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. SUMMARY

Conventional magnetic separation is a long established
technique in mineral proceééing for tramp iron, and for

concentrating magnetic ores. Its use was generally restricted to

the separation of strongly magnetic materials. Recently, the .

application of this method has been slightly modified to include

the filtration of"mibnohi“si;ed*‘paramagnetic particles. This

method is called the High Gradient Magnetic Separation (HGMS) and
maximizes the magnetic forces by using electromagnets to separate
small ana weakly paramagnetic particles. The main advantage is
that separafion is highly efficient and can be carried out at
high flow rates with a minimum head loss across the filter.j

In this study, tests were carried out with two types of
filters - randomly packed cylindrical ‘wire filter matrix and well
ordered woven wires. Cupric Oxide (Cu0O) dust with particle
distribution of 1less than two microns was used . for the
>investigation. The Cu0 was chosen as a representative
paramagnetic dust. Specific tests were carried out te determine
the effects Qf individual operating parameters such as matrix
packing fraction, magnetic field strength, and gas ielocity “on
filter loadability and efficiency.

The results shewed_ that for both randomly packed and
woven wire filters, increasing packipg fraction produced better
loadability and sustained .capture efficiency;'although not‘in
bproportion to -the mass of wire. used. Increasing entrainment
velocity produced slightly improved result. for randomly packed

filter unlike that obtained from woven wires.
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A novel idea of’applying a fluidic diverter to HGMF Qas
introduced. The main objective was to increase the flow residence
time in the filter matrix , thereby increasing the chances of
more particles being captured. The results obtained from the
application of fluidic flow df;erter showed poor collection - for
very small particles but good filtration for larger particles.

‘Prediction of theoretical collection efficiencies were
made using the single wire single particle model. The collection
efficiencies of the. smallest particle range agfeed with those
obtained from experiments but large deviations were present for
the biggest particles in the case of'kandom wires.

%ressure drop  measurements were also carried ouﬂ for
the filters used over the.range of operating parameters app;ied.
The results were plotted in two basic forms that'incorporated

flexibility in their interpretation and usage.
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CHAPTER ONE

INTRODUCTION

(4
el

1.1 Introduction

This thesis is concerned with Continuéus and Baﬁchwise
High Gradient Magﬁéfib"‘Filtration (HGMF) of - air borne
paramagnetic dust.”'Cohtinuous HGMF deals with the traditionai
technique where dust is instahténeously extracted as it passes
through the filter medium. This is slightly different from the
batchwise tYpe whe;e the filtrate is momentarily brought to rest
before 1leaving the filter volume. HGMF generally involves the
. removal of particles from gaseous flow, based on their magnetic
susceptibility. This makes HGMF technique most'appropriate for
filtering ferromagnetic and peramagnéti" dusts, Several widely
used industrial péocesses in . the iron, steel and ferro-alloy
industrieé emit large quantities of waste gas containing magnetic
particleé; These processes can be controlled by other methods
such as Electrostatic Precipitation and Fabric Bags, but fhe
application of HGMF offers the opportunity of combining their
high mégnetic properties with conventional filtration phenomeha;
Other advantages 6f‘appiying HGMF include the use -of high flow
velocity ‘resulting in a high throughput, ultimately leading to
massive neduction of the filter size and hence cost of space and
manufaéture of filters. Again, no inhereﬁt heaith or safety
haiard is associated with the'appliéation of HGMF.

In this work at£ention is focuseé on less- susceptible

particles dumped into the atmosphere from power generation

1



plants, mining and automotive exhaust. These small particles are
responsible for many disabilitating illnesses and in certain
cases acid rain. They have very lowrmagnetic susceptibilities; as
low as 2.4x10™% ST units compared to 1.5 SI units for magnetic
materials. For the efficient temovai of these types of dust by
HGMF, either a relatively high field strength will be required or
the filtering medium must be well adapted. It is therefore
iowards the suitability of applying HGMF, and'fihoiog ways of
making the process ‘perform more efficiently_;xthatmffthis

investigation is directed.

1.2 Composition ofoAtmospheric Air
‘Air is a mixture of many gases., Normal air will consist

~of approximately 21% oxygen, 78% nitrogen, 1% argon, , 0.3%
carbon dioxide and small traces of other gases. It will also
contain varying amounts of foreign material, commonly referred to
as permanent atmospheric impﬁrities. These materials can arise
from such naturgl processes as wind, erosion, ' sea  .spray
evaporation, voleanic eruption; and man made activities such as
electrical power generation plants, transportation, industriai
" processes, mining, and smelting, construction and agriculture,'
Hence, air contaminants oan be particulate or gaseous, organic or
inorganic, visible or invisible, submicroscopic, microscopic or.
macroscopic; toxic or harmless. A loooe classification based on
the origin or method of formation of these matgrials aré:

(1) Dust, Fumes, and Smokes |

(ii)  Mist and Fog

(iii) Vapours and Gases-



1.2.1 Dust

| This is solid particles projected into the air by
natural forces such as wind, volecanic eruption, or earthquakes,
or by mechanical processes including crushing, grinding, blasting
and drilling; Scme of these procesé;s ‘produce dust by the
redﬁction ~ of ‘1arger masses, while others simply di;perse
materials that ar'é yalr'eady pulverized. Generally, particles are
not dusﬁ uniéss they aré‘ Smaller than sbout 100 micrometers.
Dusts may be ﬁineral, such és rock, metal;‘ or clay; vegetable,

such as grain, wood, - cotton, of pollen; or animal, including

wool, hair and silk.

1.2.2 Fumes

4kThesé are solid \Aparticles commonly formed Dby
condensation of vapours of hormally solid materials. Metallic
fumes are generated from molten ‘metals and usually occur as
oxides becéuse  of the highly reactive nature of the finely
divided matter. Fumes may also be formed by'i sublimation,
distillation, or chemical reaction, whenevgr these processes
create airborne particleé predominantly smailef than 1 miéron;

Funes which are permitted to age tend'to égglanerate into larger

clusters.

1.2.3 Smokes |

These are extremely Small solid and/or liquid
particles, produéed by iﬁcomplete combﬁstion 6f organic
substanéés such as tobacco, 'wood, coal, ' oil, and . other

carbonaceous materials. The term smoke is commonly applied to a



| mixﬁure ‘of solid,‘ liquid, and gaseous products, glthough
technical 1literature distinguishes between such components as
sootvor carbon particles, fly ash, cinders, tarfy matter, unburnt
gases, and gaseous combustion products. Smoke pérticles vary
considerably in size, the smallest being much less than 1 micfon.

The avéraée size is often in the range of 0.1 to 0.3 microns.
1.3 Sources and Types of Atmoéphefié Contaminants

1.3.1 Industrial Air Contaminan£

Mahy industriél' processes produce air contaminants in
the form of dusts, fﬁmeé, smoke, mist and fog, vapour, and gases.
These are in most cases ‘controlled at source by conventional
methods of dust control but HGMélis becoming increasingly applied
especially +to duéts wifh magnétic properties. Zero concentration
of all contaminants is economically unfeasible. Apsolute control
of éll contaminants cannot be maintained, and therefore workers
in such industries usually assimilate small quantities of the
- various toxic materials without injury. The basis of the science
of industrial hygiene is-that most air contaminants become toxic.
only if(their concentration exceeds a miniﬁum allowable 1limit for
a specified period of time. Thesezlimits for industrial exposuré.
to air contaminants are normally set in advisory stand;rds

prepared by professional societies or government agencies.

1.3.2 Radioactive Air Contaminants
Radioactive contaminants may be particulate or gaseous,

and are physically similar to ordinary industrial contaminants.



Many radicactive materials would be chemically toxiec if present
in ‘high coacentrations,'but in practically all cases, the factor
which necessitates limiting their concentration in air is
radioactivity. The hazard from most rad}oactive air contaminants
1s due to their effects on'bging taken iﬁto and retained in the
'body This is known as the internal radiation hazard. Inert gases
such as Argon-41, Krypton-85, and Zenon-135, are unllkely to be
retalned _but are hazardous because the whole body comes in
contact w1th radlatlon froﬁ the gas in the air which surrounds
it. These gases are, therefore, extefnal ‘radiation hazards. In
cases of serious aaclear accident 1like theOChenobyl, where a
' complete melt down of the plant is possible, HGMS can be used to
arrest most of the particulates«liberatéd since they would have
the magnetic properties of their parent materials. In most cases

they are stainless steel. Deposited materials on the ground

increases the externsl radiation hazard.

1.3.3 Nuclear Fallout‘

_ As‘a fesult of the axplosion of a nuclear device, large.
quantitiesl of highly radioactivé elements known as. fission
products are formed. Some of these are paramagnetic (eg. Oxides
of Uranium) and therefore can be controlled by HGMF system. These
rise rapidly with haated air and then descend'to the earth, while
moving horizontally with air currents lﬁhat» prevail at various
altitudes. Particle sizes ara axtremely small whan the fission
pProducts are formed, and remain so, in the absence of significant
quantities‘of dust. However, %f détonation is ;néar the grbhnd,

large quantities of dirt are sucked up into the fireball. The



fusion products then attach themseives to these comparatively
large dirt particles and descend rapidly to the earth. Thus, the
Sizes of particles that would need to be-captured ére relatively
larger and therefore enhancing the posibilities of their capture
when HGMF is applied. G
1.3.4 Atmospheric’ Dusts

Atmospheric dust is a complex mixture of smokes, mist,
fumés, and dry granular particles. These are called aerosols when
théy aré suspended in a gas stream. A sample of atmospheric dust
gathered at any given point will geherally pontain‘ materials
common to that .locality, together with other components which
originated at a distance but were transported by air current or
diffusion. These components véry with the geography of tae
1bcality, the season of the yéar, the direction and strength of
the wihd, and broximity of dust sources.

- HGMS can be wused to arrest some of thése atmospheric~
dusts especially if they originated from regions where ferro-
.alloy industries are located. Also , the results obtained from
this investigation would form a basis for ﬁhg aﬁplication of HGMS
to other atmospheric dusts with = very '1oQ 'magnetic

-susceptibilities.
1.4 Particulate Contamination Hazards
1.4.1 Health Hazards

Irritation of the nasal passages by dust and its.

soiling effécts are matters of common concern.  The unpleasant



manifestations, such as hayfever and asthma, are known to layman.
Unfortunately, the case against dust and air pollution is not
confined to their uhpleasantness.’ Silicosis caused by the
inhalation of minute particles of silica [1], and pneumoconiosis
are serious pulmonary diseases that can cause disability or
death. Various industrial processeé discharge hazardous partigles
and gases into fhe atmosphere. This as well as constituting a
problem for the populace is a danger to green vegetation in - the
form of acid rain [2]. Most prominent among these are power
plénts that use coal as their fuel, since the imbedded sulphur is
liberated after combustion. This then reacts with the atmospheric
moisture to form sulp%uric acid [3]. Some proportion of the

sulphur in coal exists in pyritic form. Pyrites are paramagnetic

and therefore readily rémovable by HGMS process.

1.4.2 Air Pollution

| Continued pollution of the atmosphere by emissions from
combustion equipment "and unclean gases from commercial and
industrial éstablishments‘places a severe burden not only.on the
engineer who must seledt air ventilation supply equipment but
also on tﬂe entire poéuléti;n;iSeveral disasters and dramatic air
pollution ' incidents ' have . increased concern. The Meuse valley
v disaster of 1930 in Belgium (4j; the London smog of 1952 and 1962.
(51, and more recent incidents in Los Angeles and other cities
[6], are classic examples in the history of air.pollution. In
some of these instances, pollution may arise from metallurgical,
industfies; ‘A typical example ‘is the Basic_Oxygen Dust (BOF),.

which are highly magnetic and therefore can be controlled by'



magnetic mefhod.

1.4.3 Explosion»and Fire Hazard .

Another ' danger of air borﬁe micron sized particles and
gaseous fumes is fire  and” exploSion 6[7,8,9]. Fine -dust of
.combustible ' ma?erial dispersed in vair at approppiate
concentration éan‘burn with great rapidity, releasing sufficient
“heat to produce a self‘propagatlng reaction which may build: up to
exp1051ve v1olence. The dust cloud need not be pre-existent,. for
the rush of gases at the combustlon front of an '1n1t1ally local
explosion may raise into the air dust previéusly deposited on
exposed surfaces, the process thus becomee self  propagating.
Deposits of only a fraction of a millimetre thick may suffice.
HGMS is not‘readily applicable to combustible materials, but the
results .obtained fro@ the separétion of-thefvery low suscepﬁible
dust can form & basis for a futu%e investigation ¢f the use of

HGMS in this field.

1.4.4 Hazard In Microelectronics Manufactﬁre ‘
The manufacture of integréted circuits for computers
‘ andrvarioue microprocessors is of increasing importance. Higher
v.sbeed 'of oberetien and lower costs require' higher circuit
‘ldensities, thus furﬁher miniaturization.. Circuit elements have
features in the submicron size domaineand‘are quite sensiine te
contamination by .particles of comparable size“[10]. ‘Peop1e,
'equlpments, and piping generate parﬁicles which are transperted
to the v1c1n1ty of the'product and some of whlch are deposited.

The dep031tlon» rate depends upon‘ the air borne- partlcle‘



- distribution and concentration, and the depoéition velocities
. caused by' varidus deposition - meéhahisms. Particulate
contamiﬁation can lead to failure of chips, reducing yield (the

fraction of: chips that are usable) and raising costs; sometimes
to the point of making the pfocess a. comﬁercial failure. Clean
environment can be achieved byvchannelling all air throughlan
HGMF filter. Thiéﬂ can be particularly adﬁantageous because

-Suitable compact  HGMS systems can be designed to suit any given

 case.

1.4.5 Miscellaheous Hazards . S S

| The nedessiéy for filtration.ié not only found in air
cleaning but. iﬂ other =~ various industrial processes, such as,
excluding bacteria dﬁring foed - processing [11]; in air
conditioning [12]; and the preparation of pharmaceutiééls [13].
Another cfucialienvironment where filtration is .vital is 1in
hydraulic circuits. Filtration in hydrauli¢ circuits play one or
‘two roles; either ﬁo protect a certain cémpdnéﬁﬁ from large scale
contamination which may cause immediate 1damage, or to rembve
contamination. from the system as a whole [14]. 'HGMS w?uld
'particﬁlarli be useful in removing hydraulic contaminants;r}Tﬁis
is ”becéuse‘ most of‘thé pafticulates found.in hydraulic  circuits

are‘ferritic and therefore are highly magnetic.

