufacturing is aevolutionary and transformative technology that will be at the forefront

of industrial production in the coming future. It facilitates the design of complex geometries such as
conformal cooling passages in turbine blades, which are either very expengmpractical with
traditional machining methods (milling, dies etc.). However, due to uncertainties and complex
nonlinear nature of hundreds of parameters ranging from melt pool temperature to velocity, the surface
roughness of the manufactured produchds controllable and hence requires posicessing. The
average surface roughness is critical for applications requiring strict tolefosirocessing of
additively manufactured components with hands is not an efficient option as it may raisei@noduct
costs, increase deviations in surfapelity and may restrict having different variations in surface

roughnesg$1].

Conventionally available finishing processes such as bonnet polishing, vibration assisted
polishing fluid jet polishing,sandblasting, fine abrasive finishing, laser remelting etc. are some of the
techniques used to achieve the desired surface roughness, alter mechanical properties (such as residual
stresses) and remove excess material frommhimad component®]. However, the time&onsuming
nature, susceptibility to quasi staerrors anchigh sensitivity toprocess parameters are some of the
key driving factors to initiate the search for alternate andaomverional finishing techniques.
Furthermore, anventional methods are prened for specific part characteristics and require a process
overhaul if the design requirements are modifigus is where nortonventional finishing processes

such as Magnetic Abra Finishing (MAF) come in picture.
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Magnetic Abrasive Finishing (MAF) is a flexible micromachining process designed to alter
the surface profile of a part based on the action of magnetic field on ferromagnetic particles by removing
thin micro ornano scke layes in the form of fine chipg3]. MAF has already been usedolish
various materials and geometries ranging from flat surfaces to complex shapes such as hollow and solid
cylindrical tubed2]. The surface finishing action takes place due to the relative motion between the
workpiece and the abrasive mixture. Therefore, one of the most important tasks in designing a MAF
setup is controlling the motion of the Magnetic Abrasive Particles (NAPe MAPs follow a circular
path along the flux lines generated by a Rotating Magnetic Field (RMF). In conventional MAF setups,
an RMF is generated by mechanically rotating permaglentromagnetsr the workpieceFig. 1.1
illustrates a crossectionalview of a typical MAFprocess where a permanent magnet is provided with
a continuous rotational feedhis limits the flexibility of thepolishingprocess and portability of the
systemwhen variation oburface roughness required,and complex surfacegfiles are usedue to
thislimiting design constraiflAF is not adept fopolishingcomplex construct®notherfundamental
limitation associated witltonventional MAF systems is its applicabiltty only cylindrical,flat sheet

or low curvature surfaces.

' s psas
Magnetic pole - |~ Rotation

k)

Grooves

Magnetic Abrasives Line of magnetic force

Workpiece
holder

Figurel.1 Typical Magnetic Abrasiv&inishing[4]
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1.1 Proposed Technique

It is an objedte of the present disclosure to obviate or mitigateeaitstonelimitation of conventional
Magnetic Abrasive Finishing process. The present disclosure @&p@aratus to redudde surface
roughnesof a nonmagnetic workpiece bfacilitating material removal due the relative motion
between the Magnetic Abrasive Particles (MAPs) and the workpiesrelative motion is a result of

the interaction of the MAPs with dynamic magnetic fields generated via a stationary electromagnet
array. More particularly, the dymac magnetic field are rotating in natureUnder the effect of
magnetic field these particles align in the direction of the magnetic flux lines transforming them to semi
solid chaing2]. The proposed design would not requirgy mechanically moving part and would rely

on the activation of an array of coils to generate a rotating magnetic field. The abrasive mixture is
composed of magnetic particleésog grits), abrasive particles (like SiC,8k) and a lubricant to take

careof the heat generated during the process.

To achieve this, a portable apparatus was designed and fabricated by integrating an array of
novel tapered electromagnets, controller, and motor drives in a cosdol® chassigtinite element
analysis and experimental results confirmed the optimizedi mMa@neticperformanceAn open loop
reattime control model was developed to manipulate the magnitude and RPMraffatieg magnetic

fields.

In a first aspect, the presensclbsure provides a method of generatiriRotatingMagnetic
Field (RMF) using stationary electromagnets. The system comprises of an electromagnet array
consisting of an even number of electromagnets arranged in a circular manner. Each electromagnet in

thearray is energized using current waveforms that can be controlled to alter the magnetic flux density

3



and RPM of the RMHAnN a further embodimenthe MAPs are introduced therotating magnetic field.
Due to gradient of the magnetic field, the MAPs fallihe magnetic flux lines from one electromagnet
pole to the adjacentig. 12 illustrates a block diagram of thdagnetic Field Assisted Abrasive

PolishingApparatus

- ===

Host PC

User Interface ]—1 l :
1 1

Control Unit/Simulator

Motor Drives «€— DC Power Source

Electromagnet/Coil
Array

Workpiece

_____________________

Figurel.2 Block diagram of Magnetic Field Assisted AbrasRelishing Appratus
4



1.2 Thesis Objectives and Outline

Thegoalof this thesis is to developMagnetic Field AsistedAbrasivePolishingApparatusTo meet
this goalthe followingobjectiveswere undertaken:

91 Design and optimization @n electromagnet geometry to maximize the material removal from
the surface of the workpiece.

1 Fabrication,integration,and calibrationof electromechanicaind mechatronicsub-systems
for afull-scaleprototype

1 Developmenbf anopenloop control model to vary ehcutting force by altering the magnitude
of the magnetic flux density and the RPM of the rotating magnetic field.

9 \Validation of the proposetchniqueby obsening the motion of steel balls under the effect of
four and six coils at varyingfrequenciesand amplitudes

9 Evaluationof reduction in surfaceoughnesgdue tosix cails on cylindrical and flat sheet
specimens.

1 Evaluaton ofthe effectof abrasiveparticle sizeonthe average reduction in surface roughness
of the workpiece.

This thesis include6 chapters

1 Chapterl states the thesis motivations and goals. It also presents the project organization and
contributions.

1 Chapter2 provides the backgrournmf Magnetic Abrasive FinishingA detailed review othe
effect of process parameters on surface roughness and mateniaval ratas presented and
the challenges arlinitations related teonventionatechniquesrediscussedA brief section
is dedicated tahe dominatingeffect of each process parameter dhdir respectivgositive

and negativaspects.



1 Chapter3 introduces thanalytical andinite element optimization techniques as® design
a novel optimized electromagnet and core tip geometries. The chapter also compares the results
of both analyticamodeland Ansys Maxwell.

1 Chapter4 discusses thprinciple of rotating magnetic fields and a detailed description of sub
systems integrated to achieve the desired pattern of the magnetic fields is presented. This
section also explains the control models used to alter the magnetic fluty dierise working
region.

1 Chapter5 discusses th@xperiments performed in this study to validate thecady of
individual subsystems and the systemisTihapter alsgpresentghe experimentaresultsof
theimplementation of the polishing techniquealnminumsamples

1 Chapter6 outlines the conclusion of this research by reviewing the summary wittke The

limitations and recommended future work are also discussed.

1.3 Thesis Contributions

1 Development of a novelbrasivesurfacepolishingtechniqueby eliminating therequirement
of rotatingmachineryessentiato producerotatingmagnetic fieldsn conventional Magnetic
Abrasive Finishing.

1 \Validated the flexibility of the polishing system by implementinga reconfigurable
electromagnet arragn cylindrical and flat sheeluminumspecimes.

1 Developmenbf an open loop control mod#& control the strength of magnetic flux density
and the RPM of the RMF in the test region.

1 Design and performance validation of a novel electromagnet/coil degtgnized to reduce

distance between adjacent caitsd generate a uniform magnetic field.



Chapter 2

Literature Revi ew

In this chapter, the literature review for the explored pathways in this thesis is presented. In addition,
the foundation of the ideas, discussed in the subsequent chapters, is olitlenkigrature review for

this dissertationis focused orthe effectof process parametem the average reduction in surface
roughness and material removal via conventiomadjneticabrasive finishingThe current work is an
extension othepreliminarystudieson the feasibility of stationary electromagnietssurface plishing
performedby ThamirAl-Dulami [5], aformer PhD student at the MagleMicroroboticsLaboratory.

Dr . Du | a mmplérentedaovedgeshapedcore tip with fourelectromagnetsn a variety of
specimen shapex low frequencies (<3 HzThe currentsystem is more configurableptimizedand
adaptablén terms on input process parametersmandularity of the coil array with respectgize and

shape of the workpiece.

The output &a conventionalmagnetic abrasivénishing process is a result of more than 5
independentariables mainly current, grain size of the iron powder, grain size of the abrasivdgrow
cycle timeand RPM of the rotating magnetic fiel&Kanish et al[6] used S/N ratio and Analysis of
Variance (ANOVA) tostudy the effect of process parameterssarface finish (Ra) antMaterial
Removal Rate (MRR) The findings indicate that high working voltage (47.11 and 44.09%
respectively) and machining gap (28.51% and 32.86%) had the highest effects on both percentage
change in Ra and MRR followed by abrasive size and feed rate. Hence it can be concluded that increase
in voltage andiabrasive size has a positive effect whereas increase in machining gap has a detrimental

effect onthe average reduction in surface roughnkass similar studyZhang et al[7] employed MAF



for post processing of as printeelected laser melted (SLM) 316L stainless steditudy the effect of
slope angle on surface finish. The studiidateda linear relationship between material removal and

initial surface roughness.

Wu et al[2] studied the effect of abrasive size on percentage change in surface roughness and
material removal rate. The study found that one way of changing the magnetic force generated by a
given magnetic field is by adjusting magueparticle size in the abrasive mixture. The study also
performeda comparative analysisf magnetic abrasives and conventional abrasives and found that
magnetic abrasives result in a finer surface finish but a low material removal rate as compared to
corventional abrasiveswhich were able to remove twice the amount of material as compared to
magnetic abrasiveJwo different sizes of steel grits (G25 and G14) were used iarthlgsis,and it
was found that material removal using G25 (mean diameter Q. "wamaround 3 times higher than
using G14 steel grits (mean diameter 1.4mm). This is because the magnetic force acting on G14 steel
grits is higher due to less particles per weight. However, due to its large size G14 steel grits were not

able topenetratenarrow valleys.

Guo et al. (2017]8] established a relationship between material removal rate, surface finish
polishing force and abrasive size using two rolling permanent magnet setups to generate a rotating
magnetic field.The study found that after 10 minutes of polishingrtiple scattering resutid in a
drastic reduction in material removal raté&our different abrasives were used, B}

(5t1 AT &nit and SiC vti AT @mit andit was observed that SiC B0 resulted infast

materialremoval rate due to low polishing force.



Rahul S. Mulik et al[9] found that brittldracture and shearing are the dominating mechanisms
for the removal of small peaks. The study also compared the effect of bonded and unbonded MAPs and
it was found that bonded MAPs dominate the surface finish, whereasdecbbiAPs affect material
removal.Moreover, the magnetic force acting on the MAPs is dependent on the magnetic flux intensity
and the gradient of the magnetic field followed by the magnetic and volume susceptibility of the
particles. The study also revealed that an increase in the diavhtte MAPs and abrasive grain size
increases the stock removal and surface roughness, respectiveB/1Faj.depicts the forces acting
on a single magnetic abrasive particle subjected to a rotating magnetic field due to a radial pole
arrangement. Rhal pole arrangement is preferred over annular as it is observed that annular pole
placement increases the probability of chain breakage (radial chains are produced in annular pole
arrangement) due to resistance in ohthogonal direction. The significaa of tangential and normal

forces is explained iohapter3.

|
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=No ic force,
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[ Workpiece

(@) (b) (c)

Figure2.1 (a) Frontview, (b) Top view of the schematiof radialelectromagnetipole

arrangemeni(c) forcesactingona MAP [9]



Dhirendra K. Singh eal. [10] studied the effect of normal and tangential forces on surface
finishing and material removedtes. It was found that the tangential faerde generated due to relative
motion between the flexible magnetic abrasive brush and the workpiece, are responsible for the
microchipping of the workpiece. However, microchipping will only take placei#f §reater than the
resistance offered by the workpiece against its deformations (a function of hardness, yield strength and
ultimate strength). Fig2.2 explains the variation of magnetic forces (total and tangential) with the
current at varying workingind air gaps. Normal forces, on the other hand, are responsible for the
penetration/indentation depth of the MAPs into the workpiece. It was also observed that at higher rpm

the increase in centrifugal forces and interface temperature reduces the thogtintipforce.

1604  air gap (mm) /. Working Gap (mm)
1401 —u— .00 // 60 1.00
_._1 ')i 5
22 554 1.50
1204 < / —
= —a— .50 e . Zz 504 e 2.00
31000  ——175 7 g 457
£ g0 e 200 - . a ‘w407
5] - i =
5 - ) = 4 E 351
g, 601 £ 301
= 40 5, 257
- 2 204
* —
201 = ~ 5]
0 T T T T T T 10 1
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
Current (A) [Current (A)

(a) (b)
Figure2.2 (a) Variationof magnetidorcewith currentfor differentair gaps(b)Variationof tangential
cuttingforce (Fc) with currentfor differentworking gaps[10]
ZhengHao Yu et al[11] studied the surface finish of an elbow pipe using centerline
reconstruction. This technique generates a spatial point cloud of the pipe based on the surface contour
lines and hence optimizes the parameters for inner surface roughness reductibBilkigtrates the

setup used by ZhengHao Yu et al. for their experiments.
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Nagnetic yoke

Workpiece
Magnetic pole

Figure2.3 MAF setupfor anirregularspatialelbowpipe[11]

SHINMURA et al.[12] were one of the first researchers to create a rotating magnetic field for
static MAF without using a rotating mechanism. The study compared four types of exciting power
source circuits to compare the results of staticratating MAF setups. It was observed that rotating
magnetic fields cause thermal effects in terms of temperature rise in core, yoke, and increased power
consumption. The power consumption increases because in the case of rotating fields the tangential
force is created by the magnetic field and not by the rotating tool/machine. However, rotating magnetic

fields result in higher stock removal as compared to static fields.

Ajay SidparaandV.K. Jain[13] illustratedthe force analysison a curvedsurfacein an MR
fluid-basedinishing processThe surfaceroughnessvasreducedrom 640nmto 90 nm on mild steel
workpieceslt wasfoundthatbothnormalandtangentiaforcesdecreasavith theincreasen the angle
of curvatureof theworkpiece.Thisis causedlueto a decreasén the effectiveareaof contactFig. 2.4

illustratesthe effectof angleof curvatureon theforcesexertedoy MAPs on the workpiece.
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Figure2.4 (a) Freeformsurfacesubjectedo magneticabrasivdinishing (b) Variationof Magnetic

force componentsvith angleof curvatureof the workpiecesurface[13]

Lida Hengetal. [14] implementedotatingmagnetidields to enhancehe surfaceroughnessf steel
wires from 0.25 um to 0.02 um at 800 rpm for 60s. The study usedNd-Fe-B permanenmagnets
mountedon a plasticchuckfor creatingan RMF. The researchalsofoundthatincreasan rpm hada

directimpacton materialremovalandfinal surfaceroughness

44— Rotation
Yoke direction

e

=

- === Rotaticnal
direction

Magnetic

abrasive Equipotential

® Fx
2R vy

Permanent
Magnet

Magnetic Wire Magnetic
force line workpiece pole

(@) (b)
Figure2.5 2D (a) and 3D(b) schemat of implementation of rotating magnetic fields sinelwire

[14]
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Figure2.6 Effect of rpm on surface roughng4sl]
Vibration assistance is a very common technique to amplify the effect of magnetic fields on the
workpiece surface. YiHsun Lee et al[15] studied the effect of adding vibration to enhaRtAF and
found that a 2D VAMAF (Vibratin AssistedMagneticAbrasive Finishingplecreased the processing
time to achieve similddwer surface roughnesesultsas compared tatypical MAF processFig. 2.7

illustrates the explodkview of the setup developed for implementing 2D VAMAF

1
; Workpiece

/ — ’/(100'64'2«--“) —0—MAF
Magnet: . S |

—=—2D VAMAF
NN Frequency of vibration:16.67Hz
Magnet and Workpiece Platform .| i Bearing G0 Steel particles:1.5 g (#120)
SiC:1 g (#8000)
= Machining fluids:3 g
Rotational speed of magnet:500 rpm
\ \D Working gap:1 mm
b

\D

e
e}
T

Eccentric sleeve Impact Damper
(Eccentric Mlgnnudezoimm)ﬁfx ) -

Vibration direction

0.08 |-

\

B | 5

Servo Motor

Surface roughness Ra (um)
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g N ; 4 ! x : :
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N e Processing time (sec)
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Figure2.7 Vibration Assisted MAF setup (a); Comparison of 2D VAMARd MAF[15]
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Due to thenon-contact nature of the electromagnets/permanent magnets with the workpiece, MAF can
also be implemented to finish internal surfasesh as liquid piping systemditomi Yamaguchi et al

[16] used this principle to polish etnal surfacgusing a stationary pole systerpwever, the claims

were only validated on SUD304 stainless steel disks as the curvature of a tube is copsiegligtile
compared to the scanning area in microscope (<1®). fima similar study, Debin Vhg et al[17]
implemented a rotating pole instead of a stationary pole to achieve internal material removal. The study
also found thatvet finishing (distilled waterjesults in more accurate and efficient surface roughness

results agompared to dry fiishing ofSisN4 tube

Magnetic pole

C/Ore (permanent magnet) : \Q&‘ rotation
Yoke Magnetic particle i

Coil

Yoke

Line of
magnetic force

g ={7T Magnetic abrasive
Vibrati
ibration \ ’ Tube
Rotation\\ i

(a) (b)

Figure2.8 Implementatiorof stationary(a) [16] and rotating polé¢b) [17] system for internal surface

Cr,0; abrasive

Si3N, ceramic tube

finishing
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2.1 A Brief Review of Literature Survey

Basedon the literature survey, parametersaffecting the changein surfaceroughnessand material
removalratearedefinedbelow. A rangeof practicallyusedmagnitudesandthe dominatingeffect of
theseparameterss also discussedMagneticflux densityand machininggap are found asthe most

influencing parametersfollowed by grain size and cycle time usedto achievethe desiredsurface

roughnesskollowing is a tableof parametersvith their brief description.

Tablel Reviewof LiteratureSurvey

Parameter Description DominatingEffect Range
Gap betweenthe workpieceand the | Increase in working gap
Working Gap tip of theelectromagnet. decreasethe magneticfield. Immi 2mm
Translational motion of the
FeedRate workpiecetowardsthefinishing spot. - 4-8 mm/min
Magnitude of F,, F, and F;,
Rotating speedof the tool/ milling | increase$o anoptimumvalue
machineonwhichthestaticmagnetic| and then decreasesdue to
Rotational field setupis mountedto createa | increasein centrifugal force | 500-2000RPM
speed rotationalcomponent. resulting in breakage of
abrasivechains.
MagneticFlux | Intensityof magnetidfield linesat Increase in magnetic flux
density thefinishing spot. densityincreaseshe force on 0.2-1T
theiron grits.
Size Ratio defines the
Ratioof sizeof iron particlesto the | debondingforce of the media -
SizeRatio abrasiveparticles. which in turn limits the
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rotational speed to avoid

separation.

Reductionin Ra

These are the surface texture
contrasts generated during the

manufacturingprocess.

Thesevaluesare specificto a
materialandwill changewith

changdn materialhardness.