1.5 Particulate Contamination Control
All the above objectives can be achieved by various

modes of filtration [15]. These include: the following physical



principles which are either employed alone or in combination:

(1) Gravity

(1) = Centrifuging

(iii) Tnertia B
C(iv) Intercept;bn

(v) Diffusion

(vi) Electric Forces

Ail dust filtration equipment encdmpass one or more of these
natural phenémena. Fofhexample, electrostatic precipitators make
use of charges posses%ed or imparted to the dust to effect
removal., Most fibrous filters’anq scrubbers make use of inertia,
interception, and diffusion to c}ean air. An exanple of
gravitational Settling cén bé fbund in various‘sedimentation

processes [16], while cyclones represent centrifuging.

1.6 Research Objectives

For the‘purposesbof this research;‘émppasis is sole}j
placed on removal of péramaghetié dust from,gasedus flow by tge'
High Gradient Maghetic Filtration (HGMF) method. Here, the term
"dust" denotes solid particles which‘are sméller than‘2 microns
_aﬁd are usually fbnned By mééhahical processes such‘as  grindiné;
crushing énd blaéting used in the’ féﬁrdus‘ and> ferro-alloy
induétries. These cénstitute the gréatest health' risk, as’rthey
can pehetrate and _stick permanently.on the soft tissues of’the'
lmgs{’v | o | B

The main objectiﬁes of the research projeqt are
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centered on the following points:

(1) Pfoviding collection efficiency data for paramagnetic
material using randomly packedccylindrical stainless
steel wire (AISI 430). (Continuous HGMF).

(ii) Application of an ordefed filter medium like woven .
wire as an HGMF filter. (Continuous HGMF).

(1i1) Using the existing total filter models for randomly
‘packed and ordered matrices to predict their initial
collection effidiencies. |

(iv) | Determination of the filter medium resistances to

‘enable initial estimation of the power requirement

of the system.

‘(v) ‘Design of a suitable fluidiec diverter and its
application to high gradient magnetic filtration of

paramégnetic dusts. (Batchwise HGMF).

The dust selected for the study wés Cupric Oxide (CuO)lr
of less than two micfons in size (APPENDIX E). CuO is merely an .
~example of a paramagne£ic dust with a 'very low magnetic
_susceptibility. This choice was based on the fact that some -
particulates discharged into fhe atmospherevespecially from non-
ferrous industries arekparamagnetic. This ié also true for fumes
from the chimneys of power stations. So the result; 6btained in
the filtration of CuO dust can be appliedvto most other dusts of
comparable susceptibility, hence saving time and money for

individual investigations.

J
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1.7 Concept of HGMF/HGMS

The term HGM "Separation" as has been used, is wusually
reserved for processes where two or more materials are being
sorted; as is obvious in the discussion above. HGM "Filtration",

however is used mostly in the context of solid/liquid separation.

The solids involved are in the micron to sub-micron region. The

subtle difference existing between the two processes is found in

the forces existing in the system. While gravitational forces _

will be considered as most prominent fdrceﬂ in a typieal

separator, it is' usually neglected in particulate filtration

analysis. Again the method of entrainment of- dusts in HGMF °

processes promotés éhe effects of hydrodynamic forces; but this
is usually negligible in HGMS processes. Therefore as 'the main
objective of this project was thas removal of micron-sized Cu0O
dust from air, the term High Gradient Magnefic Filtration will be

henceforth adopted in all discussions.

The process of HGMF is primarily based on .the

interaction between magnetic particles and ferromagnetic -filter

medium placed in an external magnetic field. The filter materials

can be of various forms including grooves, plates, balls and

wires [17]. 'The applied field magnetizes the wire and - induces a- -

magnetic dipole in the particle. The convergence of Tthearapplied.—;ﬁ—~

field near the wire produces a region of highly non-uniform field

intensity that attracts the dipolar particles towards the wire,
much like a bar magnet attracting iron filings [18]. |
In its‘simplest and practical form, HGMF consists of a

canistér packed with fibres of a ferromagnetic material of very

small diameter. The canister is placed in a magnetic field that’

12



| 1s generated by say a solenoid, and the resulting tractive .
magnetic forces provide high efficiency filtration of particles
as the -carrier fluid‘passes‘through the canister (Figure 1.1).
Depending on the physical cheracteristics of the system,
inertial, viscous"and gravitational forces may also act on the
particle in the vicinity of the wire as is shown in Figure 1.2.
The high ‘porosity of the filter provides a particle wine
Phenanenon instead of cake collection mechanism or mechanical
capture that dominate in conventional filtration as in fabric
bags. Filtratlon may be continued until the pressure drop . across
the canister becomes prohibitively high due to the decreased size
of the interstitial }1ow paths or until heavy loading on the
Wires decreases the collection efflciency. -

To regenerate the ‘filters,‘ the magnetic field is
removed and the canister is backflushed w1th either compressed
air‘or high pressure water. A continuous process could be
achieved by using a system of several‘barallel modules, with each
module providing ' filtration for a pre—determined‘time interval
(19]. When the flow is diverted from’a‘module, the magnetic field
of the loaded module is de-energized, the filter is cleaned, re-
energized and ready for reuse. An altennative scheme that results
in zero downtime of ﬁhe magnet is to construct the magnet and
canister S0 that the ‘loaded filter can be continuously or
intenmlttently removed framn the magnetic region and replaced by a
clean filter w1thout interruptlng the flltratlon process. Both
cyclic and continuous systems are commercially available.

A‘novel idea of applying a flow diverter to HGMF
process (termed Batchwise HOMF) will be tested. As shown in

13
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Figures 1.3, this 1involves directing the dirty fluid
alternatively to the two output pipes that house the filters.’The
main advantage bf‘ applying such a device lies in increasing the
flow residence time in the filtration matrix, while still
maintaining a relatively highi main flow velocity in the duct.
This entails switching the flow from one output pipe to the otﬁer
with a frequency that allows a'volune of air that is ‘equivalent
to that of the filtering zone; thus achieving a residence time
that is equal to the switching time. With this arrangement, it
can éiso bé possible tq force the dirty air through one outlet

until the filter on the opposité sid_e is replaced. -
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CHAPTER TWO

METHODS OF ACHIEVING PART ICULATE CONTROL
2.1 Introduction
Industrial growth has had a cumulative effect on the
problem of controlling contaminant. Not only has the atmosphere

in many cities become more polluted, but the intensity of

pollution at its source has increased. Accampanying this increase
in pollution, is a pubiic awareness of the need for more
effective air cleaning; this awareness has resulted in the
adoption of str'i_ngent regulations pertaining to the cbllection of
dust and contaminant. Air cleaning devices that bemove
par'tivculate matter are availale ovér a large range of intended
‘dAuties, from light“ loads such as ’ cleaning rooms and air
conditioning, to heavy ‘industrial air cleaners. ﬁéht-duty alr
cleaner'S typicélly used in air-conditioni“ng systems handle duét
concentration up to llmg/m3 ;. Whereas, heavy duty deviées for
pr:ocess exhaust cleaning, handle up to 70000mg/m3 , With no well
defined upper limit. ‘Sane process or pnewnétic conveyors are
designed to filter much higher' . dust concentration. Light-duty
equipment is often seiected f‘or the control of noxious emissions-
that constittite a health hazard; for example, radiative
particles, beryllium p‘ar'ticrles“,l, or biologiéal air bor'né wastes,

in which the mass loading may be low.
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2.2 Rating'Air Cleaning Devices

The main operating characteristics that distinguishe
the various types of these air cleaners are efficiency, air flow
resistance, and life or the dust holding capacity [20].
Efficiency measures the aility of the air cleaner to remove
particulate matter ffan ar stré%n. AveragecefTiciency over the
life of the filter ‘is the most meaning ful for most types and
applications. Air‘flow resistance (or just "resistance") is' the
static pressure dfop across the filter at any given fldw rate.
(The term pressure drop is uSed inter-changeably with

resistance). Dust holding capacity defines the amount of a

particular type of dust that the air cleaner can hold when
operated at a specified air flow rate to some maximum resistance

value, before its arrestance is seriously reduced as a result of
the . dust collected. Described below is the most common
particulate control equipment, tenned‘dustlcoliectors. They are
usually applied 'as air pollution control measure to process
emission having particulaﬁe concentration ranging from 20 to

40000mg/m3 .

2.3 Bag Filters and Baghouses

Fabric bags are a widely used form of high efficiency
collector for both dust and fUmés. Each fabric filter element
consists of a woven or felted textile material in the shape of a
tube or flat supported envelope. Many individgal filter elements
are contained in a single housing having'gas inlet and outlet
connecﬁions, a dust storage hopper, - and cleaniné mechénisms.

Fabric filters may be used. for control of dust concentration in

-16-



the range of 1mg/m3 to 100g/m3 with particles sizes down to
submicron fumes. Special fabrics permmit operation at a relatively
high temperature of a@out 250°C and resist the corrosive chemical
constituent of the filtered gas or collected materials [21]; The
basic principle is to select a fabric membrahe which is permeable
to gas but which will retain the dust. Initially, dust is
deposited both on the surfacé fiber and within the depth of thé
fabric, but as surface layer builds up, the dust . layers
themselves become the dominating filter medium. As the dust cake
thickéns, the resistance to gas floﬁ increases. A typical bag
filter is shown in Figure 2.1. _ .

Periodic cléahing of the filter medium is necessary to
control the gas pressure drop at thg filter. The most common
cleaning methods include reverse air flow, mechanical shaking or
rapping, vibration and compressed air pulsing. Shaking or back
flow of gas can be accomplished either manually or au;anatically.
In some cases, both methqu are used simultaneously. The cleanidg
Mmechanisms do not'résult in the fabric returning to its "as new"
condition. It is actually undesirable to over ciean the fabric
because the particles deposited within the depth of the cloth
help to reduce the pore size between the fibres; thus enabling a

higher efficiency of cleahing té be achieved.

2.4 Wet Dedusters and Dedusters

The characferistic of wet deduséers which sets them
apart from the other gas cleaning equipment is 'the use of ‘a
secrubbing liquid 1like water to- achieve the collection of

particulate matter. The scrubbing liquid is usuaily dispensed in

~—
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a spray, or spread in a film over the internal surfaces of the
Scrubber'(Figure 2.2). Downstream of the collection =zone, same
form of spray eliminator is usually required. The equipment and
mode of operation used in demisters, which collect fine 1liquid
Darticuléte,>are essentially similar to thosé of dedusters.

The major .mechanism by which fine particles are
captured in a deduster is by impaction onto wet surfaces, in the.
form of droplets as the gas flow round the droplets. The'chanee
of a particle becoming captured depends‘on the' balance between
its inertial force, which causes it to move towards the droplet
and the aerodynamic drag force exerted upon it by the gas, that
tends to cause it to“move around the droplet and escape. Thus
large fast moving particles are collected more readily than small
Particles moving at lower velocities. Other mechanisms are
SOmetimes significant in wet washers. The most notable of these
is condensation, which can increase the effective diameter of the

particles, thus making them easier to be collected.

2-5'Cyclone Dust Separators

High operational efficiéncy, simple construction, and
low maintenance costs make the cyclone the most extensively used
type of collector fbrlrelativelyvcoarse dusts. Materials that can
be collected include, boiler fly ash, saw dust, cement, and oil
refinery catalysts. Indeed, cyclones ‘find application in most
processes where dry powders are broduced or handled. The basic
limitation is in its application to binary mixfﬁres. Thé most
common fbfm of cyclone with major constituent features is shown

—

in Figure 2.3. The dust laden air enters the upper cylindrical
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portion of the cyclone chamber through a tangential inlet duct.
The fldﬁ spirals downwards into a 1lower conical section and
inwards, towards the axis with increasing spin velocity and is
discharged through the top of the casing. Suspended dust
particles thfown outwards by qentringal.fbﬁbe arising from the
rotation find their way down into the air tight dust hopper at
the lower end of the cone. Different basic variations of thé
dbove designvhas successfully been applied. For example, the dust
may be discharged into the dust hopper -at the lower end of the
cone through a plain opening or through a small annular opening.
The gas outlet duct is sometime tappered so that the diameter
increases towards the di;charge end. Other variations include
imparting spin to the air entering axially by deflector vanes in
the annulus between the outlet duct and outer cylinder instead of
a tangential entry. The outlet may be brought out of the cyclone
at the opposite end from the entry, passing through the dust
collection chamber (uniflow cyclone). Such a cyclone may be
double ended with tangential entry at the centre. Efficiency may
be-increased by drawing off a portion of the gas flow along with
the separated dust and passing this through a second collgction.
A nigher pressure drop' may be acceptable in this secondary

collection since a smaller volume of gas is involved.

2.6 Electrical Dust Collector (Electro-Précipitator)

In the dust collectors discussed so far, the‘dust
particles are either displaced by gravitational, éehtrifhgal or a
form of' hydrodynamic force. If 'an electricai charge q 1is
introduced into an electrical.field, then a fb}ce Fc is exerted
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on it in the direction of the potential gradient [22]. This force
is directly proportional to the field strength Es multiplied by

the number of charges (q); that is
Fo e q Eg _ ¢ @.1)

Equation (2.1) indicates the conditions to be set up in
the displacement zone. A similar electric charge must be imparted
to all the dust ﬁarticles, and an electrical field of suitable
direction and sﬁrength must be péesent.»

As the dust particles, dependihg on their origin will
either be already charged or of mixed charge this is inadequate
for electrical displacement. The first requirement is therefore
parallel electrical charging of the particles to expose them to
the effects of the electrical field. These two processes can take
Place in separate zones or be superimposed to each other in _é
single zone. A éonvehtional form of typical electrical dust
coilector is shown in Figure 2.4. The dust collection zone, that
is, displacement =zone and removal zone, consists of an earthed
tube with a thin wire insulated from the casing and suspended in
the centre of it. To this is.appliedva negative voltage of up to
-40000 Volts, which sets’up a potential gradient between the wire
and the tube wall. The generation of the charges, whether .
positive or negative, also take place in this zone. In the
immediate vicinity of the thin wire, theré is a sharp potential
gradient which, at an adequate volﬁage of g;ven’ polarity,
produces a negative corona discharge. The negative charges thﬁs
produced move towards the eaqthed‘tube. The dust‘particles now

Entering the dust collection zone first become negatively charged
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and then experience a force, according to equation (2.1), which
displaces the particles towards the tube wall where they adhere.
The tube wall, also called the receiving or precipitating
electrode, is the removal interface. The particles removed are
those whose adhesion forces exceed the transport forces of the
Passing gas. The particles adhere as a result of van der Waals,
capillary and electrical forces [221. The captured dust ié
loosened at set time interva;s by rapping the precipitation
electrode, to make it fall under gravity into the dust bunker.

The centrai electrode is called the discharge or corona
electrode, and current flowing between the electrodes is called
the corona or ionic current. The high DC voltage required for the
corona discharge can be produced by a transformer and rectifiers
as also shown in Figure 2.4, For continuous operation the
Precipitation electrodes must.be cleaned_at regular intervals or
continuously. The requirements being the minimization_of ingress
of dust into the directly adjacent gas stream. One of the best
methods of meeting this requirement is irrigation of the
Precipitation electrodes, to give a descending liquid film which
removes the dust particles from the dust collection zone. This
also eliminates the problem of back discharge. Two drawbacks are
that the gas temperature must be correspondingly reduced, and
corrosion resistant materials must be used. Costs are also.
increased because of the additional water'andvsludge circulation.
Another way of meeting the aove requirement is to discount the
gas feed during cleaning. This involves parallél systéns and
consequently increased costs. '

The dry method of éleaning, generally consists of
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Periodic vibration or rapping of the electrodes. To avoid re-
entrain@ent of dust by the gas stream, the precipitation
electrodes can be designed to provide flow stagnation zone where
the dust can drop into the bunker; however, not all the dust can
be precipitated in the stagnaﬁion zones. %he proportion of the
dust precipitated called the "Absorptive Capacity" of the
Precipitation electrode is unity' in the case of irrigated
Precipitation electbodes.‘Effbrts are nomally made in the usual
dry cleaning technique to minimize loosening of or turbulence in
the dust layer during ahd after qleaning.

The a@ove discussion indicates that there are . four

‘Underlying process to electrical dust collection, namely :

(1) | Generation of charges

(i1) Charging of the particles

(iii) Displacement of the particles under electrical
. forces (electrical field)

(iv) Removal of the particles via the precipitation

electrode and its cleaning.
2.7 Disadvantages of These'Separators,Compared to HGMF
With regards to the stated problem of research, all the
@ove described methods may be applied, but with several
limitations, these include:
For Fabric Bags

Baghouses suffer from température limitations if the  filter
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bags were made of cotton, the maximum operating temperature .
isvé)out 80°C even though some glass fiber filter bags can
withstand temperature of up to 260°C with increasing
material costs. Gas temperatures close to the Curie
temperature of the filter material are possible with the
HGMS process. The Curie temperature of the ferritig

Stainless steel wool is 680°C .

Most filter bag materials are not ideal for handling
abrasive dusts in corrosive, acidic = and alkaline gases,
whereas the stainless steel wool matrix in an HGMF process

a

should cope with these extreme environments.

—

Maintenance costs for bag filters are appreciable because

‘the filter medium must be replaced regularly.
For Wet Dedusters.

The most important advantage HGMF has over this type of
process ‘is. that wet dedusters need to have special

facilities for 'slurry treatment. And this results in extra
costs in setting up very large plants. The cost of water

usage is also appreciable.

The state of the materials being removed is changed by the .
spray of water. Thus, increasing the possibility of adverse
chemical reaction with the scrubbing liquid that might lead

to corrosion or depositioniproblems.ﬁAlso in cases where the
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filtrate is required in dry state, extra cost of energy will

be incurred in drying.

Another advantage of HGMF over wet deduster, althbugh less
important, is the loss of thermal buoyancy in the slack

plumne.
Cyclone Dust Collectors

The disadvantage of cyclone dust collector is the low
collection efficiency' of submicron particles. This problem
tends to be amplifiéd by the sécondary flow present in the
centre . of most convéntional. cyclonés. There are  also
difficulties in the removal of 1light or needle shaped

materials,

In cases whefe drasive dust is removed,rirrepardble damage
can be inflicted on the separating surfacés of the cyclone.
Thus, reqﬁiring,either canplete replacement of this surfacés
,or expensive repaibs. " An alternative arrangement which is

best but expensive is to coat the surfaces with wear

resistant‘material.

Electrical Dust Collector (Electro-Precipitator)
One 1limitation of this method of dust control is thaﬁ it is
restricted to applications where there are no explosive

gases in the gas streaﬁ. This is‘because of the_sparking
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nature of the unit. Unlike the eléctroétatic precipitator,
there 1is no corona discharge in an HGMF system. Therefore
HGMF can be applied safely to clean géé streams which

contain explosive gases.

¥ ¢

The dust  particles to be cleaned by electrostatic
precipitator must not be electrically resistant, so that
particle charging is possible. HGMF can be used to treat any

electrical resistant . particles as long as they possess>

Jmagnetic properties. Even for those particles which are not

magnetic, strong magnetic seeding particles can be made to
bond to the non-magnetic ones, which can then be treated in

the usual way by HGMF. Thus, a wide range of subStances are

amenable to HGMF.

For. most  electrostatic = precipitators _for  industrial
applications, the negative corona gives a'ﬁigher corona
current and consequently higher particle charges than tﬁat
of a positive corona. Thus, a negative corona yields better
particle collecﬁion than a positive corona for a given
applied voltage at the discharge eleétrode,"A sucggsgfulT

negative corona operation requires electron absorbing gases. .~

Thus, the ihcreasing drive to eliminate sulphurous 8éé'“ :

emissions lead to difficulties in the operation of
electrostatic precipitators, and HGMF may.  offer an
alternative process.

Compared with HGMF, ' the gas velocity through the
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electrostatic precipitator is relé%ively low, typically in
the range of 1 to 2 m/s when compared to that of HGMF.
Superficial gas velocities above 10 m/s has been used for
HGMF tests with reasonable collection efficiencies. Thus, an
electrostatic precipitator will be muchcbigger in size than
.an envisaged HGMF unit when handling the same quantities of

dust laden fumes.

The build up of dust on the discharge electrodes must be
diScharged continuously to ensure its efficient operation.
The method usually employed to keep the discharge wire clean
is to rap them méchanically. This consists of imparting
sharp blows to the discharge wireyaséembly, and to the wire
itself by means of spring loaded hémmers, operated by cams
mounted on a rotating shaft. This continuous rapping weakens

the strength of the discharge wires and leads to "structural
failure. These expensive discharge electrodes have to be -
frequently replaced. Such replacement does not occur in HGMF
‘system. Even the dust loaded matrix of an HGMF process does

not need replacement it can be cleaned and re-used.

Estimate of the capital costs and the energy

Consumption of HGMF and two other conventional methods were given

by Gooding et al [23]. The costs in 1977 were: HGMF - $6653 per

S and Electrostatic Precipitator - $4042 per m3 s. The capital

Cost of an HGMF system is somewhat higher than the precipitator'

But they projected that it . is still well within economic-

Competitiveness due to the accuracy of the estimates.  The
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eStimates of the power requirements show that the scrubber
TeQuires several times more energy than either the precipitator
in terms of energy utilization. The economic gain of an HGMF

SYstem occupying less space has to be taken into account as well.
e
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CHAPTER THREE
DEVELOPMENT OF MAGNETIC SEPARATORS

3.1 Introduction

| All elements in the periodic table are affected in some
way when placed in a magnetic field, although with most
Substances the effectiis too slight to be detected. The easefwith_"
which magnetic'properties may be indueed in a substance by the
8Ction of magnetic field is called magnetic susceptibility. All
Substances are permeable to sdme extent; and may te classified as
Paramagnetic when more or diamagnetic when 1less permeable than
free space. Substances that. show very strong paramagnetism can be
De called ferromagnetics. The magnetic force .exerted on a
particle in a given magnetic field depends on the relative
Susceptibilities ofAthe particle and the surrounding medium. When
the susceptibility of a particle exceeds that of the medium, the -
force is attraction;'and conversely, when it is 1less retulsion
occurs, Since air is the usual test medium, substances attracted

to the poles of a magnet are_ rated as paramagnetlc, while those

repealed are referred to as dlamagnetlc. It is important to point
out that small. amount of 1mpdr;ties or external influence can
alter the magnetlc propertles of these materials; for example,
when ferromagnetic materials are heated above their  Curie
temperature (temperature at which the relative permeatility of

the ferromagnetic material falls to wunity) they become

paramagnetic.
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Mixtures susceptible to magnetic separation are those
in which valuable materials and non-magnetics fall into different
Classes 1ike strongly magnetic, weakly magnetic or nonmagnetic.
Theoretically, it is possible to separate materials whose
Susceptibility is in the ratio of 5 or 10 : 1 but practically,
succeés usually depgnds on other factors such as relativé
particle sizes. impuritieS" inj,natﬁral minerals may so alter
Permeabilities as to rénder pubiished(indices of’ susceptibility
unreliable. Hencé, eXcept’ for Separation of strongly magnetiq
from clearly nonmagnetic substancés, the. safest ‘procedure in
. determining whether a mixtufe is separable by ﬁagnet is by

testing,

3.2 Principles of Magnetic Separators

Magnetic separation utilizes the force of‘ a magnetic
field, coacting wiﬁh some other forces to produce differential
Movements of magnetic mineral grains through the field. -
Fundamentally; différences in the magnetic. bermeability of
minerals constitute the basis for separation , but practically,
Separation is influenced byj'the ‘spécific ‘gra&ity, size, and
Purity of the material being separated, -and by ,meéhanicai and
electrical attributes of the separator. A typical example of this
1s - found in the séparation of either valuable minérals from non-
magnetic gangue (rocks in which ores afe imbedded) tin-bearing
mineral cassiterites often associated with traces of magﬁetite or

wolframite.
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'3~3 Essentials of Magnetic Separators

Certain elements of design is commonly incorporated in
all magnetic separators. The prime requirement as already
mentioned is the provision of a high intensity field in which
there is a steep field strength gf;dient. In affield of uniform
flux, such as in Figure 3.1, magnetic parficles may orienf
themselﬁes,ybut will hot"mové'élong the lines of flux. The most
straight forwafd method fdr prpdﬁcing a converging field is by
Providing a V-shaped pole'ébové ébflat plate, as in Figure 3.2.
The tapering of the upper pole concentrates the magnetic flux
. into a very small area giving’high intensity. The loﬁer flat pole
has the same total magnétic flux distribution over a larger area.
Thus, there is a.steep field gradient across the gap by virtue of
the different intensity levéls. An alternative method of
broducing a high field gradient is by using a pole which isl
constructed of altefhate magnetié and non-magnetic'vlamination
Figure 3.3.

The introduction into a magnetic field of particles
which are highly susceptible cpncentrates the lines of forece so
that ‘they pass throﬁgh them Figure‘3.ﬁ. Since thé lines of force
converge on the particleé, a high field gradienttwiéf'prodﬁced.
which causes the particles themselves to behave as magnets, ﬁhus
attracting each other. Fiocculation, or agglomération of 'the
particles can occur if they are highly susceptible, and if‘the
field is intense. This has great importénce as these. "flocs"™ can
entrain gangue and can bridge the gaps between magnetic poles;
reducing the efficiency of separation. Flocculation is espécially

serious with dry separating machines
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operating on fine materials. If the ore can be fed through the
field in a"nonlayer, this effect is less serious, but the

capacity of the machine is drastically reduced. Flocculation is

Ooften minimi zed by passing the material through a consecutive
magnetic field, which are 'usualiy‘ arranged with ' successive
reversal of the polarity. This causes the particle to turn
through 180° , each r'eve.r'sal tending to free the entrained gangue
Dartic].es. The main -disadvantage of this method is that flux
tends to leak from pole to pole, r'edﬁoing the effective field
str-ength;

Provision for collection of the magnetic and non-
Magnetic fractions must be "incor'por'éted into the design of the
Separator. Rather than allow the non-magneties to contact the
Pole pieces, which will cause problems of detac’hnent, most
Separators  are designed so that the magnetics are attracted to
the polé pieces, but cane into contact with smme form of
Cconveying device. Non-magnétic disposal presents no problems, )
free fall into a bin is often being used. Middlings are readily
" produced by wusing a more intense field after the removal of the
highly magnetic fraction.

Early application of éeparator‘s were confined to the
Separation of relatively large particles of strongly magnetic
materials. Such single surface separators were mostly similar in
the sense that they employ a single surface for separation or
collection of magnetic particles. The magnetic "for'ce.s on these
Surfaces are often produced by permanent magnets, but as in the -
Ccase of belt and high gradient Qevices, an electromagnet may be
used., The active separation volume for each of these separ‘ator‘s
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is roughly the area of the magnetized surface on the separator,
multiplied by the range of the magnetic force. In order for these
devices to héve practical throughput, the range of magnetic force
must be extended. However, such a range implies a relatively low
magnetic field gradient and weak magnetic tractive forces. Thi.s
limits the usefulness of scme of these devices to large particles
of strong magnetic susceiatibilities.

The development of high gradient matrix type of
magnetic separators has greatly ‘extended the ' range of
applications. They pr'oducé stronger short range magnetic forces
over a much larger surface area by employing different types of
fer'r-anagneticlmater'i als as ‘separators.

Commercial magnetic separators are continuous process
maChines and separation is carried out "on a moving stream of
Particles passing into and through the magnetic field. Close
control of the speed of passsge of the particles through the
fieid is essential, which rules out free fall as a' means of
‘feeding. Belts and drums are very often used to transport the ”

" feed through the field.

3.4 Functions of the Magnetic Forces

Most magnetic separators employ two or more f‘ield
forces when using magnetic - attraction to divert susceptible
par'ﬁicles from gravitational or inertial trajectories. Others are
close to the sorter principle in operation, 1ikév when susceptible
particles are magnetically 1lifted from a conveyor. Analysis of.
the action employed in most magnetic separators shows that the
magnetic field for'ceb is used to perform three main ﬂmctions,
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These are:

(1) To divert susceptible particles from theirvprevious
direction of motion.

(i1) To provide a force sufficient to sustain mass transport.
of these ﬁarticles.

4

(1ii) To retain the separated magnetics.

The tréctive force used  for providing these three
functions is the product of magnetic'field.strength, the gradient
of the magnetic field, and the susceptibility of the particle.
Hence, capac1ty of a magnet to 1ift a partlcular material depends
not only on the inten51ty of the field strength, but also on the
field gradient; that is the rate at which the field intensity
increasés towards the magnetic surface.

The equation defining the relationship is given below as:

F .gﬂ . .
oc H L - ) o ’ 3.1)

" Where F is the force on the partlcle, H the field inten31ty, and
dE the field gradient.