75-95%

It is the time interval for which the

MAF setupis continuouslyactivated

Cycletime via energizingan electromagnetior 571 90 minutes
a permanentmagnet mounted on
rotatingmachinery. -
Angle b/w the normal to the| F and F, decrease with

Angle of workpiecesurfaceandthe rotational | increasdn angleof curvature

Curvature axisof thetool. due to reductionin contact| 0-30degrees

area.
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Chapter 3

Design and Opt Nob/eekcttiroo@reaogfmeettr y

3.1lIntroduction to Analytical Modelling
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Figure3.1 Typical coil design parameters
To design an electromagnet/coil, the geometry/dimensions of the coil require optimization. The
optimization isbased on the foraand fieldcomponents experienced by a mixture of iron and abrasive
particles on the surface afvorkpiece. The forces genegdtare a function of many coil parameters:

O Q@ R R A AQ R Ran

Where, | is the current in the coil in amperes, B is the magnetic field in Teestal rare the coil outer
and inner radii, respectivel2? anda are thediameter and length of the copper winding wireand
0 are the number of turns in the axial and radial direction respectively and g is the working gap

between the electromagnet and the MAHg. 3.1 represents a typical coiloss sectioand Fig.3.2
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provides a 3D view of a cylindrical coil wittesign parameters that are optimized in this chapher.

project started by referring to literature available on preliminary coil design to maximize the magnetic
field on the axis of a cylindrical coil. Keever, the primary design function of the coil is to maximize

the magnetic force at2 mm above the tipf the cae. Since, magnetic force is directly proportional

to the gradient of the magnetic fiefdr initial parametric analysis magnetic field was chosen as the
cost function. One of the most important aspects of the optimization process is modeling the trend and
effect of various dimensionphrameters on the desired output of the, ediich in ou case is magnetic

forceand field

Core
(diameter, length, material)

» Coil/ Winding
(Inner and outer diameter, length,
number of turns)

» Core Tip
(diameter, length, material, shape)

Figure3.2 Ferromagnetic Coil with design parameters
The optimization process started by creating an analytical modeldolatethe magnetic field and
analyzingthat nodel iInMATLAB for optimization trend analysis. This analytical solution was further
modified to calculate the magnetic field at points lying off the axis of the cylindraglHowever,

due to the complex and nonlinear nature of the MAF process timeizgitibn process was later shifted
18



to finite element analysis performed usiAgsys Maxwell The process of obtaining the analytical
model has been explained in the flow chart below. Moreover, it is difficult to analyscaligthe field
parametric analysis of an iron eocoil, hence the analytical model is limited to an air core coil only.

However, a comparative analysis has been done using relative permealiiléfeofomagnetic core.

Magnetic field Magnetic field due Magnetic field Magnetic field

due to a straight |—» to a circular loop due a circular at the centre of

conductor on its axis loopT off axis a thin solenoid

Magnetic field Magnetic field- Magnetic field

off axis for a on theaxis of a on the axis of a

thick solenoid thin solenoid

thick solenoid

Accor di ng t {l8]thenpagnete ekl arbuadma current carrying conductor is proportional

to the electric currergarried by the sourcghich can bemathematically represented as:
dtPa © 0O eé. .. é. (3.1)

Where B is the magnetic field generated due to an infinitely small element of the closed
amperian | oop dl (not the cur iOentisthe tetaheunrant a s i
enclosed by the closed lodgor a closed loop (referrdd as the amperian loop) the summation of the
length elements of the loop times the magnetic field is equal to permeability of free space times current
enclosed in the | oop. Ampereds | aw can be used

constat, and the application of this law can be seeth@énextsubsectiors.
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Bi ot S a y1a]rThisdigeantitatveelationship defines the magnetic field at a point P due

to a constant electric current, which in turn isgtbenmation of the magnetic fields generated by all the

small current element€Bd

oy — éé. .. é.(3.2)
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3.1.1Magnetic Field on the Axis of a Circular Current Carrying Conductor

Z

current element Idl

Figure3.3 Magnetic Field on the Axis of a Circular Current Carrying Conductor

Consi der a circular conducting ring <cajftheyi ng a ¢c

magnetic field generated by a current eleni®Béat a distance r from the current ekmhis given by:
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The total magnetic field at point P will be the summation of magnetic fields due dochlturrent

elementsand can be formulated by integrating the above expression

, 00 Pivi
o (1Y 3
T l

Location of the current elemecain be represented by a vedter 'Y G éni HIi "Q&HU
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Due to symmetry othe geometry, radial components (x and y direction) caeaeh otherand only
axial component (z direction) contribute towards the total magnetid#e]d
0 Y Q%o . oY

(oX¢] : 5§ —————88&EB8d
™Y a ¢Y «a

The above expression is the resultant magnetic field at a point P on the axis of a circular current carrying

conductor.
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3.1.2Magnetic Field Due to a Straight Current Carrying Conductor
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Figure3.4 Magneticfield due to a straighdurrentcarryingconductor

Consider a straight vertical wire carrying a cons
the magnetic field generated by a current eleri@iat a distance r is given by:

B (V23] 5
0B ——
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®a QdQ
Location of point P 2 HJLocation of current source &Q
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Hence the net magnetic field at pointdan be formulated as:
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The above expression is the resultant magnetic field at a paoe B a straight current carrying

conductor

3.1.3Magnetic Field inside a Thin Solenoid

L

Figure3.5 Magnetic Field inside a Thin Solenoid

A thin solenoid can be defined as a coil with only one lajiinding in the axial directiorSince, the

magnetic field generated by the amperian Ifigited line)is symmetricwe can use amperebob
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calculatethe magnetic field insida thinsolenoid. The closed loop can be divided into four path, (1,
3 and 4) and only path 3 produces a magnetic field inside the solenoid as the other components are

either outside the magnetic flux (magnetic field outside #olenoid is almost zero) lines or

perpendicular to the magnetic flux which makes the dot prodid®Paero.
B&Pa ®iPa HiPa iRy ®iPa
T T 004 T
6a 00
e 5 ¢ 00 wQROIER &€ VB EAQO
0 0¢& od B o1 £ i
0 ‘¢ 'G8&B3d

The above expression is the resultant magnetic field at a pwiside a thin solenoid.

3.1.4Magnetic Field on the Axis of a ThinSolenoid
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Figure3.6 Magnetic Field on the Axis of a Thin Solenoid
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We have derived the magnet i dnséctioa3ll.8asd u e
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The currentlensitydue to a thirsolenoidcanbe denoted by the Greek letter lambda —
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The above expression is the resultant magnetic field at a pomtH axis of a thin solenoid.

3.1.5Magnetic Field on the Axis of a Thick Solenoid

to c

A thick solenoidalso known as a muidtayer multi turn coil is an inductor having more than one turn

in both axial and radial directionsrom sectior8.1.4, the magnetic field on the axis of a thin solenoid

can be calculated by the equation:
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Figure3.7 Magneticfield on the axis of a thick solenoid

The magnetic field due to a thick solenoid can be calculated by considering an ideal thin solenoid at
the cente of the coil cross sectigavhose magnetic field is to lmeterminedat a certain point on the

axis of the coi[21].

Current density of an ideal thin solenoid is given by J = NI/L

Hence thecurrent density for a thick solenoid will be 0 Qi

Where, r = radius of the coil measured from the ideal central location of tremihind it varies from

ritoro,

Now, we knowthefrom basics of integration
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Therefore, thenet magnetic field at point P due to thick solenoid carobadlated as

660 .1 o i . o
— W0 E——— Wae——— 8388B8oY

0 ——— - ‘ . ‘ ‘
LI l i w | i W i

3.1.6Magnetic field off the axis of a circular current carrying coil
Consider a circular conducting ring carrying a

that the magnetic field generated by a current eleff®at a distance r from the current element is

given by 'QB 2

Figure3.8 Off -Axis magneticfield due to a circular current carrying conductor

Now, the total magnetic field at point P will be the summation of magnetic fields due to all the current

elements.
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For simplicity of analysis the offixis point is considered in the YZ platwecancel the components of
magnetic field generated dteethe current elements lying symmetrically to this point.
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The above elliptic integrakcan be solved in MATLAB or by usingelfollowing assumptions, which
presume thathelocation of the test point is far greater than the radius of the circular current carrying

conductor.

p o

rPg
G

After neglecting higher order terms,

0 @AY w

T i

Similarly, by neglecting higher order terms, we can calculate the magnetic field in the z direction as:

Loy ow
oa i C T 8888B8ap 1
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3.1.7Magnetic Field off the Axis for a Thick Shell Solena

Figure3.9 Magnetic field off the axis of a thick solenoid

The final step in analytical modelling for this project is calculating the magnetic field -akieff
locations due to a thick solenoid. This situation is the closest approximation to the real world and actual
coils manufactured in this research. In latections, it will be proved that the results from these
analytical field models match closely with the FEA and experimental reBuotis1 the results of a
circularcurrent carrying coil:

OPY Y Q% i "REHI®EN HI
Location of the point of intereR=@HIOH & "QQ

Location of the current elementd @ €Nl HUi Q& HU
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Where a = radius of the idethin shell solenoid and Current dengity 0 ‘Q[R1]
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The equations formulated in this section form the basis of validation of finite elemensomddbped
in Ansys MaxwellBoth analytical and finite element models will be compared with the magnetic field
results obtained from a higlesolution gauss meter with both tangential and axial field measuring

probes.

3.2 Finite Element Modelling and Optimization

Due to the nonlinear naturémagnetic fields and advances in the capabilities of currentdoware,
thefinal optimization of the coil geometry was performed on Ansys Maxwell. This approach facilitated
the evaluation of multiple design parameters on coil performance individually and collaboratieely.
finite element coil optimization is divided into twaulssections. Sectio8.2.1 elaborates the
optimization of coil geometry forrairon particle on the axis of a 2D coil in Ansys Magnetostatic
Module. SectiorB.2.2 illustrates the optimization of coil geometepre tips and orientation in 3Dhis
section &0 coves the effect of inclination and number of coils on the force experienced by a test
particle. The concept of a taper coil is also realized i;dfctionalong withthe effect of core tip
shapes on the magnetic field distribution in the test re@&Faxis optimization is only performed in

3D as for @D case any test particle away from the central axis would become agitige model is

symmetricabout Zaxis.

3.2.10ptimization of Electromagnet Geometry in 2D

A two-dimensional model is very crital for the optimization process at it encompasses the least
number of assumptions in finite element modelling. Furthermore, due to the simplicity of the model a
finer mesh can be implementia accurate result$élowever, it must be noted that an adaptieshing
technique was implemented to achieve an energy error of less than@. bpdimize and compare the
analytical and simulation resulis has been assumed that the wires are perfectly wound with no air
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gap and hence a fit factor of 6.Bas not ben yet considered but will be considered towards the end

of the optimization process.

3.2.1.1Comparison ofir Coreand Iron CoreElectromagnets

Initially simulations were performed for an air careil to studythe effect of various physical and
process paramets such as working gap, lengthd current density on coil performance. F&j10
illustrates thenitial 2D (cylindrical coordinatesir core model used to understand the behavior and

magnetic field generated around an air cmié

14mm

4mm
2mm¢

20mm

S5mm

10mm

Figure3.10 Dimensions ofnitial 2D air core coil setup

The magnetic field due to the abasetup was measured at 3 different test locations:

a) Vertical line coinciding with theoil axis(length = 15 mm)

b) Lower horizontal line at .am above the coil to measure-aifis valueglength = 14mm)
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a) Upper horizontal lin@t4 mm above the coil to measur#-axis valuesléngth = 14mm)

Following are the process parameters used to generate the magnetic field around the given air core coil
as depicted in Fig3.11.

Total ampere turns = 3*800 = 2400Material of coil: copperNumber of turns of coppervire (N) =

800, Coil inner and outer radius = 5mm; 10mioength of thecoil = 20mm
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Figure3.11 Magneticfield around an air coreoil

A MATLAB code developed using the analytical meéelplained irsection3.1, was used to compare

the results generatdy finite element analysig-ig. 3.15). A comparison of iron core and air core coils
was also performed to drive the optimization process in the right direction. Fig. illustrates the
amplification of magnetic field due to the addition of an iron core with relative permeability of 4000.
It can be observed quantitatively and qualitatively from Eitp andFig. 3.17 that the magnetic field
increass approximatelyby 3 times due to the addition of an iron core to the cbile following
intensity plos illustratethe effect of addition of an iron core time magnetic field at the three target

locationsas mentioned above.
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Figure3.12 Increase in magnetic field due to the addition of an iron core for 3 different test

locations

Fig. 313 and Fig. 314 illustratethe distribution of magnetic fluinesinside an iron core and on a

sample testing location above the coil.
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Figure3.13 Magneticflux linesat a test location 5 mm above an iron core coll
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Figure3.14 Magneticflux linesinside an iron core coil
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Figure3.15 Comparison of iron core field resulisn the axis of the coiproduced by analytical

model(MAT) and FEA (MAX) using relative permeability
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Fig. 3.18comparsthe magnetic field at tHewer horizontalocation using MATLAB anlytical model

and FEAsimulatios. It can be concludéuhtthe results of MATLAB and ANSYS completely overlap

each other for an air core electromagfetr.ON axiscase the magnitude of the total magnetic field is
same as the magnetic field in the Z direction which is due to the fact that the radial components of the
magnetic field cancel each other on the axis which leaves only axial componaurt. be notel that

OMTO6 represents Matl ab anal yt finteceelememonddell and &6 MX0
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Figure3.18 Verification of analytical and finite element results on lower horizontal

After validating the benefitef an iron core electromagnétyo-stepdimensional optimizationvas
performed inAnsys 2D magnetostatic modulkhe first step includes optimizing the radial dimensions
(inner and outer radii of the coil) using parametigeepanalysis, and the second step includes
optimizaion of thelength of the coil using the analytical method of Fabry factor for maximum power

efficiency. Initially the optimization procedures aimed atmaximizing the force produced by an iron
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core coil at 20mm working gap on the axis of the.ddie optimization is performed to maximize the
force output at 10mm on a flat iron sheet of thicknkEsnm and radius 2mm, which in turn can be a
representation of about 12 spherical particles of 1isurface areaA series of parametric analysis
were performedo understand the effect ofdividual dimensional parameters on the foered field

output g@erated by an iron core electromagnetic coil.

1. Effect of increase in length and coil thickness on foFgg: 3.19 illustrates that for constant
current density and constant core sizeldnger(in terms of length and coil thickness) the coll
the higher the force output. Therefore, itis clear from &ERPthat for constant current density

increase in coil size (radially or axially) results in increased force output.

Force Plot 1

2 [miNewior

hickness [mm]

Figure3.19 Effect of increase in coil thickness while keeping the core thickness constant at 5mm

constant current density of 24 A/mm”2
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Force Plot 1 Maxwell2DDesigni 4
375.00 "

Setup
corethickness="155mm"
— Forceonshest Force_2
Setup! - LastAdaptive
corehickness="16mm’

—— ForceonsheetForce 2
Setup1 - LastAdaptive

Setup
250,00 || coretnickness="17.5mm"

— Forceonshest Force_2
Setup? - LastAdaptive
carethickness="13mm’

—— ForceonsheetForce 2
Setup1 - LastAdaptive
corethickness="18.5mm"

— Forceonshest Force_2
Setup! - LastAdaptive
carethickness=20mm’

Forceonsheet Force_z [mNewton]

Forceonsheet Force 2
Setup1 - LastAdaptive
carethickn:

125.00

— Forceonshest Force 2
Setup! - LastAdaptive
corethickness=22mm’

0.00

T T T T T
15.00 1750 20.00 2250 25.00 27.50 20.00
length [mm]

Figure3.20 Effect of increse in coil thickness and length on force keeping core thickness constant

at 5mmi constant current density of 24 A/mmirZorce plot

2. For aa imaginanyline on the axis of the cothe magnetic field increases as the length increases
(Fig. 3.21) at aconsant current density of 24 A/mm”Zhe horizontal axis of the plot
representthe length of the imaginary line and each colored line in the plot repsesiemyth

of the coil which increases towards the top of the graph.
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Figure3.21 Variation of Magnetic Field on the axis af electromagnewith increase in length

3. Effect of current density for a fixed dansion ortheforce output on iron test particlafter
fixing the geometry (fixed outeand innerradi) andlength the current density is varied to
understand theend of the force experienced at 10 mm above the coil cross sédictian.be
concludedirom Fig. 3.22thatthe magnitude of theotal force increases with the increase in

current density.

20.00
T
=]
g -
215.00 1
= ]
]
=
=]
z i
MN10.00
8 4
5
u
5 500
8 -
‘5 4
L
000 T T T | T T T T T T T T T T T T T T | T T T T
0.00 1000.00 2006.00 BUUE.UU 400!1.00 5000.00 6000.00
curdensity

Figure3.22 Effect of variationin current density otheforce output oraniron testparticle
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3.2.1.20ptimum Volume Ratio of Ferromagnetic Core to Copper Coil

It is apparent from above analysis that factors such as increase in length and coil thickness increase the
force output on the iron particle. Therefore, the next step iogtimization process is to find the right
balance between the volume of the core and tipperowindingthat should be used to produce
maximum force on the axis of the ferromagnetic coil for a fixed outer rdeéligs3.23 and Fig. 3.2

illustrate the effet of variationin inner radius of the coil/radius of the core on the magnetic field and

force produced at an imaginary fixed point on the axis of the coil.

Calculator Expressions Plot 1 Maxwell2DDesign1 4
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Figure3.23 Effect of varying coil inner radius/core radius and length with fixed outer coil radius on

themagnetic field atfixed location on the axis of the caill
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Figure3.24 Effect of varying coil innerradius/core radius and lengtlith fixed outer coil radius on
theforceexperienced by an iron particka fixed location on the axis of the coil

Hence,increase in length increases both the force and magnetic field on the iron patteleser,
increase in length has no effect on the optimized dimensions in the radial direction. Hofrawvea
power efficiency point of viewdimensions in the longitudinal direction are optimized usingdineept
of Fabry Factarlt must be noted that for core andldbie only variable parameters are length and
thicknes. Thelength (same for both core and coil), location of core origin (always 0) and thickness of
core (coil inner radius) are some of the common variables between the core and the coil and hence
facilitatesthe reduction othe number of variables in the optimization process. Fi#8 also shows
that for the same |l ength i f current dabry$actdry i s

(G) for a ferromagnetic core can be formulated as:

. M “
Ol h S T a € |_T 8 ¢¢
v I P p p T
Where| — andf —
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roand rarethe inner and outer radius of the coil and | is the length of the coil.

U=313 (foute/Tinner) b =rimé / 2
Lateral dimensions optimized using Optimized by iterating over the value
FEA. producingfabry factor closest to 0.17

The maximum value of Fabry factor for any geneesecan be found by varying both,andf from

1 to 9 to get Gax = 0.179 (Fig.3.27). Henceour aim is to have optimized dimensions producing G

closest to 0.179. The following table contains optimization results for 5 different cases of outer radii.
Acceptable values dfabryf act or are found by . N2 0Thigmeansldngth r om 1 t
can vary from 6 mm to 24.6 mm and sirthe length of the coil is directly proportional to the force

applied on the test picle, maximum value of lengtls selectedis long as G @ @The results also

match with the generaimensions of agrromagnetic coil given bgO e @O T .

Outer radius Inner radius| Percentagg Length (in
(in mm) (in mm) of Care mm) U b G
10 3 30 24.6 3.33 4.1 0.1600
15 4 26.67 34.48 3.75 4.31 0.1602
20 4.5 225 40.14 4.44 4.46 0.1605
25 45 18 50 ¢l mia 0.1518
30 5 16.67 50 ci it i 0.1549

Therefore, the percentage volume of core keeps decreasing as the size of the coil increases to maintain

maximum force on the iron sheet at 10mm above the coil axis.
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Figure3.26 Variation off with G to optimize the longitudinal dimensions
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Figure3.28 Combined effect of change in current density and radius ratio on the force experienced

by a test plate on the axis of the ferromagnetic electromagnet
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outer = 10Mm
Rinner =3mm
length = 24.6mm

\
F(particle) = 5.64mN F(particle) = 15.53mN

Router = 20mm
R =4.5mm

“inner.

length = 40.14mm

Figure3.29 Final Optimized dimensions for Gakisoptimizationin 2D

The above analysisasperformedby aiming to optimize dimensions that produce a Fabry factor not
lower than 0.16. Therefore, onalphais optimized using FEAANnsys Maxwel| increase itfb results in
increasedength, therefore leading to meforce.However, increase i should not result in drop of
Fabry factor below 0.1 m a(with safe reasonable G) = 4.1 was considered in normal calculations

and optimization shedtlaximum Fabry factor is achieved fbranging from 1 to 1.91

The tangential forces {ff generated due to the relative motion between the flexible magnetic
abrasive brush and the workpiece, are responsible for the microchipping of the workpiece surface.
However, microchipping will only take place ifi§ greater than the resistance offered by the workpiece
against its deformations (a function of materiadmass, yield strength and ultimate strength). Normal
forces, on the other hand, are responsible for the penetration/indentation depth of the MAPs into the
workpiece[10]. Normal forces impact trehange irsurfacaoughnessRa), this means that a constant
nor mal force will not change the depth of indent
of the magnitude of the tangential force. An increase in current increases the magnetic field and hence

the rormal and tangential forces on the test particle also increase. However, for successful
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microchipping of the materigihe tangential forces musg Imaximizedas well This is because higher
normal forces result in greater penetration and hence increessthnce for chip formation. To
compensate for this increase in resistance the tangential forces will have to consequently increase.