Therefore, in order to generaté a given lifting”fbrce, there are
‘Severél combinations of field and gradient which will give the
Same effect. Production o'f' a high field gradient as well as high
inténsity is therefore‘én importanﬁ aspect of separator design.
In most recent applications, the efficiency"of HGMS medium
depends‘ largely on having very high field gradient, because the
other two factors are limited by circumsﬁances beyond operational
choice., A high‘field gradient ehtails a rapid - decline 1in fieldA

—
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Strength with distance from the pole of convergence. Hence it is
invariable Eﬁa; the useful tractive force extends only over short
distance from each pole. The commonly adopted engineering
Solution in high gradient magnetic separation is a 1large
multiplicity of poles by the ingroduction cf ferromagnetic
StFuctufe. The structures develop a strong magnetic force on
their edges that is approximately inversely proportional to their
diameter. And the rangesrof the magnetic force is proportional.to
the diameter of the characteristic size of the structure. The
force produced is intense and permits entrapment of very fine
weakly magnetic particles. Highly susceptible particles are
permanently retained by the nearest magnetic pole they encounter.
The magnetic force holds the susceptible product and fluid drag
(With or without assistance from gravity) in some circumstances
try to remove them. The main disadvantages here are the risk of
failure to retain very'small magnetic particles passing tcc fast
or at great‘distance from the locus of high tractive force, and
_Fﬁe risk of blockage if the supply of magnetics exceed available
Capture spots. So, the problem of rate of transfer of susceptible
Particles, relative to transit nates andléotal residence times,

become the limiting factors in the whole process.

3.5 Classification of Magnetic Separators

| There are several types of magnetic separators,y each‘
Varying in design, operation and application. Many differ
according to whether the feed is coarse or fine, wet or dry, and

l°W, medium or high permeability. Major types. have been

Classified on several basis such as:

—
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(1) Intensity of magnetic field; as low, medium, and high

intensity.

(i1) Medium; in which separation take place as wet or dry.

(1ii)  Mechanical devices used in the presentation of material

to the'magnet, as on a belt, pulley, drum, shaking tray,

or free fall through a fluid.

(iv) Mode of disposal of products, as by gravity, cross or
longitudinal belts, sprays and - scrapers.,
(v) Current characteristics; whether alternating, or direct

current separators.

(vi) Nature of magnetic phenomena utilized; as in induced

attracpion hysterétic repulsion, coercive force
reaction.

(vii) - Motion of magnets; for example, whether they are
stationary or moving.

(Viii) Method used to get the magnetic material unto the
collecting surface. When the feed is introduced

directly unto the collecting surfaces, the

separator is classified as Holding Type. When
the collecting surface attracts particles from
a feed stream moving in close proximity, it is

termed Pick-Up Type.

The classification adopted here is based on simply the potential

intensity of the magnetic forces required to' effect capture.

These are conventional separators which utilize strong fields of

Permanent magnets and high gradient devices which functions

efficiently with a lower field strength as it relies rather more

~—
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.on the field gradients.

3.6 Conventional Separators

Drum separators are probably the most common type of
magnetic separator. Drum separators of the holding type consists
of rotating horizontal cylinders of nonmagnetic material,
nomally brass or broﬁie, surrounding magnet banks confined to
the inner surfaces of the drums. ?he banks may either be
Stationary or rotating. They are built up of individual flat
magnets," arranged radially around ﬁhe drum  axis and wound to
Produce opposite polarities in adjacent poles. Electrical
COnnections are made through a hollow shaft supporting one end of
the’drum. The moét common use of the dry and wet drum separators
are the beneficiation of iron ores. Réll separators‘are used ﬁo
treat less strongly magnetic‘ iron bearing ores, while pulley
Separators are most often uséd in the removal of tramp iron frém
Various feeds. These separatdrs may use either pennanent' magnets
or electromagnets and can operate in a cdntinuous mode if

" required.

3.7 Dry Drum Separator

A schematic diagram»of the operation of dry separator
is shown in Figure 3.5. In this type of conventional separator,
the‘feed material (dﬁy in this case) is introduced at the top of
a rotating drum. The particles are carried déwnward along the
drum by the combined action of gravitational and frictional .
forces which transmit the rotation of. the drum to the particles.

Magnetic forces produced by the stationary magnet within the drum

~—
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hold the more magnetic particles against the rotating drum. These
Particles are deposited to the right as the drum moves past the
end of the magnet. The non-magnetics fall freely off the drum to
the left, Dry drum separators can be uéed to treat particles as
Small as - 100 microns. The performance in producing concentrates
is strongly affected by the humidity of the feed. If the humidity
is high, small particles may stick to larger particles resulting
in a less complete separation.

Since the nonmagnetic drum in Figure 3.5 turns past the
Stationary alternating poles of the mégnets within the drum, it

May be said that the magnetic particlgs experience a force of
Varying magnitude as it rides on the surface of the drum. This
Variation in the strength of the maghetic force introduces a
tumbling motion of the magnetically ﬁrapped particles, and this
alds in their separation from the unwanted nonmagnetic particles.
The reversal of the magnet between poles also results in the
rotation of particles with remnant moments; althougﬁ specific

motion of particles is dependent on its size [24].

3.8 Wet Drum Separator

This type of separator usually find application in
Slurries, clay industries and treatment of some process wasté.
The magnet is nommally the same type as that found in the dry
appiication. Three major types of these separators are discussed

below.

3.8. 1 Concurrent Separator

In the concurrent drum' magnetic separator the feed
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slurry is passed through the trough in the same direction as the
rotation of the drum (Figure 3.6a). Magnetic Particles are
attracteq to the rotation surface of the nonmagnetic drﬁm by the
Stationary magnets within the drum. The nommagnetic particles
Sink to the 1lowest point in the trough and are drawn off as

tallings. The magnetic concentrate is carried by the rotating
drum up over the weir to the right. This type of separator
Produces a high grade concentrate for,particlés on the order of a
few millimetres in diameter. The separation is relatively clean
Since ﬁhe magnetic particles are affected by the Qanpeting
magnetic and hydrodynamic drag forces all along the periphery of
the drum. This ‘cleaning océur's even though the variation in force
due to the alternating poles within th¢ drum does not préduce the
Sane degree of particle motion on the drum as‘is seen in the dry
Separator where the viscous forces of the slurry are not present.

Sin¢e the concurrent tank separator often produces” tgiling in
which a relatively large amdunt of magnetic material remains, the

tailings are often treated again in a counter-rotating drum

Separator.

3.8.2 Counter-Rotating Separator

In the counter rotating separator shown in Figure 3.6b,
the feed is passed through the ﬁrough opposite to the direction
of 'drum rotation. The magnetic particles are picked .up on the
surface of the drum and carried off to the left. This device
Produces a high recovery but generally a low-grade concentrate
Since most of the magnetic particles are trapped in a short
Section of the drum and theré is little opportunity for the maﬁ

~—
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of trapped particles to release entrained nonmagnetic particles.
High recovery also results froam particles being picked up’further
downstream by the drum and be carried back as concentrate.
COunter-rotating separator can be used to treat particles down to
100 microns. It has been considered,;to have a larger capacity

than the concurrent separator because of its ability to pick up
Magnetic particles not iﬁmediately entrained.

3.8.3 Counter-Current Separator

" This type of magnetic wet drum separator is often used
8 a finishing sebarator because it produces an extfenely clean
Concentrate with good recovery for particles down to aout 70
Microns. This device retains same features of the concurrent and
COunter;rotating types (Figure 3.6c) but possesses instead three
drum téndem separators. The feed is introduced at approximately
the miq point in the‘magnetic section of the drum. The flow of
the feed slurry is opposite to the direction of the drum'rotation
while the entrained particles travel in the same direction. The
» Particles are then washed by water introduced on the left side of
the tank. The cleaned concentrate is overflowed to the left.

A feature common to all wet drum éeparatofs is the

Overflow of the concentrate slurry at the end of the tank. Thié
is desirable to prevent the magnetic particles from being drawn
through the alr water interface, which results in loss. In some
devices in which a dewatered concentrate is desired, the magnetic
Particle are drawn up @ove the surface Qf the slurry and scraped
- Off the drum. In these cases the slurry must be recirculated to

recover the lost magnetic partiéles.
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.3.9 Belt Separator

Belt type magnetic separators comprise a large class of
devices. - The - belts are used to transport the feed material into
the magnetic field region and transport the tails out. A belt may
also be used tovtransport the magnetically captured material out
of the field region. ?he magnetic particles attracted from the
field belt may be thrown off to the side by the use of dises [25]

Suspended over the belt against which the magnetic material is
attracted. Or, the magnetic material may simply be attracted to a

suspended (guard) magnet and removed by hand. In wet belt
Magnetic separators, the feed’in a slurry is introduced to the
belt on whose surface magnetic forces exist, to hold and
transport the trapped particle away. These forces are produced by
magnets:of alternating polarity behindiﬁhe belt [26] and [27].
Belt separators are used to beneficlate minerals and remove tramp
iron, For application to mineral separation, the Wetherill high
intensity separator [28] represents a sophiéticated type.of cross

belt device.

3.10 Grate Separatorh

A simple and very common type of magnetic separator is
the grate separator shown [28]; The separator consists of series
Of tubes placed in the pipe through which the feed is passed. The
tubés often stainless steel, are packed with discs or short rods
alternately magnetized to produce essentially radial magnetic
fields. Ceramic magnets are used to produce strong‘ permanent
fields in ‘this highly demagnetizing geametry. Devices like this'

type are commonly used to separate bits of tramp iron from a
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-Variety of feeds, -including grains, foodstuffs, and other
nomally dry, low density materials. The amount of tramp iron
that is normally caught is relatively low so that this type of
Separator can be cleaned periodically by hand. The grates may be
rotated to reduce bulld-up and bridging of trapped material on
the upper bars. Separators of this type are commonly inserted
into ducts through which a gravitationally transported feed
Stream is flowing. “

5

3.11 High Gradient Devices
Many high gradient type magnetic separatorso have been

devised because :of the 'larger magnetic forces that can be
Otained with them. These devices (which include Frantz-
Ferrofilter and Jones Separator) héve‘Been called "induced poie"
devices since the field gradients are produced by applying a
relati#ely small uniform background magnetic"field to a
fePbonagnetic medium .like grids, screens, érooved plates.or steel
Wool and inducing magnetic poles along their edges. Since large
Magnetic gradients can generally exist only in small volumes,
these separators are designed for the separation of micron sized
Dagnetic particles. To produce high gradients and'large magnetic
forces over a large surface area to trap practical number of
barticles presents sme fproblems. Needles, with their axis
Daréllel to the applied field produce “high gradients with
relatively low field but the available trapping surface is very
limited. By contrast filaments magnetized perpendicular to their
long axis - have large demagnetizing factor, but much greater
Surface area., It is on this pfinciple that the’  present high‘
=41-
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gradient magnetic filters for the filtration of sub-micron
Paramagnetic dusts are based. Described below are two early

€Xamples of these separators.

3.12 Frantz-Ferrofilter , ¢

The | Frantz-ferrofilter is a magnetic separator
°0nsisting of a series of screens or grids placed in the bore of
a solenoid magnet. Small particles of iron and other fairly
Strong magnetic minerals are trapped from siufries or dry feeds.
The feed flows in from the bottom of the device passing~thfough
the screens and out at the top. The screens are made from ribbons
of magnetic stainless steel. The induced poles are along the
edges of the ribbons which make up the screens. The magnetic
fielq produced by the coils surroundingvthe screens need not be
large since the demagnetizing factor of the ribbon is low.
HOWever, the use of ribbons tends to reduce the numﬁer_of screens
Per unit of magnetized volume and hence the capacity of  such a
device. Some of these devices operate noncontinuously as it has
" to be interrupted intermittently with the magnet switched off in
order - for the magnetic‘ particles to be backwashed. The usual
application of these devices is for the remov31  of fine 1iron
impuriﬁies in various fluids. A special application of this type
Of device has been in waste water treatment [29]. The filter is

Used to remove very fine suspended solids after a magnetic

Seeding (addition of magnetic iron oxide and coagulant) has been

applied [30].
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3.13 Jones Separator

JoneS magnetic separators utilize a series of grooved
Plates, placed between the poles of an electromagnét [29]. The
slurry with particles to be separated is passed through the
phamber containing the plates. The“pagnetic particles are trapped
along.the edges of the groves where the field gradient and the
hagnetic forces are léfge. The nonmagnetic particles and slurry
liquid pass through the chamber and out below. As in the Frantz-
ferrofilter the magnetic particles can be washed out when the
magnetic field is reduced to zero. Although relatively large
field gradients are prodﬁced, the capacity of this device is
limited by the surface area available in the grooved plates. This

has been discussed by Stone [31] and Jones [32].

3«14 Beneficiation by HGMF Process

The magnetic separation technology was given new

impetus with the introduction of separators using steel filaments

+ in relatively high field with an efficient magnetic circuit for

the electromagnet. This has been found to be economical in
Séveral applications. The magnetic suSceptibility and the size
distribution of the particles to be removed 'aré the kéy
Parameters that determine the practicality of application. Some

of fhe areas where HGMF has been applied are discussed below.
3.14,1 Particulate Emission Control
Large quantities of non-ferrous materials can be ' found

in the atmosphere. The commonest and the most damaging sources

i3



arising from the combustion of fuel, especially solid fuel, are
Power generating plants. The discharged grit, ash, smoke, and

Sulphur dioxide can be controlled by HGMF.

3.14.2 Beneficiation Of Weakly Magnetic Iron Ones

With ever decreasing depo;its of iron ores large enough
to make magnetic drum beneficiation effective, the need arises
for a petter and_more effective methods of retrieving these ores.
There are vast deposits of oxidized taconites which can be Qsed
if an economic method were available. These ores consist mainly
of small grains of hemaﬁite,"geothite and iron siiicates mixed
with chert. To liberate the iron containing minerale from vthe.
chert, the ore is‘ground to a size of less than 30 microns. This
can be beneficiated, to iron level acceptable for steel making by
HGMF process. Previous conventional magnetic separators like drum
and belts was ineffective because of low susceptibility and

reduced size of the partieles.

. 3.14,3 Coal Desulphurization

There is a growing’ effeft to create cost effective,
§00nomically sound methods ofbueilizing‘coel as a cleaﬁ fuel.
Sulphur eccurs in coal in two ‘formsg ﬁineralA sulphuf is
Chemically bound to discfete mineral ;impurities which can be
removed by physical eleaning and organic sulphur which ie
aSsociated with the coal structure and requires more elaborate
Processing  for its removal. The mineral sulphur in coal occur
down to micron sizes., Effective pyrite removal by deep cleaning

Processing of coal requires grinding to liberate the sulphur’
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before the application of'physical separation methods. The useful
constituent of coal are diamagnetic while a good proportion of
the undesirable sulphur is in the form of paramagnetic iron
compounds called pyrites, which can be removed by HGMF. Other
Components . in the coal, normally ending up as ash, are also
Paramagnetic in nature and can be removed by this technique [33].