Therefore, we can conclude that force components form the basis of electromagnetic coil design.

Oneof themostimportart parameterso be consideredvhile designinga polishingapparatus
usingstationaryelectromagnetis that the tangentiafforcesare not providedby the rotationalmotion
of amechanicaéquipmenbutthroughthe controlledactivationof adjacentoils at differentinstances
of time. The forcesin the x andy direction experiencedy a test particle can be expressedy the

following equationg4]:

1.0
0O w..B6-
T"w
. . 1.0
0O w..6
T w

Where,V is thevolumeof theabrasiveparticlesin m?, .. is themagneticsusceptibilityof the MAPs, H
is the magneticfield in A/m and— AT A- arethe variationsof the magneticfield in the x andy

directionrespectivelyHencethetotal tangentiaforce canberepreentedby:

06 O O

Anotherimportantparameteis the griding pressuredefinedasthe pressureexertedby the MAPs on

theworkpiecesurface4]:

. O P 0 P
U — — — —
c p 13 cl p ]

Theaboveequationllustratesthatthe grinding pressuras proportionalto the squareof magneticflux

density(H). Thereforethepressureanbeincreasedy increasinghemagnetidlux density.Sincethe
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MAPs arenotonly restrictecto theaxial vicinity of thecoil, dimensionsarealsooptimizedfor off-axis
force /fields testlocations.This is achievedby calculatingthe forceson a teg particle (disc with 1.1
mm radiusand 1.1 mm thickness mm away from the outeredgeof the coil in Ansys3D module.
Table2 illustratesthe coil innerradiuscorrespondingo 8 differentcaseof fixed outerradii of the coil
andtheoptimumvalueof fabryfactor(powerconsumption)Fabryfactoris adimensionlesgermwhich
only depend®n the shapeof the coil andnotsizeandhences afunctionof normalizedcoil geometry
[23]. It canbe observedrom Fig. 3.30 thatthe meanvalue (representedby a blue line) of coil inner
radiusfor ON axis and OFF axis casecoversboththe OFF axisandON axisrange.Moreover it can
be observedhat neitherthe ON axis nor the OFF-axis force valuesdrop/risesteeplyin this range.
Hence the averageadiusis consideredvhile designingthe coil. Eachsimulationwas performedfor
constanoutercoil radii. Thelocationof thetestparticleis 10mm(below)on the axis of the coil.
For example considerthe caseof a 16 mm outerradius:

Lengthof the coil = 20mm

Coil innerradiusfor Maximumforce OFFaxis= 7mm

Coil innerradiusfor maximumforce ON axis=4.5mm

ON axisforcefor 7mminnerradius= 15.51mN

A
A
A
A
A ON axisforcefor 4.5mminnerradius(maximum)= 20.93mN
A OFFaxisforcefor 4.5mminnerradius= 2.91mN

A OFFaxisforcefor 7 mm (maximum)innerradius= 3.37mN
A Forceatavg.radius(5.75mm)ON axis= 19 mN

A Forceatavg.radius(5.75mm)OFFaxis= 3.2mN

It is evidentthatthereis anacceptabl® % and5 % drop in the peakforce for ON axisandOFF axis

caseif the averageradiusis consideredHowever,we havea steeppeakfor ON axis force plots and
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hencef averagennerradii areconsideredtheemphasishouldbeonselectingvaluescloserto the ON

axiscaseasthecurveflattensout nearthe peakfor OFF axiscase.

Table2 Optimizationof single-coil dimensiondasedON andOFF axisforcevariationandpower

consumptior(Fabryfactor)

Router | Rinnerl ON [ Rinnesi OFF | alpha (range)| Beta (range) [ Fmax (ONaxis) [ Fmax (OFF
axis axis (in mm) with G higher mN axis)
(in mm) than 0.16 mN
16 4.5 7 2.281 3.55 0.82- 3.63 22 3
18 4.5 8.5 2.117-4 0.81-3.72 28 4
20 4.5 8.5 2.35-4.44 0.9-4 38 4.7
22 4.5 10 2.27 4.89 0.94 48 53
24 4.5 10.5 2.2871 5.33 0.94.27 58 6
26 5 13.5 1.93-5.2 0.94 70 6.8
28 5 13.5 2.07-5.6 0.94.27 76 7.5
30 5 13.5 2.22-6 0.94.3 85 8
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Figure3.30 Variation of total Magneticforce (Mag F) with changdn coil innerradius(variable)on

the axisof thecoil (bottomplot), atalocation4 mm awayfrom the coil outersurface(top plot)

The magneticforce experiencedoy an iron particle can also be expressedby the gradientof the

magnetigpotentialenergy24].

0 s 0 'O
WhereV is the volume of the abrasiveparticle.H and M are the internal magnetizationand flux
intensity. Also, the relationbetweeninternalmagnetization(M) and magneticflux intensity (H) in a
vacuumcanbeexpressedy thefollowing equation
6 ‘ O 0
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However,dueto the small volumeof the abrasiveparticlesM andH areconsiderediniform. Hence,
magnetidorce becomegpropotional to the gradientof the magnetidield [25].
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Furthermoreto understandherelationbetweerforce andgradientof the magneticfield, forceson an
iron discweremeasureat differentlocationson a horizontalimaginaryline 10 mm belowtheflat face
of thecoretip andstartingfrom the axisof thecoil. It canbe observedrom Fig. 3.31 to Fig. 3.33 that

thetotal magnetidorceis proportionalto boththe magnetidield andthe gradientof magneticfield.

Magnitude of Magnetic Force mN
B RN N W W DN D
o (6] o (3] o (6)] o (631

o o

0 2 4 6 8 10 12
Horizontal distance from the core tip

Figure3.31 Variationof magnitudeof thetotal magnetidorce on atestparticlemovingona

horizontalline 10 mm belowthe coretip
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Figure3.32 Variation of the magnetidield gradienton a horizontalline 10 mm belowthe coretip
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Figure3.33 Variation of magnetidield on a horizontalline 10 mm belowthe coretip
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3.2.20ptimization of Coil Geometryin 3D

C
0 10 20 (mm)

Figure3.34 Cylindrical coil in 3D with test particle on the axis

For final optimized dimensions of both ON axis and OFF axis casamnetic force was measured on

the axis of a cylindrical coil with constant outer diameters and varying inner diameter (equal to the
diameter othecore). A separate parametric analysis was performed by varying both length and radius
ratios at the saménte. For a threadimensional case the same procedure was followed as used in 2D
and initial comparison checks were performed to check whether result2iramd 3D FEA models
match each other (Fig.3) with an acceptable margin of errétig. 3.36 and kg. 3.37 provides an

idea about the difference in the relative magnitude for ON andaFHorce outputslo design a coll
optimized for both ON and OFF axis force outputs for a test plten above the coil crosection,

8 different outer diameters weeconsidered from 16 mm to 30 mm with a step increase of 2mm and the

length of the coil was always fixed at 20mm. The analysis was aimed to have a definite range for coil
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inner radius which produces maximum force at the test locatferknow from our radts in section
3.2.1that increase in length is directly proportional to the force generated on the power output, however,
length cannot be increased infinitesimally due to concerns of power efficiency and heat geDacated.

two different values of coiinner radius are obtained, the dimensions are subjected to optimization
using power efficiency i.e. Fabry factor (G), where ot 1 pAare varied in MATLAB to achieve the

maximum value of G.
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o
(V)
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o
[\

0.15

Force in Newtons
o
|_\
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0 2 4 6 8 10 12 14 16 18 20
Radius of Core

—3D —2D

Figure3.35 Comparison of Force Results from 2D and 3D

The case of Rwer= 16mm is explained for the purpose of understanding the procedure followed to
optimize the dimensions after FEA results are generated3B)is a plot forthe variation of force
produced on an Oldxis test plate with varying inner diameters. The peak corresponding to 4.5 mm
produces maximum magnetic force and similarly the corresponding value for aax@@Ffase using

Fig. 3.37 is 7mm. Now, once we have ange of radial dimensions the next step is to optimize
longitudinal dimensions using the concept of Fabry fadtoerefore Rinnerwill vary from 4.5 mmto 7

mm and b will vary from 1 to 9 (orandwenbimagon vary
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reallting in an acceptable value of Fabry Factor (usually above OMl6pe selected The above

optimization process was carried out for 8 different values of outer radii.
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Figure3.36 Force plot for ONaxis test plate with varying inner coil radius and constant outer

radius of 16mm
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Figure3.37 Force plot for on OFfaxis test plate with varying inner coil radius and constant outer

radiusof 16mm
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3.2.2.1TaperCoil

For the purpose of space efficiency and to maximize the manipulation of abrasive particles in the
working area, it is optimal to introdu@egreatemumber of coils that can be activated in a defined
sequence. Hence, the concept of taqméls is introduced. The following section will elaborate on the
finite elementparametric analysis done to understand the effect of taper both in the axial and radial
direction for electromagnets with ferromagnetic cofdé® section illustrates how gpical cylindrical
electromagnet onlynarginally outperforms iteaperedcounterparin terms of magnetic fieldThis is
because coil wrap far from the central axis contributes negligibly towards the magnetic field as

compared to the current elements ia foximity of the central axi26].