Indeed, emissionrlevel of sulphur oxides and ash from
coal burning facilities are set to stringent standards. (for
€xample, 5 grams of SO, per million joules of coal burnt). The
Darticuiéte emission standard can generally be met with the use
of electrostatic precipitatofs, but HGMF method has successfully
been applied to.the removal of sulphﬁr oxide emissions from the

flue gases.

3.14.4 Cleaning Of Liquid Streams

There are twovtypés.of applications of HGMF in cleaning
fluids, The simplest is the direct removal of suspended .magnetiC‘“
Solids 1ike iron oxides from steel mill waste water. The other
" involves precipitating dissolved contaminant onto magnetic "seed"
Particles. The basic advantage of HGMF over conventional waste
water treatment is the high throughput that éanrbe handled,:even
for the removal of very fine particles. |
3.1&.5 Application to Iron énd Steel Industries

Iron and steel are one of the Iargesﬁ'indusﬁrial users
of process water, with most of the water used for'coolihg and -
Quenching of géses evolvéd during séarfing. A large volume is

also used in making and forming of steel, descaling and hot
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forming, and the contfol of unwanted particulates that result.
CUPrently,--the‘brinéipal method for removal of fine particulates
from these waste is sedimentation in large clarifiers with the
addition of chemical floéculents. The problem of water clean-up
is particularly difficult especially in the rolling mills where
the separatidn of fine particulates, emulsified oil and water is
required. The sizes of most of these dusts signifies that the
clarifier must be operated at ver& low overflow rates which are
€enerally of the order of 0.1em/sec. The application of HGMF in
removing these suspended solids reduces the large investment in

capital and space.

o

3.14,6 Clean-Up Of Fuel Lines In Power Plant

HGMF fiiters have been found to be effective in the
control of magnetic debris in fuel oil and steam lines. This is
Usually necessary to brevent clogging in/mechanical atomizers or
burner nozzles. Convéntionalffilters were found to be ihéffective4

in this abplication.

3.14.7 Biological Application

HGMS Technology has been applied tovthé separation of
red cells from whole blood [34] and can lead to a potential small
Scale application of the technique to producing plasma from low
red"blood "cell 1levels or to preparing extremely pure red cell
Population. When red blood cells are in their deoxygenated state

Semu/cm3 (about,

their susceptibility relative to water is 0.3x10~
two orders of magnitude lower than CuO). These red blood cells

have been filtered out using HGMF process without .any observable
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biological damage, although at a very low velocity.

3.14.8 Cleaning of Kaolin Clay

The HGMF beneficiation of kaolin clay represents the
fiPSt applicatioﬁ of magnetic sepa?étion technglogy in commercial
DPOOeésing of micron sized‘weakly‘magnetic materials. Kaolin is é
white alu@;éé}éi}iqgfg minéral which occurs in nature_és a‘fiﬁelyvg
divideq paftigg;gpgmgi§pgrsion.> Quality .clays ére principéiiy
employedv éé; Eiliinég and c;ating agents in the manufacture of

Paper products and sold largely on the basis of white colour and

. Theological properties. The application of HGMS has grown in

competition witﬁ .other well established wet physical
beneficiation hethods ~ like floatation : and selective
SEdimentation, both of which are complex process, sensitive to
reagent costs., The magnetic technology not only competes

favourably because 6f its simplieity, iow cost and " nigh clay

¥Yield, but is expected to increase the economic incentive of re--

Opening abandoned reserves of quality kaolin clayS.
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Summary of‘Magnetic Separatdrs Reviewed

Drum Separator : Use of drums with either permanent magnet or
electromagnet; Remové particles from 100
microns diameter}vForces préﬁent are gravity
and hydrodynamic drag.

Belt Separator : Use of belt to transport and remove tails;
Beneficiate minerals and tramp iron from -

' 150 microns; Major force is grévity.

Grate Separator : Consists of series of tubes; High

demagnetization; Remove particles°from

© 200 mic;ons diameter;

Major force present is gravity.

.Frantz-Ferrofilter ¢ Utilize series of screens/grids; High

demagnetization factor; Reﬁoye micron sized
- particles; Hydroéynamic force present.
Jones Separator: Utilize grooved plates; capaéity limited by

surface area; Hydrodynamic force present.
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CHAPTER FOUR
PRESSURE DROP IN FILTER MEDIA

4.1 Introduction

Maintenance of a given flow of air through a filter
Causes pressure drop across its faces. Pressure drop is the
Second most basic quantity describing the properties of a given
filtratién material after collection efficiency for the design of
filters, In certain cases iﬁ is even more important s%nce it is
not difficult to. prebare a filter having efficiency of 99.99%,
but the high pressure drop of such a filter will make any
Dractical use nearly impéssible. : | |

Pressure drop affects the main power consumption of the
filter system as its requirements are directly pfopqrtional to
fldw rate and pressure loss. In some practical applicatibns, the
Pressure drop across a filter is used to monitor efficiency of
" Operation. Deposition or capture of particles by a filter also
Causes a resistance rise, although this may be accompanied by an
initial rise of collection efficiency. The mass of dust deposited
for a given resistance rise depends on several factors 1ike;
Particle size and shape, hydrodynamic, gravitational forces and
in ﬁhis particular case magnetic force.

The two types of filters used in this'investigation are
r'andOmly packed filamentous wires and woven wires. The results of
the tests are presented in various forms that can be of help to g

filter designer.
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4.2 Theory of Medium Resistance

The chief difficulty encountered when dealing with
randomly packed matrix is the highly complex geometry of the wire
Orientation. This causes the flow to follow tortuous channels
making it neariy impossible for a complete hydrodynamic analysis.
This led to the simplification of the problem to orderly arranged
metallic screens. Metallic screens in the form of woven wire is a
Practical filter medium that is very close to the assumptions
made for the theoretical model. |

There are three main methods of predicting the pressure
loss of a filter. These are the orifice analogy, the rgndomly
Packed bed analogy, and the use of drag coefficient. In the use
of  these methods, . the material of the filter is assumed
impermeable; thus the wire is considered to be a flow barrier
With the screen pores forming the flow channe%s. In randomly -
Dacked bed analogy, approximate expreésions are used for the
division of flow, both in and around the wires. In the drag
Coefficient approach, the pore walls are treated as obstacles to
the flow of viscous fluid. The drag of the fluid on each portion
of the wall is estimated usiﬁg‘simplified forms of the Na?ier-‘

Stokes - equations; the sum of all the drags being taken to equal

the flow resistance of the medium. In view of the fact that the
filter wires . are fairly smooth and cylindrical, the orifice and
drag theory methods have been most successful in predicﬁing the
resistance of these materials to fluid flow. A simplified version
of this model for "smootﬁ“ cylindrical wire is developed below.
The fan model filter was adopted for the woven wire.

This consists of parallel equidistant rows of circular cylinders

-4g-



Fig, 4.1: REGULAR CUBIC LATTICE MODEL




in g plane perpendicular to the flow direction. In the same
Plane, theléylinders are parallel and equidistant, but the axis
of the cylinders at different planes are oriented at random. The
wire screens used here consisted ofkrows of parallel, equidistant
¢ylinders that are interwoven with other rows at 90° angles; a

Stack of these closely resembles the fan model.

4.3 The Simple Cubic Létfice Model |

A number of equations“ of theoretical, empirical and
‘Sémi-empirical néture has  been suggested‘ for predicting the
resistance of filters. Those déaling with fibrous filter models
with regular geometry and érrangement for which the flow is known
have been described by Davies [35] and Lee [36]. In this
analysis, the simple cubic lattice model [37] wused for the
€Xperimental data over a range of Reynolds . numbers for
C¥lindrical wires is developed.

The model assumes theArandom matrix to be modelled as - a .
) Fegular 1lattice of cubes, size 1, , having a face normal to the
flow (Figure 4.1). Given the wire volume Vw and matrix volume Vm

» the packing fraction F which is a ratio of two parameters are

given by :
v , .
F = ._I.n.. .
; | | .1

The number of cubes (n) in the matrix is given by :

\'} vV
n = lm -V (4.2)
s @ lg
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Where a is the fiber cross-sectional area.

Solving eduation (4.2) for 1, gives

1 - |§F§_ (4.3)

) [

ASSuming that the drag on cylinde;s parallel to the flow is
Negligible compared ‘td those nofmal to it, the matrix can be
Mmodelled as a series of parallelyéquare meshes distance 1, apart
(Figure 4.1). In this model, two-thirds of the fibres are
therefore effeétive [38]. In a matrix of face area A, the length

of fiber 1, in such a single mesh is given by:

A o ' ! '
s
This represents the length of a fiber for a single’mesh of area

A,

Drag defined as the force component parallel . to the relative

approach velocity, ekerted on a body by a moving fluid is given
. by:

2
C A OV
d®ev'f a
Fd =— (4.5)
Where Ae is the projected area of the body on a plane normal to
the fiow, v, the flow velocity in the filter matrix, and Fq is
the drag force. R

The momentum equation gives the drag force for a single mesh

(Figure 4.2) as:

Fqy = VPA | S ' - (4.6)
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assuming that the momentum flux is the same upstream and
dOwnstream; for example at stations 1 and 2 on Figure 4,2.
Therefore the loss in pressure across is obtained by combining

SQuations (4.4), (4.5), (4.6) to give

2
F C VoA 1/2
vp - .4 _d% Ya e 4. 7)
A 1/2
32y
F c h)

A, is given by the area of the cylinder facing the flow which for

4 single mesh is the length of the wire 1, multiplied by the
diameter of the wire, d. |

SUbStituting for A, equation. (4.1) becomes:

2
C.Pr V51, d
vp - 4 °f a ¢ (4.8)
< (33)0.51
F c

I4

Bit  the total number of meshes is given by %L; therefore the
. ' . C
total pressure drop across the filter can be estimated by

_ , o
ve = d®VaLa cye,v2Ld |
e - | (4.9
3271 () |
F S

The model so far does not take into account the
blockage effects -(or interference) but only estimates the
Pressure drop in a loosely packed matrix from a\knowledgé of only
Cd a3 a function of Reynolds number. From equaﬁion (4.9), the

Coefficient of drag of the entire filter can be calculated usihg:
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v P (%?) |
ey VAL d

If the above formulation is correct, Cd values should approach

4
)

that of ‘an  isolated cylindrical fiber, and this would be
eIUCidated in ﬁhe discussion of the experimental results.
.ASSuming that all the flbw in the passages of the filter were
entirely barallel to the direction of the main flow upstream; the
mean velocity‘ pf the flow in the filter will be slightly higher
than that of the main flow. This is because of the slightly
restricted flow channeis. The mean velocity of thé flow in the

filter can be estimated with

v = _V , (4.11)

vwhere V is the bulk fluid velocity.

SUbstituting for V_ in equation (4.10) give

VP (%2) (1-F)2 .

Cq = | | L (M12)
2
Cp Vo d L o S
wdz '
Substituting for a above, which is T equation (4.12) becomes:
3wd (1-F)2
Cq = VP n : , : (4.13)

e V2 L
eV d

Cd is a function of Re defined by Re = which becomes

eV d
Re = f

=t (4.14)
yp (1-F) ‘

With blockage effect correction.
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5.4 Woven Wire Model
The development of this model follows the same
Procedure as above. Taking the size of the square of mesh as 1S

Figure 4.1, the number of squares per unit area is given by :

&
o)

12- (4.15)
lS

The length of the wire per square of mesh is le 50

that the length of cylinder per mesh 1¢ is fL .
o s
The drag coefficient Cj is thus given by :
vp ls N2 )
1/20,7%d
Where n = number of grids in series
d =

diameter of wire

and nd defines the thickness of the filter.

4.5 Pressure Loss of Clean Filter Matrix

~ Tests were performed on the two types of filters used
in this study to determine their'resistances.»The first consists
of 50ym_stainless steel wires [PLATE 4.1], packed réndomiy‘into a
filter matrix [PLATE 4.2]. The filter matrix is constructed from
PVC tube of 98.u4mm diameter with length varying from one filter
0 the other from 25-50mm. A typical sample of one of the filter
Matrices used is shown in Figure 4.3. Windows were cut from. the
bOdY to allow for‘the packing of the wires. The whole matrix unit
Was also divided into compartments separated by copper screens of
large pore sizes for easy packing..The length of each compartment

as 'separated by the copper screens was 50mm. Investigations were
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Performed for various operating characteristics such aé, packing
density, fléw rates, and filter length. PVC was chosen because of
its non-magnetic properties as will be pointed out later. ( As
the matrices will be placed in an externally created magnetic
field, a magnetic matrix will create external magnetic capture
Zones ). The matrix was made as thin as possible to reduce its
resistance when empty. The second type of filter consists of

Woven wires (PLATE 4.3) applicable to practical installations.

They were pécked such that they touched each other. Data on
Dressurenlosses were obtained with increasing numbers of wire
SCreens, The effect of separating a battery of screens with rings
Were also investigated. The test was carried out within the range

of velocity encountered in practical appliances ( 1 - 40 m/s ).

4.6 Test Procedure
The above tests were performed with the use of the main
€Xperimental rig described in Chapter Seven (Figure T7.1), but

With the magnet switched off. The operation involved switching on

- the main fan with the filter put into the duct. The pressure drop
across the duct was monitored from two static pressure tappings
located’ upstream and downstream of the filter zone. These were
Connected through flexible PVC tubes to a digital _manometef
(Furness Controls Ltd, Berhill ’England), from where the
difference was read off. Also present are tappings located
downstream of phe filter to measure{the velocity profile of the
flow after it has passed through the filter matrix. - There .are
flow controls located_at the entrance’of the duct and just before

the fan, to control the air flow rate in the duct. Initially
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tests were carried out with empty matrices to establish their

resistances. These were then compensated for in the real tests.