For defining the spaceefficiency of a coil system,we havedefineda new parametercalled
mirror distancewhichis thedistanceusedin finite elementanalysissetupto offsettheinitial coil from
the origin in orderto accommodatenore coils. As it can be imaginedthat mirror distancewould
increaseasthe numberof coils addup, becausexistingcoils will haveto movefartherawayto make
spacefor more coils. For a 3 cylindricd coil setupthe mirror distanceis 14 mm. The mirror radius
almostdoubleson doublingthe numberof coils from 3 to 6. This in turn reduceghe intensity of the

magnetidlux in theworking area

Two differenttapergeometries were considered a) a cdriod b) regular cylindrical coil with
taper provided at one enblaperradiusis thelower radiusof the coil whichis essentiallyessthanthe
radius of the cylindrical section. Taperlengthis the length of the taper sectionwhich should be
minimizedto avoidexcessiveeductionin magnetidield. Tapercoils would alwayshavelessmagnetic

field ascomparedo its cylindrical counterpartsdueto reductionin thetotal numberof currentcarrying
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conductorsn thecrosssection Fig. 3.38 to Fig. 3.40illustratetheeffectof taperlengthandtaperradius

on the force componentexperiencedy a sphericaliron particle at an OFFaxis locationfor an un-

tilted coil.
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Figure3.38 Normal/TangentiaForcevs taperlower radius

It can be observedthat increasein lower radius increaseghoth the tangentialand normal forces,
however,increasan lengthhasan oppositeeffect dueto reductionin the numberof currentcarrying
conductos. Furthermoreit is foundthatthereis a 1.057 3.5%decreasén magneticfield with 1mm
increasein taperlength. On the contrary the magneticfield increaseshy 1.29 - 4.93% with 1mm
increasein taperradius.Hence,while optimizing the taperfor a multi coil setup,it is importantto

prioritize high radiusandlow taperlength.
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Figure3.40 Normal/TangentiaForcevs TaperLength

Fig. 341 illustratesthe comparisonbetweena single cylindrical and a taper coil by plotting the
magneticfield on the axis of the coil. The grey line representgoil with a taperlengthof 1 mm and

taperradiusof 7mmandtheorangdine representataperlengthof 10 mmandataperradiusof 6mm.
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Conventionatylindrical coil is representedy theblueline. It canbeclearlyobservedhatatapercoil

setupis ableto producea magneticfield closeto 0.12T.

Magnetic Field in mT

Distance from the core tip

Figure3.41 Comparisorbetweercylindrical andtapercoils with 2 differentconfigurations

3.2.2.1.1Conical Taper Coit ON axis and OFF axis force analysis

A conical taper coil Fig3.42 is variation of conventional cylindrical coil with the radius away from the

test specimen remaining constant but the face facing the test specimen has a lower radius which allows
for betterspaceefficiency. For this purpose, a coil dimension was m@ared with the outer radius

being fixed at 20 mm and the radius of the taper end varying from 6 mm to 20 mm with a step increase

of 0.5 mm with current density remaining constant.
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Figure3.42 ON axis analysis of conical taper coil

Fig 3.41illustrates how increase in taper significantly effects (almost linearly) the force on the test
specimen. However, this does not conclude that conical taper coils are inefficient. The next stage in the
conceptual design phase would work on the arrangeafamils in the 3D space and it would be the
combined effect of the number of coils in the 3D space that would decide the efficacy of using conical
coils and same would be the case with cylindrical taper coils analyzed in the next secti84Fig.

illustrates how taper is varied over each pass in finite element analysis.
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Figure3.43 Effect of variation of Taper on ON axis force
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Figure3.44 Snippets from pametric variation of horizontal taper

For OFF axis force analysis of the cone shaped taper coil the test sheet was always kept 4mm away
from the outer edge of the larger diameter (Big5), which is the same condition as analysed in the
cylindrical caseFig. 3.46 reveals the same trend as ON axis results. i.e force on the test sheetsncrease

as taper increases, however, the increase in OFF axis case is not linear.

Figure3.45 OFF axis analysis of conical taper coil
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Figure3.46 Effect of variation of Taper on OFF axis force for a conical coil

3.2.2.1.2Cylindrical Taper Coil ON axis and OFRXxis ForceAnalysis

Figure3.47 ON axis analysis of cylindrical taper coil

To minimize the effect of steep increase in force over the test plate as the horizontal tapersincrease

another conceptual design was analyzedneysMaxwell, where the outer diameter of the cylindrical
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coil and the total length of the cé20mmn) werefixed and the only variable parameters were horizontal
and vertical taper which is defined as the increase in length of the conical section and decrease in length
of cylindrical section while keeping the total length constant @&{). Fig. 3.48 depids how increase

in horizontal taper results in increase in force on the test plate.
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Figure3.48 Effect of variation of Horizontal Taper on ON axis force
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Figure3.49 OFF axis analysis of cylindrical taper coill
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Similar procedure was followed for OFF axis force analysis as done in conical taper coil, where the
outer edge of the test plate is kept 4mm away from the cross section of the coil having maximum
diameer, which in this case is the cylindrical coil. Fsp0illustrate the effect of increase in horizontal

taper with each pass
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Figure3.50 Effect of variation of Horizontal Taper on OFF axis force
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Figure3.51 Snippets from parametric variation of vertical taper

Vertical Taper can be defined as the ratio of the conical section to the r#tim® @flindrical section
while keeping the total length of the coil constant. Big2 illustrates that as the length of the conical

section increases the force on the test plate (OFF axis) decrease which is due to the fact the total number
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of ampere turnerould decreases (N*I; where N is the total number of turns and | is the current passing

through each turn).
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Figure3.52 Variation of Vertical Taper for OFF axis force analysis

3.2.3Designof Ferromagnetic Core Tip

The magneticfield gradientcanbe significantly magnifiedby selectingan appropriatecoretip shape
and core material. The geometryof the coretip is basedon the lengthof thetip andits geometrical
shapeThisis acrucialdesgn phaseascoretip is usedto directandconcentrat¢he magnetidlux lines
in theworking spot.Moreoveranextendecatoretip canalsoresultin reducedeakageof magnetidlux.
It hasbeenobservedhatanappropriateoreshapecanincreaséhe magneticforcesby aboutl0times
[27]. Iron wasselectedor thecoretip asit hasoneof thehighestrelativepermeability(4000)amongst
metals.The length of the coretip is optimized basedon the effect of core extensionfor the same
constandistancebetweerthe coretip andthetestparticle-ON axis. It canbeobservedrom Fig. 3.5

andFig. 3.56thatanincreasdn corelengthsharplydecrease¢he magneticforceson theiron particle
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(for bothON axisandOFF axiscase) However this doesnot suggesthatthe designshouldeliminate

theideaof acoretip.

MosheSternetal.[27] comparedhemagnetidields generatedby 4 differenttip shapegFig. 3.53 and
found the following optimum core geometriesfor maximum magneticforce on the axis of the
electromagnebasedon theworking gap(Fig. 3.54)

1.0- 0.17mm: Conicalpoletip

2.0.17- 7.5mm: Parabolicpoletip

3. Above 7.5mm: Flat-top poletip
Sincethe aim of our projectis to manipulateiron particleswhich are not alwayslocatedon axial
locationsiit is requiredthatthe shapeof thetip shouldbe bestsuitedfor both axial andradial ranges,
while maintaininghightangentiaendnormalforces.It canbeinferredfrom theabovementionedstudy
thatusingaflat poletip alsofacilities our future for scalabilityof the entiresetup.However the study
alsofoundthatat smalldistancg< 3 mm), parabolicpoletip generatesboutl0timesmoreforcethan

its cubiccounterpart.
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Figure3.53 Variation of Magneticforce onthe axis of anelectromagnetvith poletip shapg27]
67



¥ ///:(C)x\\\ z
s d 117/ INNANNNN
/ /L /ANNNNN N
[/ 1/ ANNNNAN\N\N
S LA ANNNNNN
L S S A ‘\\\\\\.

-Br")‘/l/l/’//(d) N\ =y 177171
/////48 80
1117077

A1 NN\
///////\\\\ N\
1/ 1 /77 ANNNNNN

~ S~
\\\

A -
-
T —

z [mm]

88 6420246 8-8-6-4-
r [mm]

Figure3.54 Forcecontourlinesfor flat, conical,parabolic,andcubictip shapeg$27]
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Since, magneticfield and total magneticforce decreasewith increasein core length for constant
workinggap(measuredrom thetip), it isimportantto determingheminimumlengthof coreextension.
This can be achievedby consideringgeneralcoil designformula for a typical electromagneticoil
(o & =0.7~0.9)[28]. Where6 | is the lengthof the coreandé lisdhe length of the coil, which was
optimizedas41.4mm for a coil with 16 mm outerradiusand5.75mminnerradius.

Therefore,

Qg
2

& V@b a

3.2.3.10ptimizationof CoreTip Geometryfor aFixed Tip Length

Figure3.57 Poletip shapes
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After fixing the corelengthmorethan8 coretip shapesvereusedto optimizethe maximumuniform
forcefield ON andOFFtheaxisfor electromagneticoil. Constantvolumeapproachwasalsousedto
for comparison,wherethevolumeof atip shapds usedasabenchmarkcylindrical in this case)and
new designshavingthe samematerialvolume are comparedor force andfield outputs.However,it
was found that this approachis inefficient asit limits the innovationin geometryshapesTherefore,
constantength of the different coretips was chosenasa parameteto comparedifferenttip shapes.
Thelengthof tip extensionwasobtainedas10 mm in the previoussection.The resultsof tangential
andnormalforcesaresummarizedn table3. It canbeobservedhatexceptcylindrical full chamfered
caseall othershapesesultin a highertangentiaforcethannormalforcesfor anOFFaxistestlocation.
Cylindrical half chamfered produced the highest normal forces. This is because sharp
edges/irregularitie®f the poletip resultin lower surfaceareawhich increaseshenumberof flux lines
per unit areato passthrough.Moreover,it canbe observedhata cylindrical tip shapeproduceshe
highesthormalandtangentiaforcesfor the OFFaxis caseandwasamongthetop 3 shapedor normal
forcegenerationin ON-axiscaseaswell. Hence cylindrical coreshapesrepreferredasasymmetrical
geometrywhichwill enableusto makeour designscalableadaptableandversatileto differentsurface

profiles.Effect of fillet radiuson flat faceof a cylindricaltip is alsostudiedin subsection3.2.32.
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Table3 Comparisorof NormalandTangentiaforcefor ON andOFF axislocationswith varying

tip geometries

configuration

Tangential Force - ON
axis

Normal Force= O N
Axis

Tangential Force - OFF
axis

Normal Force = OFF
Axis

chamfered

Cylindrical full- 0.0197 0.25825 0.0153 0.017022
chamfered

Spherical extension 0.0215 0.34867 0.0222 0.017882
Cylindrical extension 0.0012 0.3285 0.0296 0.020263
square Extension 0.0054 0.27449 0.0280 0.016896
Half cut Spherical 0.0310 0.32743 0.0185 0.017479
Extension

Full cut Spherical 0.0043 0.1923 0.0169 0.015635
Extension

Chamfered triangular 0.0124 0.21218 0.0226 0.016702
cut- full

Chamfered triangular 0.0146 0.32526 0.0204 0.015674
cut- half

Cylindrical half- 0.0056 0.41398 0.0183 0.014271

3.2.3.2Effectof Fillet Radiuson The Flat Faceof The Cylindrical CoreTip

After selectinga cylindrical shapeof coretip, we tried to reducethe sharpedgesof theflat faceasit

causedigh peaksof magneticforce andfield valuesdueto sudderreductionin surfaceareawhich

increaseshe numberof flux lines perunit area. Thiswasdoneby addingafillet to theflat faceof the

tip asshownin Fig. 3.58. However,asit canbeinferredfrom Fig. 3.59 thatfillet radiusdoesnot have

anotableeffecton thetangentiaindnormalforce componentsindit decreas¢he tangentiaforcesat

off-axislocations.Moreover,asit will be observedn the later sectionghat the peaksobservedear

theedgesf thecylindrical tip arenotobservedn atilted multi coil setupasthetestparticlesarenever

subjectedo thesdocations.
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Figure3.59 Effect of variationin fillet radiusof a cylindrical coretip onthetangentiandnormal
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Figure3.58 Variationin fillet radiusof a cylindrical coretip
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Figure3.60 Effect of Fillet radiuson magneticlux densityin theworking area[5]
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It isimportantto notethattheresultsof this sectionagreewith theexperimentperformedoy Al-Dulami
[5]. Fig. 3.60illustratesof themagnetidield linesin theworking area,jt canbeobservedhatincrease
in tip fillet radiusdecreasemagnetidlux densityin theworking area,andfillet radiusr = O resultsin

highestmagnetidield for bothON andOFFaxislocdions.

3.2.40ptimization of Coll Inclination Angle

As it canbe observedrom our findingsin the previoussubsectionghata testparticle placedon the
axis of anelectromagneticoil resultsin negligibletangentiaforcesdueto symmetryalongthex and
y axis resultingin cancellationof minor force componentsAlthough a major part of the tangential
forcewill begeneratedby the controllaw usedto createa rotatingmagnetidield, we optimizeour coil
designfor both ON axis and OFF axis locations.In this subsectioneffect of inclination of the coil
abouta fixed point locatedat the bottom of the coppercoil on its axis is studiedto achievehigher
normalandtangentiaforces.As it canbe observedrom Fig. 3.61 andwill alsobereconfirmedn the
subsequergectionghatarangeof anglesbetweend5-55 degreeproduceghe highestamountof total
forceswhile maintaininghightangentiandnormalcomponentsTheseanglesarefurtheranalyzedn

amulti coil cylindricalandtapersetup andit is interestingo notethatthe optimizedrangeremainsthe

same
Case NormalForce TangentialForce OptimumTilt angle
(Maximumfor cases | (Maximumfor cases
with Tilt) with Tilt)
OFFaxis+ Tilt 29.119mN 46.34mN 51°
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Figure3.61 Variationof NormalandTangentiaforceswith tilt anglefor a cylindrical tip

Figure3.62 Variationof magnetidield on a horizontalrectangulasheetdueto varyinganglesof

inclinationt Color plot!

1 Z-axisrepresentsnagnetidield in mT
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Certaintip shapesvereseparatelhsimulatedfor coil angleinclinations,andit wasfoundthatangleof
inclinationto generatéhigh tangentialandnormalforcesis a function of coretip geometry A caseof

cylindrical chamferedip (Fig. 3.63) is presentedelow with an optimuminclination angleof 3 as

comparedo 5¢° in the caseof cylindrical tip.

Case Normal Force(Maximum TangentialForce OptimumTilt angle
for casewwith Tilt) (Maximumfor caseswith
Tilt)
OFFaxis+ Tilt 22.06mN 33.85mN 3¢
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Figure3.63 Variationof NormalandTangentiaforceswith tilt anglefor a cylindrical chamfered

tip

XY -axisrepresentshe horizontaldistancen mm
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3.2.5Comparison of a Squarecoil with a cylindrical coil

Square coil is another commonly used coil shape. A square call
(Fig. 3.64) with sidelengthequalto the diameterof the cylindrical coil wassimulatedfor comparing
the magneticfield on the axis andon a horizontalline (1 mm belowthe flat face of the tip spanning

acrosghetip diameter+ 1.25mm on bothsides)with a cylindrical coil andcoreshapes.

- .
- N )

& .

‘\.’/" ~———

Figure3.64 Comparisorof a SquareandCylindrical Coil Shapes

Moreover fillets we appliedto the edgeof the coreandthe coil to seethe effectof transitiontowards
acylindricalcoil shapeFig. 3.65 andFig. 3.66 illustratethe reductionin magnetidield with increase
in fillet radiuson a vertical (on the axis of the coil, startinglmm below the flat face) and horizontal

line (mmbelowtheflat face).
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Hence|jt canbeinferredthatacylindrical coil produces highermagnetidield ascomparedo asquare
coil for both ON and OFF axis locations.It wasbe observedhat a currentdensity(J) of 12 A/m? is
suitablefor producinga uniform magnetidield of around0.1 T ontheaxisof thecoil and0.23T near
the coretip edgesAs it will beillustratedin further sectionsthat a multi coil setupinclined at an

optimizedangleis ableto generatesimilar magnetidields (0.2 T) at 1-1.5mm machininggaps

3.2.6Magnetostaticanalysisof Multiple cylindrical coils

A singlecoil cannotgeneratarotatingmagnetidield andhencds unableto createhegriding pressure
necessaryor surfacefinish. Adjacentcoils in a multiple coil arrangementanbe energizedusinga
controlmodelto generatarotatingmagnetidield. However beforedesigningacontrollawit is crucial
to simulatethe magneticfield at variouslocationsdueto a multi-coil setupandunderstandhe forces
experiencedy theiron particlewith varying polarities currentdensitiesworking gaps,andangleof
inclinations, while maintaining high tangential and normal forces at all times. The following
magnetostati@analysisis basedon the forcesexperiencedy a particle at different locationsin the
working area.Pleasenotethattheforcesin thefollowing sectionsareillustratedwhenall the coils are
activatedat onceusinga DC excitation however the polaritiesand currentdensitiescanbe different.
Moreover,atinstancesvhenthe particleis alongthe axis of the coil or in thevicinity of the coretip it
canbeassumedhatonly onecolil is energizedistheeffectof othercoilsontheironparticleis negligible
dueto increasedvorking gap.Since theiron particlesin flexible magneticabrasivebrushareattracted
towardseachotheralongthe magnetidines of force dueto dipole-dipole interactionit is alsocrucial

to understandhe contourplots of magnetidield andgradientof magnetidield in thesecases.
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3.2.6.1Magnetostatic Analysis of Two Cylindrical Coils

Thefollowing analysids performedor asetof 2 coilsatvaryingdistancespartwith designparameters
suchascurrent,coil separationlocationof testparticleandpolarity. Thecoils areinclinedatanangle
of 5C° with the vertical asoptimizedin the previoussections The analysishasbeendividedinto two
casesbasedon the polarities of the coil (Fig. 3.67 and Fig. 3.68). Pleasenote that a single
electromagneticoil will alwaysattractan iron particle irrespectiveof the coil polarity. However,
changingthe polarity of two coils altersthe path of magneticflux lines. The magneticforcesare

measuredlongaline 10 mm belowthecoils.

It canbenotedthatonly in thecaseof similar polaritythetangentiaforcesareinherentlyhigher
thanthenormalforces.However theforcesin thecaseof oppositepolaritiesarearound100mN higher
thanthe samepolarity case L owertangentiathannormalforcesin the caseof oppositepolarity is not
alimitation in coil designascontrolledactivation of coil will alsoaddsignificantlyto the component

of tangentiaforces
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Figure3.67 Forceplot whenbothcoils havesamepolarity
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Figure3.68 Forceplot whenbothcoils haveoppositepolarity
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Also, it canbe observedhatthetangentiaforcesalmostremainthe samein boththe graphsandonly
theparabolicnormalforce curveshiftsupward.Moreover sinceboththe coils produceattractiveforces

irrespectiveof thecoil polarities,the midpointresultsin cancellatiorof tangentiaforce components.

Figure3.69 Magneticfield contour/coloplot dueto two coils having samepolarity, in thesame

plane22 mmapart

Now, to getanideaof the magneticfield in a directionperpendiculato the planeof coils, magnetic
forceis plottedfor the caseof sameand oppositepolarity alongthe centerlineof the two-coil setup
(Fig. 3.70 andFig. 3.71). It canbe observedhatfor the caseof two coils with oppositepolaritiesthe

normalforcesaremorethan30 mN higherthanthe casewith similar polarities.
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Figure3.70 Total force on a testparticlealongthe centerine of the two-coil setupwith opposite
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Figure3.71 Total force on atestparticlealongthe centerline of thetwo-coil setupwith same

polarities
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To gainanunderstandingf the variationof magnetidield andthe gradientof magnetidield between
two coils of samepolarity the abovesimulationswerealso plottedon a rectangulaisheet. However,
Ansysdoesnot providetheability to plot magnetidield onarectangulasheetthisis doneby plotting

the magneticfield (Fig. 3.73) and its gradient(Fig. 3.74) on equally spacedline along the plane

containingthetwo coils at 10 mm belowthe coil (Fig. 3.72).