4.7 Discussion of Pressure Drop Results

The results 9f this test can basically be classified
into two groups:- Random and Woven wire results. The reason for
this demarcation is entirely based on the formulation of the
€Xpression prédicting the drag coefficients from experimental
data, In the random wire arrangement, the experiment was

Performed over two different lengths of the matrix with varying

Packing densities but the same wire diameter of 50 y . For woven
Wire, meshes with different pore sizes were tested, the major
Variation being the number of meshes stacked during each test.
Figure 4.4 shows a typical set of results obtained for
a filter of length 5 cm, packing fractions of 0.50% to 1.50%, and
flow velocity of up to 40 m/s. The curves plottéd on a
logarithmic scale show the variation of‘ preSsure drop. as “
" functions of flow velocity.'A 1inéar regression of the sets of
data were performed with the points fitted into a first order
expression of the form Y_l.’. FX VK +C. Cis the intercept of
the 1ine passing through the points on E%E axis, F is the packing
fraction, x 1is .a constant, V represents the the duct centre
Velécity, while K is the slope of the line. The adoption of such
28 mathematical expression indicatesrthe pressuﬁé drop across the
filter to be linear with the flow rate at these veldcities for .
any . chosen packing fraction. Table 4.1 below gives a

comprehensive list of the variables defining each of the straight
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line passing through the various grdups of data points on Figure
.4, Although for any given packing ‘fraction a different
SXpression for each set of the data will be preferred for higher
accuracy, a detailed study of the table reveals very small
differences in the variation of the, slope (K)Y 1in each case.
Attempt was therefore made to approximate the whole set of data
with a singie expression: "This was achieved by the use of
averaged values of the intercept (e¢), and the gradient (k). For

Figure 4.4, the result was a linear expression of the form

-VTP = 70-01 4.5835v - 0.2234 . WD

that Predicts the mean pressure per unit length of the matrix.
The correlation éoefficient, which is a measure of how well the
Straight line was fitted (confidence factor) was 99.7%. It must
e emphasized that equation (4.17) should be used with caution as
it tends to ovefshoot at high flow veloeity. ‘A' better
APproximation was discovered for a range of 'x'\ values for Fhe
.Various packing fractions tested. | |

The scatter of the‘data'point groups in Figure 4.4 was
least éxpected. It can be attributed to vexperimentél, equipment
°r human errors. The initial high drift of the experimental
Points may have .béen due to the big range of the digital
Manometer used, ;which ‘tended to be less sensitive~ at low
Pressure, Another important source could have been from large
Scale eddies fofmed by high turbuience in the vicinity of the
. filter, which could have been encouraged by the randomness of the
Wire, This was seen to diminish with iﬁcreased packing fraction

as is obvious in Figure 4.5, where the highest packing fraction

—~
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of 0.015 has the most even velociﬁy profile. Another important
Point reveéied by these downstream velocity profiles is the
homogeneity of the wire paéking in the matrix. For very badly
Packed matrices are easily identifiable by wide variation in the
Values of the velocity traverse. ! ¢
Also, there seem to be a critical packing fraction’

below which the unevenness of the flow profiles become pronounced

irrespective of the uniformity of the packing. For packing

densities above these values, the flow sees the random wires as
Str‘aig'cl'm.er's ﬁhat tend to break up thé iarge scale eddies rather
than obstacles. To investigate this further, another , filter of
length 15 om was “tested with 0.005, 0.0075 and 0.010 packing
fractions. The results obtained are shown in Figures 4.6 and 4.7,
and Table 4.2. Here again, the smoother profilesv with high
Packing is amplified by Figure 4,7. The average grad@ent from the
table is 1.523 with 99% correlation f;ctor. The expression that

Predicts the mean pressure drop per unit length is given by

ZLE = FO-01 1,503y - 0.308 ©(4.18)

Similar experiments wére carried out using woven wire.
Tests varied from the application of just one mesh to as many as
20. There are two reasons for including these tests. The first is
that the woven wiré_would be used eventually for filtration tests
and therefore a knowledge of the resistance‘lwasl necessary; and
Secondly, the reéult is used to clar{fy the problems enébunteréd
With the explanation/of the random behaviour of the previous
filters. Figures 4.8 shows the ;ogafithmic plot of P/n against

flow velocity while Figure 4.9 shows their profiles. It is
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obvious from the plot that the following relationship exists.
VP, = 2xV P,y = 20XV P,

This expression‘arosé due to the fact that the pressure drop in a
fan model filter is a fqnction of both solid volume fraction and
the ratio of average distances between neighbouring wires. Hence,
for meshes of the same pore and wire sizes packed in the same
matrix, _their resistance tend to add up in series. A linear
regression of the experimental data groubs shown in Figure 4.8

Produced a good correlation and high effectiveness factor.
DEtails of the results of fitting straight lines through the data

Points are given in Table 4.3. A single specific expression to
Predict ~the mean  pressure drop for the whole set of the
€Xperimental data takes the form:

VP

_ X '
- = 85 1.699V - 0.602 : : . (4.19)

wWhich»is similar to equations (4.17) and  (4.18).° Sq représeﬁts
the screen sdlidity, which is the ratio of the biocked area over
the total area of the mesh. For this particular ' case, Sy 1is
0.478, |

The results of the woven wire filters also support the
above explanation for the scatter of the data of random wires. In
this particular case, because the Wireé are ordered, the
Unaécounted errors in the system arelﬁhose due to equipment ahd

their feadings, as the error from random packing is drastically'

reduced. This is'apparent in both Figufe 4,8 and'uﬂQ.
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So, for a filter designer who 1is interested in
Predicting the power requirements of a randomly packed filter,
Squations (4.17) and (4.18) will be very useful. The first may be
Used for filter length tho 10cm, while the second is for 15cm
ad  above, The resistance of well ordered woven wires of
different mesh ‘sizes can be predicted with equation (4.19)
| Provided that the solidity~is known.

An alternative form of the presentation of the above
data yas produced by plotting the experimental coefficient of
drag as a function“of flow Reynolds number. As already discussed
In the formulation of the drag coefficient above, this approach
Models the entire filter as banks of cylinders that are
Perpendicular to the f1ow direction. The expectation is that the
Correlated experimental résults must approach that of infinitely
long cylinder. For random filters, the drag coefficients were
calculated with equations f4.13) and (4.14) and are shown in
Figures 4,10 and U4.11. These correspond to the data of Figures
4.y and 4,6, Although Figure 4.10 shdws a high scatter of the
pOintS,' the data tended to asymptote at about a drag coefficient
of 2,2, Higher packing of Figure 4.11 showed a better correlation
With Re becoming independent of Cd at about the wvalue 2. This
lower Cd for longer filter is in tune with equation (4.,13), which
shOWS_ the drag coefficient t6 be indirectly proportional to the
filter length. This practicallyv.means that the pressﬁre drop
across the shorﬁer filter was incréésing mofe rapidly with
increased flow Reynélds nuﬁber than the longer filtef. Hence,
Producing earlier independence of C, from the wire Re in Figure

4.11; or in other words, the earlief occurence of thé asymptote.
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A combination of both results is shown in Figure 4.12 for easy
comparison. Analysis of the woven wire data (Figure 4.13)
corresponding to that of Figure 4.8 produced the best fit with Cd
tailing off at about a drag coefficient of 1.8 which compares
better with that of a single cylinder at the same range of Re.

The difference between the values of Cd obtained from both random

and woven wire filter may partly arise from the values of frontal
areas used in the two models. In the case of woven wires, Ae was
~ 8ccurately calculated, while a statistical estimate was applied
for random wire arrangement. Also in thé case of woven wires, the
Mean solidity of each of the screen that make up the filter was
almost constant, Hence, errors in filter resistance which arose
from the randomness of the wire alingnment in individual filters
were less. Lastly, the scale of turbuleﬁ£ intensity in the random
filter would have been more because of the wire orientation;
thus, resulting to a correspondingly higher pressure drop. The
adVaﬁtage of the presentation of the results in this form.is that
only the flo; velocity and main characteristics of the filter 'is
‘Sufficient to predict the coefficient of drag of similar
filteriné systems. Hence the power (pressure drbp) requirements
Can be determined’ without resorting to very expensive

€Xperimental investigation.
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Loose

Plate 4,1: 50 micrometer diameter stainless steel wire used

IN THE FILTRATION TESTS (CURLED AND LOOSE)



Plate 4.2: 10 X 10 CM FILTER MATRIX PACKED WITH STAINLESS
STEEL WIRES (0.5% PACKING DENSITY)



PU te 4,3: Grade of woven wire for filtration with PVC
SEPARATORS (400 MICRONS)



CHAPTER FIVE
THEORY AND MECHANISMS OF MAGNETIC FILTRATION

5.1 Single Fiber Efficiency
It is usualli assumed in the quantitative description

of the filtration process that once a particle touches a fiber it

is captured and retained by either electrostatic, capillaric, or
Van  der Waals adhesion forces [39]. The sofcalled "Single-Fiber"
efficiency hg , is given by the ratio of the number of pérticles
Striking the fiber to the number which would have struck had
there been no deviation of the streamlines so far as the
Particles are uniformly dispersed. So if a fiber of diameter, s,
removes éll of the particles originally contained in a 1layer of
thickness 2X far upstream of the fiber, the collection efficiency

is given by :
2X _ X :
qs :—-:5- . . - o (501)

The main mechanisms that are present in gas filtration

are given below: -

5.2 Inertial Deposition

The presénce of a body in a flowing fluid results in a
Curvature of the streamlines in the neighbourhood of the body as
Shown in Figure 1.2. The individual particles do not, due to
their inertia, follow the curved streamlines but are projected
3gainst the body and may deposit on their sdrfaces..The intensity

Of this mechanism increases with increasing particle size and
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velocity of the flow.

For barticles with Reynolds numbef, Re, less than 1,
mostly applicable to gas filtration, the single-fiber efficiency
1s a function of Stokes number, (inertial force divided by
Viscous force). The fiber diaﬁeter, (2s), is the characteristic
dimenSion, and the Reynplds number with respect to the fibers
deter‘mine;the type of flow pattern around the fiber.

The fiber Reynolds number has a strong effect on the
flow pattern and, thefefd}e, on collection efficiency; two
€Xtreme cases have been investigated [40] : potential (Re — @)
and Creeping flow (Re {vO.Z) . Single-fiber efficiencies in these
$Xtreme  cases, pioﬁted 'aéainst Stokes number for inertial
depoSition can be‘seeﬁ in [41]. Most of tﬁe calculations carried
OUt  for negligibly small s/b, predicted that there is a value of
St for cylinders, below which no kdebositidn occurs. The value
&enerally quoted [(42] is 0.125.

The single-fiber efficiency has direct application only
In the case of relatively open filters, that is,bat low packing
cvie"lsl'-'ciés, operated with high face velocities, up to Re = 10 or
higher, In such cases, the case of fiber interference is not
si%nifican'c and the overall filtration efficiency due to inertia
n'i of the filter can bé related to the single-fiber efficiency g

by an exponential expression in the following form [U43]:

I |
) (UL F !

nii - 1 - expi-‘-r-g— 1 ~ F n'S§ (502)
L -

Where F is the packing density of the filter medium given by

F = Vol. of fibers/buik vol. of the filter medium
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L = filter length

Figure 5.1 shows the trend of inertial deposition with particle

Size,

4

5.3 Direct Interception 3

This mechanism involves the finite size of particles. A
Particle is intercepted ag it approaches the collecting surface
to a distance equal to its radius. A special case of this
Mechanism is the so-called sieve effect, which occurs if the
distance ”between fibers is-smaller than the particle diameter .
Whilst interception can ’be‘ simply included in the primary
Sep?ration mechanism such aé inertia or diffusion, it is
QUStOméry to consider it separately.

The éfficiency of interceptién is defined by thoée

Str‘eamlines that pass within X { (s+b) at Y = 0 . For potential

flow, the interception efficiency is given by [41] as :

n?d=(1+R)-ﬁ (5.3)
"Where R = b/s

‘ Figure 5.1 shows ng as a function of Re for - small

Reynolds number.

5.4 Diffusion Deposition

The probability of separation of. sub-micron particles
18 increased by their random zig-zag ‘motion due‘ to Brownian
bombardment by gas @olecules. In their random movemeﬁt; particles .
‘.Close to the surface of the fiber hit the surface andkstick to

it, thus reducing the particle concentration in the immediate
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Vieinity, A net diffusion flux towards the fiber develops as a
Fesult, and this brings new particles to the surface of the
fiber, Diffusion effects increase with smaller particles and
lower gas velocities.

Most of the literature correlations for a single-fiber
efficiency due to diffusion ny, indicates that it is proportional
-2/3 ).

Lo Peclet number, Pe, raised to power =2/3 (i.e Pe

Friedlander [44] showed that for Re = 0.1:

g = 1.75 Pe~2/3 | (5.4)

3.5 éravity Deposition

Sedimentation due to gravity plays a relatively minor,
often negligible, part in most prac@ical gas filters. The effect
of gravity may'be represented by the Froude number Fr, which
Felates the external forces to the internal forces on pérticles
(4s], The single-fiber efficiency due to gravity of a cylinder

EfanSVerse to the gas flow is simply:

ng =‘Stokes No. x Froude No. - . ' _ (5.5)

Which is identical to :

v

- & | |
Ny = < | | - (5.6)

Where Vt is the terminal settling velocify of thé particle and V
the gas velocity.
Equation (5.6) indicates that gravity settling becomes

Significant only in the separation of heavy particles at low

filtration velocities. An example of such a case is filtration in
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granular packed beds [U46] which gives higher efficiency for large

Particles if the gas flow is in the downward direction.

5.6 Electrostatic Deposition
Both ﬁhe particles aﬂd the fibers in‘ the filter may
carry electric charges. Deposition of particles on the fibers may
take place because of the forces acting between charges or
Induced forces.
~Adhesion and cohesion of dust particles: Adhesion
forces between the dust particle and the filter medium also
affect the dust collection process. Collisions occur during
displacement of the dust'pa;ticles, which because of the adhesion
forces can 1lead to angulation. Such an effect favours dust
Collection in all dust - separators. Adhesion forces are
particularly' high in electrical and filtration dust collectors,
as the separétion efficiency largely depends on the forces

r"‘3‘taining the separated dust particles at the precipitation

electrode or on the porous filter material.

Although all adhesion forces between dust parﬁicles are
ultimateiy of electrical origin, they can be sub-divided into
three groups from the microscpic view point and without reference

to chemical bonding forces. These are:

(1) Van der Waals Forces [47]: forces acting between the
molecules or atoms, other than/chemicallbonding,
forces,

(1) capillary adhesion forces [48]: in the

presence of humidity, is provided by
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capillary condensation from the surroundings. Liquid
bridge form between the adhesion partners.

(1ii)  Coulomb adhesion forces [49]: forces due to charging
of particles by collision, abrasion and friction.

(This force is far smaller than the van der Waals

forces except when particles are very highly

charged as in the electrical dust collectors).