Figure3.72 Equally spacedinesusedto representa sheeffor plotting magnetidield andgradientB

Therefore,it canbe observedhatthe magneticfield betweenthe two coils not only dependon the
magnitudeof currentbutalsoonthedirectionof current.Fig. 3.75 andFig. 3.76 highlightthemagnetic
fields betweentwo coils dueto sameand oppositepolarity with varying currentdensities. Opposite
polarities, (Fig. 3.75) result in higher magneticfield and lower peak drops towardsthe middle.
However for the caseof samepolarity (Fig. 3.76) the magneticfield is about25 percentiower at the

extremeendsandthis differenceincreaseasthetestparticlemovesawayfrom thecoil.
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Figure3.73 Magneticfield on arectangulaplanebetweertwo coils with samepolarity

X-axisi distancen x direction,Y -axis: Distancein y direction;Z axis: MagB

Figure3.74 Gradientof magnetidield on arectangulaplanebetweertwo coils with samepolarity

X-axisi distancan x direction,Y -axis: Distancein y direction;Z axis: GradB
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Figure3.75 Magneticfield betweerthetwo coils with varying currentdensity(oppositepolarity)
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Figure3.76 Magneticfield betweerthe two coils with varying polarity (similar polarity)

3.2.6.1.1Transitionfrom Cylindricalto SphericalTestParticles
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As we movefurtherwith the optimizationprocessit wasrealizedthatdueto the smallsizeandsharp
edgesat flat facesof the test particle, meshingbecomesa challengingissuein a cylindrical disk.

Moreover,dueto its lack of symmetrycomparingresultsat differentlocationsdue multiple coils is

inefficient. Therefore,a sphericaltest particle is selectedto overcomethe limitations due to its

symmetricalshape gaseof scalabilityandno sharpedges. Hence all finite elementanalysisfrom this

sectiononwardsarebasedon a sphereof radiuslmminsteadof a cylindrical of radiusandheight1.1

mm. It mustbe notedthatboththe particleshavethe samevolumeandmaterial. However,sinceall the

previoussimulationswere performedusing cylindrical test particles, it is importantto comparethe

forcecomponentsnboththeparticlesFig. 3.77, Fig. 3.78andFig. 3.79illustratetheforcecomparison
betweertwo particles Forthis purposeboththeparticlesareplacedatthesameverticallocationbelow

theaxisof thecoil andaremovedhorizonglly to adistanceof 35mm. Sincethecoil andthetestparticle

is symmetricacrossy axis the forcesin they direction are negligible (UN range).lt canbe clearly

observedhattheforce componentsor boththe shapegproducesimilar trendswith notable but minor

differences.
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Figure3.77 Comparisorof total forcefor acylindrical anda sphericaparticlewith thesame

volume
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Figure3.79 Comparisorof Fx for a cylindrical anda sphericalparticlewith the samevolume
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3.2.6.2ThreeCoil Setup

Figure3.80 Color Plot of magnetidield dueto 3 simultaneoushactivatedcoils

Fig.3.80representthemagnetidield contourproduceddy 3 coils havingthe samecurrentdensityand
direction. The red and orangeareasrepresenthe requiredmagneticfield of about0.2 -0.3 T. The
coloredcirculardiskis 1.5 mm belowthelast planeof the cal setupcrosssection.lt canbe observed
thattheblueregionsareareasof lessthan0.1 T andmayresultin lossof manipulation/controbf iron
abrasiveparticles. The goal of the following sectionsis to optimize a multi coil designwhich
eliminates/reducetow field pointsin the magneticfield contour. This can be achievedby either
increasingthe power supply to the electromagnebr by optimizing the distancebetweencoils.
Moreover, it is evident from the aboveimage and Fig. 3.8 that OFF axis optimization of coil
dimensonswasa crucialstepin optimizingdimensiongor asingleelectromagnetig. 3.91illustrates

circularringsrepresentinggaryingmachininggaps.
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Figure3.81 Circularrings usedto represenvaryingmachininggaps
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Figure3.82 MagneticField on circulartracksrepresenteéh Fig. 3.81

For FEA simulationof a staticmagnetidield generatedby 3 electromagneticoils, 2 polarity casesre
consideredCasel assignsall coils with samepolarity and currentdensity,casell assigs alternate

polarity to thecoils (+-+). It mustbe notedthatit is thenatureof polaritiesthataffectstheforce output
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and not the signs of the actual polarity i.e. +-+ configurationis the sameas -+-. Hence,to avoid

excessivdaestrunsonly relevantcasesreconsidered.

a. Casd
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Figure3.83 Forcecomponent®n aniron particleon acirculartrackwith variableradii alsoknown

asworking gap dueto 3 coils with samepolarity

Fig. 3.83 representtheforcecomponentsnaniron particlein a3-coil setup It canbeclearlyobserved

thatat 1 mm distance(blueline) highestmagneticforcesareexperiencedMoreover,one of the most

importantparameterfor multi coil setupoptimizationis themagnitudeof tangentiaendnormalforces.

2.8mm representa working gapof 1 mm andit increasesn the orderof 6mm,4mmand2 mm. Thesevaluesarethe radii
of thecirculartrackfollowed by thetestparticleto recordthemagnetidorce. Thesamenotationwill befollowed for all multi-

coil cases.



Fig. 3.84 illustratesthatfor eachworking gap/trackradiusthe magnitudeof tangentiaforcesis higher
thanthe normalforces.However it mustbe notedthatthe magnitudeof magnetidieldsis very lessas

comparedo theminimumrequiredmagnetidield of abou 0.2T.

A 4-coil setupalsoproducessimilar resultsfor sameandalternatepolarity setting.Therefore,
it canbe concludedthat dueto higherforce, alternatepolarity settingis more favorable Moreover,
sincethemagnetidield linestravelfrom north to the southpoles MAPs will form high strengthchains

in the caseof alternatepolarity setting.
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Figure3.84 TangentiandNormalforcesvs angularpositionof thetestParticle(3 coils-same

polarity)

As mentionedn subsection3.2.2.1the mirror distancancreasesvith the numberof coils. In general,
for the optimizeddimensiors the mirror distancencrease by about5 mm for eachnew coil addition.

Thereforefollowing arethe mirror distanceor differentcoil setups:
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1. 3Coil: 14mm
2. 4Coil: 20mm
3. 5Coil: 25mm

4, 6Coil: 31mm
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Figure3.85 Forcecomponent®n aniron particleon acirculartrackwith variableradii alsoknown

asworking gapdueto 3 coils with alternatepolarity setting
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3.2.6.3Fourcoil Setup

L

Figure3.86 Iron particleon circulartrackson a 4-coil setup

A four-coil setupalso producessimilar resultsas a 3-coil setup. The test particle experiencesa
maximumforce on the axis of the coil i.e. at 0°, 90°, 18, and27(. Moreover thereis anacceptable
drop in total force in approximately+- 20° sector(approximatelyuniform force fields). However,
approximately22% of the maximumforce dropsat locationswherethe particleis at the centerof two
adjacentoils. Thisdropis alsoa resultof cancellatiorof forcesdueto equalattractiveforcesfrom 2
adjacentoils. Moreover,it canbe observedhatthe normalforcesalmostremainconstanthroughout
theentiretrackwhichis very suitablefor preciselycontrollingthe changen depthof indentation.Fig.
3.87 compareghe force plots usingadaptivemeshingandinside selectionlengthbasedmeshing(0.1

for testand4mmfor coreandcoil) T for efficient simulations.
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Fx vs angular pasition of the test Particle Fy vs angular position of the test Particle
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Figure3.89 Forcecomponent®n aniron particleon acirculartrackwith variableradii alsoknown

asworking gap dueto 4 coils with samepolarity

3.8mm representa working gapof 1 mm andit increasesn the orderof 6mm,4mmand2 mm. Thesevaluesarethe radii
of thecirculartrackfollowed by thetestparticleto recordthemagnetidorce. Thesamenotationwill befollowed for all multi-
coil cases.
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Fxvs angular position of the test Particle Fy vs angular position of the test Particle
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Figure3.90 Forcecomponent®n aniron particleon acirculartrackwith variableradii alsoknown

asworking gag dueto 4 coils with alternatepolarity

3.2.6.4FourCoil TaperSetup

The analysisof tapercoils is conductedin two stagesfirst using an arbitrary tapervalue the coil
polaritiesaretestedfor the alternateandthe samepolarity caseandthenthe tapershapes optimized
basedn spaceefficiencyandmagnetidorce.Fig. 3.91 andFig. 3.2 illustratestheforcesactingonan

iron particledueto taper4 coil arrangementvith alternatepolarity setting.

4.8 mm representa working gapof 1 mm andit increasesn the orderof 6mm,4mmand 2 mm. Thesevaluesarethe radii
of thecirculartrackfollowed by thetestparticleto recordthemagnetidorce. Thesamenotationwill befollowed for all multi-
coil cases

96



Fz vs angular position of the test Particle
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Figure3.91 Forcesactingon aniron particledueto taper4 coil arrangemendith alternatepolarity
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Now, to optimizethe taperdesigndifferenttaperdimensionsare testedandtwo of theiterationsare
discussedn this section,namedasconfigurationl andoptimizedconfiguration.It mustbe notedthat
the optimizationis donepurely on the basisof spaceefficiencyandmagnetidield.

a) Configurationl:

A Lower radiusof the tapersection= 12 A Radiusof the cylindrical section= 16
mm mm
A Upperradiusof the tapersection= 15 A Heightof thetapersection= 14 mm
mm A Mirror distanceachieved= 15mm
A Reductionin mirror distance= 5 mm

Figure3.93 Forcesactingon aniron particledueto taper4 coil arrangemenivith similar polarity

settingi Configurationl
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