5.7 Combinatibn Of Separation Mechanisms

| 'Whilst most of the séparation mechanisms discussed
€arlier take place simultaneously, the predominant effects in
practical filters are those of inertial i@paction, interception
and diffusion. The relative importance of these three mechanisms
Varies with the filter type, but geriera{lly the efficiency due io
diffusion decreases with particle size thlst that due to inertia
and interception increases (for a give filtration veloéity). The
SUperposition of these conflicting trends results iﬂ a local
Minimum on the éfficiency curvé, (Figure 5.1);~ thus 1leading ¢to
" the Wellz known concept qf the most penetrating Size. The
relationéhip between penetfation, and filtration efficiency' is

given by:
P=1—E' . (507)

The actual shape of the efficiency curve, and
Subsequently the value of the most peneérating size depends on
the filter type. The most penetrating size ranges from 0.5 to 1
Micron., The theoretical superposition of the  separation

Mechanisms are expressed as if they take place in series [50], so
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that only the particles not collected by one mechanism is
Collected by the others. Thus for inertial, interception, and

diffusion, the total efficiency become:

M,d,dd = DBy * By + Ngq y (5.8)

5.8 Mathematical Modelling of HGMF Process

Predictions for the collection of particles in High
Gradient Magnetic Separation (HGMS) have concentrated on the
mOdelling of the collection process on a single cylindrical
fiber. It involves the determination of the path followed by a
Particle passing through a‘magnetic field under the simultaneous

action of magnetic and other forces. This is an Initial Value

Problem (1vp) requiring for its solution complete specifications
of the particle's initial conditions like location, size, shape,
densitY. permeaSility and initial velocity, and a knowledge of
Magnetic and ot@er forces as)a function of position and time. The
Single wiré model is then generalized to prediet the collection
‘.effiCiency of a completely " neat " filter matrix. A number of
different models have been presented to explain the capture of
Paramagnetic particles by the matrix element of a high gradient
Magnetic separator. The first of these were based on the work of
Zebel [51] who ~investigated electrostatic collection systems.
Subsequently, Bean [521, Oberteuffer [53] and Watson , [54]
Calculated ecritical capture trajectories usiné modifications of
Zebel approach. .

The ‘approach considered here follows the usual

treatment of  conventional filtration, with the particle

-70-



considered to be spherical, uniformly distributed in the fluid
Stream, and moving at the same velocity as the fluid upstream of
the collector. This can approximately be described as a
Monodisperse system. The basic element of the filter is a clean,
¢ylindrical wiré of radius s, Qriented so that its axis was
Perpendicular to the flow direction.

The first model of HGMS published by Lawson [55]
considered only magnetic force and drag forces to be agting- on
the sphgrical particle approaching the wire, but his subsequent
Work [56] extended the model to include inertial ~and
8ravitational effects. The present work is based entirely on this
Model and is applied to theﬁhagnetig filtration of particles from
a gaseous stream.

Consider a small particle near a ferromagnetic cylinder
Which is in a magnetic field (Figure 5.2). The part taken by the
partiCle dependsﬂgn the gravitational, inertial , drag, and
Magnetic forcesﬂ acﬁing on’ it (Figure 1.2). In the following
Sections the equations for each of these forces and . a general
mform df.Newtoh's equation is developed for the motion of a single
particle‘ approaching the wire under the influence of these
forces. The main objective of the exercise is to determine the
Portion of the fluid stream from which particle are removed as
the fluid flows past the wife. This is achieved by analysing the
trajectories of particles which approach the region of influénce
°f these forces. The collision radius of the wiré, X, is " defined
by the initial position of the particle whose trajéctory just '

~ touches the'wire. The critical collision radius, X is that

(o] ?

distance which separates those t}ajectories that intersect,frqm
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those that miss the wire.

5.8.1 The Magnetic Force

In a monodisperée system where particulates are
randomly dispersed, (Newtonian flui& being assu;ed), the magnetic
force exerted on a single small particle depends on thé
ma%?etizatioﬁ oflﬁhefpéfﬁigle Ms and the fluid, thé . applied
fleld, the Nﬁarﬁicié ‘shape, and the concentration of the
Dartiéles. |

‘The applied field, H  , magnetizes the wire which
. inturn induces a magnetic field which is_superimposed on the
uniform field; (The capture regions in a strong magnetic
interaction is shown in Figure 5.3) This combination of uniform
and induced fields magnetize the particle. The fluid medium is
Considered to be non-magnetic and therefore is treated as free
Space. From the magnétic form of Gauss's law, which states that

the flux of a vector B across any closed surface is zero, it -

. follows that:

fpas-=0 | B (5.9)
Or in a divergent form

f V Bdv=0 y (5.10)

v

where ¥ is the volume enélosed by the surface. Therefore for

areas inside and outside the wire surface
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EN

VB=VH=0 | B (5.11)

Since the “only sourcev:of the induced magnetic field is the

ma8netiC'dipole distribution and there are no currents, equation .

Ny ¢

(5.11) can be written as:

YE=0 . . :  (5.12)
Thus, the magnetic‘ field, H, can be represented by a scalar

maénetic potential ¢ such that
Heo Vb 5.1
Substituting equation (5.13; into‘equation (S.jf) results to:
Voo . ” | (5. 14)

& Laplace's equation from where the potential can be determined
When appropriate boundary conditions are applied.

Note that

v . 9%, 195 9J=
ST g
in  cylindrical polar-coordinates; T , - G ., and Z being unit

Vectors,

At the surfaoe of tﬁe fiber, thé normal ¢omponents of
the induction field, B, must be equal. At r ='é, the tangential
components of the magnetic field, H, must te equal."Since “the
induced field has a localized source, the efféct of this field
Vanishes far from the wire. End effects can be neglected. since‘

the wire is assumed to be infinitely long. The field has no axial
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components and is, therefore, indpendent of Z.

According to [55,56] the solution outside the wire is

2w M ,
$ = -'Ho r cose + ——77—5 cose +'constant ¢ (5.15)

The total field outside the wire is obtained by taking the

divergence of equation (5.15), i.e.

= 9 ., 109 (5.16)
H-HO+H1-,$r+Fa§-g
which gives:
: 2mM_coso | 2
H= (H cose + S r) + (H_sine -~ 5o
o o >
r r
2 Ms o _ ,
= Hj (cose T + 'singd) — (cos8 T - sine®) - (5.17)
' 2
The induced magnetic field Hi is given by
- 2nM -
H, = S(cos® T - sing ).~ ' : (5.18)
1 r, .

In a uniform field Ho ,h the magnetization of a paramagnetic

Sphere was derived by Jackson [57] and is given by

M=_X _H : | 3 (5.19)
(1 + %) °

Where X is defined as the ratio of magnetization of paramagnetic
body to the field inside the body..This is called -the magnetic

Susceptibility.
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For a very small particle , the field induced by the
magnetization outside the wire is the same as that caused by a

line dipole of moment

M = ‘

where V, is the volume of particle. Jackson [57] showed that the

force on a dipole is given by
Fo = B (M « V) H , (5.21)

Where‘Po is the fluid vacuum permeability.

Combining equations (5.19), (5.20) and (5.21) gives:

Vg X - |
Fo = Yo ol . v . , (5.22)
1+ Z(-)
X 3 S
=p vy X . V) H (5.23)
whe ¥ X . . . .
re X = . Introducing equation (5.17) into (5.23) gives:
1 + = :
3
. ™~ -
16 w° X L b3 §2 i2 ™ Mg s2 i _
m = | 5 + Ho cos28! r
L =
— |
116 2 x M b3s° |
+ 1 sin 261 © (5.24)
i 3 r3 ! |
[ |

5.8.2 The ‘Hydrodynamic Force
Practical cylinder diameters and bulk flow rates with .

Reynolds number, Re, in the region of 0.1 to 40.0 (where viscous
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and inertial fluid body forces cannot be neglected) have been
Studied extensively. In this range, viscous and inertial fluid
body forces cannot be neglected. Hence, there is no purely
analytiec solution of»the full Navier-Stokes equation even for a
Simple cylindricél shape [58]. Therefore, viscous forces are
accounted for by superimposing a boundary layer upon the solution
for  potential flow. The boundary layer thickness may be
Calculated as a function of Re (decreasing as 1/J1;; ) [59]. Flow
Within the boundary layer is reduced by a factor which is a
function of both Re and the distance of the cylinder. Numerical
analysis and experimental data of fluid flow at moderate Re [60]
Show that the absolute velécitiesfin the wake immediately behind
the cylinder are small-relative to the bulk flow. Since only a
few particle trajectogies enter this region (if at all), and do
S0 in a region of high magnetic force close to the cylinder, the
model assumes zero flow velocity in the wake directly behind the
fiber,

As the relative velocity between the particle and the
“flUid 'is moderately small except Jjust before impact and the
Particle's Re is assumed to be less than-1,‘the Stokes formula is
Used to calculate the drag force. Thus, the drag force acting “on

3 sperical particle is given by:

S

d
Fg=-6wpb (G -V | (5.25)

Wiere b is the particle radius, v is the coefficient of viscosity
' , dr
d —
o dt
Particle velocity. Therefore ( %% - V ) is the velocity of the .

°f the fluid, V is the velocity of the fluid at r, an is the

Particle with respect to the fluid. The use of equation (5.25)
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assumes that the Stokes regime around particle is- true as long as
'( - V) is small; this is the case for small particles that
essentially follow the stream lines. The fluid flow field can be
described by either potential or laminar (creeping) flow models.
The former lbeing a more realistic éxpression aé large distances
from the cyllnder but very poor at a close range, and w111 be
_adoPted throughout for the theoretlcal calculatlons of crltlcal;'

radll Assumptlon of laminar flow model over estimates the

Cl”ltlcal T'adil. ‘ .‘ ‘ o - - ) . _ PPN

For Re larger than unity, the floﬁ can .be approximated

_ by irrotational flow.
Vxv=zo o L g (5.26)

5 ’ ' :
VWhere v is the fluid velocity vector. V can be represented by the

8radient of a scalar potential field

V=ov o - (5.27)

yhere the negative sign signifies the decrease of _Velocity

potential towards the cylinder. By continuity;
vV .v=o0. - o I (5.28)

Hence the substitution of (5.27) into (5.28) yields Laplace

®Quation for the velocity potential
-veép=0 - A )
$ as obtained by Lawson [55] is:

2
& =V r coso +

cos@ + constant A (5.30)
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from where V can be obtained from

~

2
VoV o=o-v( - EE) cose r
r

SZ
+ V(1 +2_35ine ©
. r2) '

(5.31)

For Completeness, when laminar flow model is assumed, Lamb's

®Quation as used by Zebel [51] is given by:

V= - ¢;(In(r) = 0.5 (1 - i%)? cose r

(

- ¢ (In(r) + 0.5 (1'= L)) sin6 o
> YZ

Where

e, = 1 :
1" ITn7.57 (0 V2 s/%)

(5.32)

It Should be noted, however, that an angle 3 called the approach

8ngle could be added to @ (Figure.5.2), to simulate the effect of

Varing the directionwof the approaching particle ony capture for

both Potential and Laminar flow Models [611.

5'8-3 The Gravitational Force

The weight of the particle abated by its buoyant force

Produces the effect of gravity. The gravitational force acting on

3 single particle is given by
F =
gp = Op Vr 8
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while the buoyant force of the fluid on the same particle can be

represented as: N

be =Qr Vp 8 (5.34)
Where Pp" and Pf are particle; and fluid mass densities
Fespectively.

The net gravitatiénal force acting on the particle in the y-axis

1s therefore given by:

Fg=ng-be=mg(1-§-g-) A (5.35)

In eylindrical polar coordiﬂates, equation (5.35) becomes:

1
i

gl

*ry
]

, op
mg (1 = =—) cosé
Pg

-
Lee

4

(5.36)

o

Orl .
g (1 - =—) sine
Qg

1

L

5.8.4 The Force Balance

Having established analytical expressions describing
the various forces acting on the particle at any point relative
Lo the cylinder, the particle trajectory may be described by
considering a plece-wise linear path; Over each increment, the
balance between .inertial, magnetic, hydfodynamic, and

8ravitational forces is written as [S61].
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2 )
ar .

m =F
— = +F’+F

. - (5.37)

In dealing with very small particles, the mass of the particle

Can  be considered small enough that, inertia can be neglected and

the force balance becomes [62]

0 ‘-'Fmv.'. Fd+F (5-38)

g

although all the present analysis is based on equation (5.37). In
¢¥lindrical coordinates the inertial term can be written as:

o

?r | g% .5,2]

LJCRLU P 1 N ¢ LA
dt2 1 gt ae
[ ‘ -l

S
P 31 ‘

| P dt dt!

! dt !

: i

[ . -

Substituting the analytical fbrms of Fm Fyq Fg , as derived
? ]

Previously into equation (5.37) together with equation (5.39)

8ive after some re-arrangement the radial, tangential, and axial

Components of the force balance as:

1.
[oR
n
-3
Q,
[(»]
Ny

8

)

/l-\
~r
i

-3
~

dt

at?

T -1

16 w2 X M_ b3 s2i2 w M_ s |
S | S {

- ! 3 + H cos26/|
3 r3 toor !

L -1

»
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r -3
. : 2 drg
-6wypb iV @ - —E) cose + EE!
i r i
L 2
e
-mg (1 -_-5) coso : (5.40)
‘ Pg .
i > , 3
I d“e . dr de
milr - — + 2 (=) (2)) =
] |
| at? dt’ 'at |
16 7 X Mg b3 s2
- sin206
3 r3
P 52, 4o
-6 1ty b\iv(1 + —E) sing - r EEE
i r i
L i
e _ '
+mg (1 -‘—£)sin9 (5.41)
Pg
m9_2_2=-6vpﬁz_ : \ (5.42)
dt2 - dt V

Since equation (5.42) ‘is independent of radial and tangential
Motion , it can be solved separately. The result [62] shows the
Magnitude of the initial velocify to decrease exponentially to
Zero with time, so that initial Z-velocity'can bé seﬁ to zero
Without any damaging effect in the solution accuracy. As a
‘réSult, all motion is in a plane normal to the axis of the wire

and  only equations (5.40) and (5.41) are required to determine
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the particle motion.
To eliminate the effect of geometry of the system, it
1is Necessary to transform the position vector r, and time t into

dimensionless time t and position R defined by:

R = ! (5.43)

w|=

and

v <

.t ' (5.44)

Where T =9 , represents the time requibed for the free stream

flow to travel a distance of one wire radius. Introducing R and T

Into equations (5.40) and (5.41) give:

4

~
' .
i 2 21 r~ . -1
{(Q_E) - R (%9) ! = - 2AW ifL.+ cos 29!
| de2 T R3 IR? !
L . [ -
- :
- ! dRi G cos @ : . . » (5.45)

- —) cOSO +
2

~—
=71
Al

L

1
4

t ' ‘
I 42 I i
| de : R3
L |

1, 13 o Y .

+ =1 (1 + =) sin6 - R ==! + G sine (5.46)
Ki R2 T : ' : :
L i
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magnetization in the ferromagnetic

wire due to the applied field, Hj

¥ 2
Wo- poX Ho
= —————7?—- , dimensionless magnetic force parameter -
©, V
p . (a ratio of magnetic to inertia force).
¢ . 260, Vp? .
= —_§—F_§——— s Stokes number, a dimensionless viscous
force parameter (a ratio of inertia
to viscous forces).
G -8¢g O : . . .
= - (1 - =) , dimensionless gravitational force
s

parameter.

| Equations (5.45) and (5.46) represent the complete
dimenSionless form of particle motion in cylindrical form. These

€@ be split into: four first order differential equations with

the introduction of  two new dependent variables |~ and 0
resulting to:
~ _ dR | .
| —ai'-' ‘ (5047)
. deo |
ol , , - (5.48)
dd—'l—zRQZ- 2WA T A o000 |
|
) RS 1R |
L 4
17, 1 a
- 21(1 « —) cos6 + [ | = G cos® ' (5.49)
K! 22 |
L | '
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Q..2T0 _2WA gn
T R \ Ru
1 i 1 N Gecos®
- ﬁER .Q- (1 + R—Z)Slng‘= - - R < (5050)
]
[

5.9 Extention of the model to polydisperse systems

Polydisperse mixtures are defined here as mixtures of
Particulates which comprise distribution of particle size,
densitY, and susceptibility. Other distributions such as shape
May exist but their role are usually considered to be secondary,
therefore they are not included in the analysis below. If
Polydisperse mixt%resﬂfinvolve nonsteédy motion of the tybe
defineq by equation (5.37), the description of their flow pattern
€an  be obtained by the solution of modified version of the sets
of differential equations given in equations (5.47) t& (5.50)
[631. However, the simultaneous existence of all three
‘distributions may render the system excessively complex. The

following assumptions are made for such systems:

(1) Particles are spherical and uniformly displaced in
the fluid.
(ii) No interaction order than hydrodynamic and

magnetic forces occur between particles.
(iii) Effect of collision if they exist, is neglected.
(iv) Flow system comprising fluid‘and’pdiydisperse

mixtures is Newtonian.
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ity and
have densi

‘ lydisperse mixture to

Assuming  the ' po

ed as
represent

i istributions, they can be

Susceptibility dis

' (5.51)
9‘¢=§§p+(1-3f). | ,
Where
| . (5.52)
¥ '1:(9) |
e, = fppd
P
0
) | | (5.53)
e (1 -B) Ye |
Where |
B " (5.54)
‘G (X) ' -
%o = v f Xpdt |
0

1 .

Should satisfy

h (5.55)
sfaper o o

| = . be
Miere € = 0 or € = X d susceptibility differences
i density an
Let the followlns |

defined by
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e = pp“- pg ' (5.56)
*
X* =% -
X, - % (5.57)
*
Te" <o ,F <oadif X" <0 ,F <o0. ‘

The existence of density "and susceptibility distribution give
rise to conditions where change of direction of forces exerted_on
lighter and less susceptible particles may occur.

Particles which exhibit positive susceptibilities in the
0< be< X; range may still be rejected and forced to ‘move away
from Zones of higher field intensities due to magnetic,
gravitational or their combined effects. If in a polydisperse
ixtyre nyn unigorm ffactions can» be defined, then the
descriptibn of particulates, flowing across a single magnetized

Wire, requires "I"  simulteneous pairs of equations of the same

type as (5.47) to (5.50). This is given by:

a2 2 2A; W, A,
—— =R (99) = = X Y(cos20 + 1)

1 dR | | '
- K;(VP + 3?) - G cosé (5.58)

2 2 A:W.
RAO , o @GRy (d8 _ 7 TiTig g
1 de :
+ Ei_(Vg - R 3?}) -G s;ne (5.59)
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Wiere i = 1, 2, 3, ..., I is the ith fraction and

~

2 v H
A, - o
i M
S
K. . 2 (Pp + pf) Vfo bi
1 *
: (9 s p;)
* 2
wi i Yo X HJ
2
- 1 )
Ve = Ve = (1= ) cos(e +8) (5.60)
22
Vg = Vpg - (1 +‘;12-> sin(6 + B) (5.61)
1,2 |
Vo = Vep = C(In R = 0.5 (1 - ;{-2-) ) sin(e + R) | (5.62)
| 2 ,
Vg = Veg -C(ln R + 0.5 (1 - ;E) ) cos(e + B) . (5.63)
Where y

fr and Vfg are the radial and azimuthal components of the
fluig displaced due the motion of particulates. The velocity of-
the displaced fluid, and consequently its radial 'and azimuthal
Component is evaluated by :

n

.1 | | |
V_Wvai ¥ . o (5.6'14)l

i=1
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-

.=y Fir ST ' | (5.65)

I and § are unit vectors in the radial and azimuthal directiens,
Fespectively. Equations (5.64) and (5.65) comprise a set of 'I
Simultaneous pairs of differential _equatiéns required to

deter’mlne the traJetorles of particles in a polyd1sperse system.

llkely to be affected most by the rest of the d1str1butlon and
the dlsplaced fluld If V-is large enough as compared to other
velOclty%terms in the equations of motion of such particles they
_May be slowedddown eonsideraply»and their direction of motion
€ven- be reversed. It follows tﬁat the behavidur‘of‘particles ip
Polydisperse mixturés depends on the :characteristies of the
Particle = size, _'density, and susceptibility distributions.
Sedimention tests carried out with polydisperse mixtures 1.0 < =
< 600 microns (at more than 1.0 % fractional volume), showed that
Particles 1less .than ‘61 microns in diameter are not affected by
wthe Presence of other particles. Hence, its application “to the
test qust which has all its particles less than‘2 micrbns would
be inadequate. This point was fdrtherv supported by traJectory
calcula‘clons u31ng "both models lhe‘results obtalned portrayed no.

Slgnlflcant difference between the two models over the relevant

Particle range under cons1derat10n.
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CHAPTER SIX

DTN

NUMERICAL SOLUTION OF THE GOVERNING EQUATIONS

XY

6.1 Choice of Theoretical Model

| There are two models presénted in Chapter Five for the.
determination of ecritical capture radius. These are the
Monodisperse and polydisperse models. The choice for this
Particular application is the monodisperse system. It was chosen
because of the low concentration of the particles in the
€Xperimental investigation. This means that the influence of the
Particles on each other isf‘minimal and therefore can be
Neglected. The calculation of the trajectories of several
Particles’ simultaﬁéously would give almost the same result for
the same number of pgrticles calculated individually with the
Monodisperse system. Therefore, all the critical capture radii
ad other particles' trajectories shown here were performed with

, the monodisperse system.

6.2 Particle Initial Conditions

The solution of the equations developed above requires
Some initial conditions. These comprise previous history of the
Particle in terms of its original po;ition with respect to the

Wire, its velocity in relation to the fiuid , and the influence

of the magnetic force on the particle far from the wire.
These parameters have strong influence on the particle
trajectory. There are two ways by which the particle's initial.

Position on the Y-axis (Figure 5.2) can be determined. These are
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Starting the particle from infinity or assuming the particle to
be located far ubétream, that the effect of magnetic force is
Negligible., The motion of a particle approaching from infinity
towards the collector, takes the following form:

3}

where ex'and ey are unit vectors in X- and Y- directions
Fespectively,

It is assumed that at this distance from the éollector the
Bagnetic effects are ‘neligible. Therefofe; there is a finite

* .
Value of Y, say ¥ , such that the particle will pass through

;

: * : .
Xo e, + Y ey o , | (6.2)

With 3 knownl terminal velocity. This value of Y* would be
®Stablished later in the Chapter.

Terminal veiocity is the steady velocity the particle
3ttaing when it is acted upon by the gravitational and viscous
forces before éoming under the influence of the magnetic field

ad when it is in an unperturbed region of the flow field. It |is

‘

U = =(1 +KG) ey o ’ (6.3)

This js obtained by setting the acceleration and magnetic terms

in the equations of motion (5.45) and (5;46) equal to zero, thus

Yielding:
- - — ,
% §(1 - ;LJ cose + QEE_ G cos8 = 0 , (6.4)
! 22 T _ . |
[} |
L A
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1
A

Q.

Q.
[ o]

1+ ;%J sine + + G sinBg =0 : . (6.5)

R
L -

1
K

It is observed that the term.J§<<1 , outside the perturbation of .

‘ R .
the streamlines caused by the wire. The terminal velocity interms

of the dimensionless quanﬁities is given by :

%% = (1 - KG) cose = U, (6.6)
- and

dR

= - %[31 + KG) sing] = U, o (6.7)

for tangential and radial compohents of velocity.

~.In principle, an alternative approach to starting the
Particle at infinity, is to arbitrarily choose Y, and then check
to ascertain how mucH the presence of the magnetic parameter has
influenced the particle trajectory. This is achieved by matching
the particle's instanteneous X-coordinate (Xt) with the original

3 . For'any set of applied

X~coordinate (X)) 3 that is X = X,

Values if the magnitude of ( X, - X ) is large, then Y is
incremented. A1l the ‘trajegtory calculations performed in this
Study aséumed the particles to be initially located at a fixed
Position of some wire radii away in the Y-axis. The initial
X-axis location was rather variable aﬂd depehded‘entirely on the

Choice of particle to be monitored. The real location of the

Particle was determined using Pythagoras theorem with available

xi and Yi as below.
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X 1/2 -
2 . 2 N

The angle of orientation is obtained by finding the inverse of

the tangent formed by the two coordinates. Thus:

1
4

-1

8 = tan (6.9)

fra o)

r
(1

The initial tangential and angular acceleration are determined by
S°1Ving an‘approximated version of the governing equations. The

Fesulting equations are given below.

- X4
g o= R"(KG -1 - (6.10)
i ‘ : ,
S
0, . 1 ‘
9 =-R_.2-(1 - KG) ,_.(6.11)
1

The final specifications needed for the determination of a unique
trajectory are the initial coordinates p(Xi,Yi)' and the four

dimensionless parameters, W, X, G, and A.

6.3 Integration Of Governing Equations

The behaviour of many physical processes, particularly
those in systems undergoing time-dependent changes can be defined
by ordinary differential equations as shown in the model
deVeloped in Chapter five. Some of these equations can be solved
by well known'anaiytical techniques;‘but a greater number of them
are too complex to be similarly sblved, hence their solutions are

USually generated numerically.
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Most common numerical algorithms for solving first
order differéhtiallequations are based on either indirect.use of
Taylorts expansién of the solution function, or the use of open
or elosed integration formulae. These various procedures can be
classified “roughly into \two groups', the so-called one-step and
the multi-step methods [64]. One-step method permits the

caleculation of the next discrete step given the information at

the previous step only, while the multi-step requires -in

3ddition, several previous values usually outside the integration
inte.r‘val ﬁnder consideration. Ihe main disadvantage of this
Method is that subsequent values which are not known are usually
'®Quired to start , hencé, another self-starting method is
Usually initially applied. Multi-step methods however, require
°°“Siderab1y - less cémputation compared Qith the one-step methodé
to Produce ;esults of comparable accuracy.

6.4 Solution Algorithm

The coupled nbn—linear differential equations governing

the behaviour of particles' trajectories in a uniform magnetic
field ha&e been solved by different numerical techniques. For
€Xample, Cuﬁmings et -al [62] used Rﬁnge—Kutta (single-step)
Method Lawson [55] used Adam-Moulton predictor and Hamming
Corrector methods.

| For this analysis, .the forth-order Adam-Moulton and
Modified Euler methods were applied. These comprised selected
OPen  and closed formulae with comparable order for local
truncation errors. The open formula, the predictor, was used to

eStimate a particular step based on.information from.the previous
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Step, while the closed formula, the corrector, was used to obtain
a better apbroximation\ The corrector can be iterated but it has
been known to have very little effect in the final solution.

A self starting modified Euler method was used to
Predict and correct the initial four'values of the solution. The
two Euler equations used are given in Appendix A.

Having ‘obtaihed the initial first four values of the
dependent variables at four given points, the nﬁmerical solution
prosressed by discrete predictibn ~of approximate particle
Positions over the required range with the Adam-Moulten predictor

and corrector; also given in Appendix A.

A fortran program'has developed using the two solution
Methods to integrate _the governing equations. The program is
Structured into several parts, each performing a complete task.
The first bért is concerned with reading in data, initial X and Y
°°0r§inates and the' integration step. It must be observed that
there is no mechanism for the/variation of the step-size during

Caleulation and no built in check for error monitoring. This is

Pecause the time- step was chosen small enough to satisfy

convergeﬁce criteria and ensure realistic solution in just one |
iter‘ation of the corrector equations, while still 1érge enough to
Minimize. round off errbrs. Although, the mechanism for
imDlimenting changes in step—size is not straight forward. The
difficulﬁy being that when the step size 1is changed, the
Necessary starting values for the predictor and corrector may not
Usually be available. Also to be selected at this stage is the
fluid flow field,'which are described by potential and creeping

flow anologies. The initialytangential and radial acceleration
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are also calculated_before the analysis progressed.
The next step involves the actual calculation -of the
dependent variables. It entailed calculating the two functions,

Predicting the dependent variables with the values of these

functions,,and using the variables go calculate. the values of the
‘functions at the next step. When the particle has reached the
Surface of the fiber (checked with the diameter of the wire), a
eriteria that checks capture is used to confirm collection or
€scape. This was continued until the critical capture radius was
determined for each of the operating parameters. In certain
Cases, calculations were still continued after X, has been
determined to obtain a family of trajectories. |

The fiﬁal part of the program plots the trajectories
Calculated from thegabove model. The sfructure of the progrém

Outlined in the form of a flow chart is given in Appendix B while

Appendix ¢ gives a listing of the program.

6.5 The (Critical) Radius of Trajectory _

The physical system considered 1in Chapter fivé is‘
Characterized by a greater number of quantities than W, K, G; and
A. Others iﬁclude MS,WHo»and X . If two sets of these physical
Quantities have different 'values, but give the same numerical
Product, then their trajectdries‘and capture distances found from
the equations of motion will be the same provided ‘the initial
Conditions are the same. Thus, the full mathematical content of
the equation of motion can be obtained by varing the values of W,

K, and A (G=0.0). As a result, the experimental values of these

Parameters were applied to obtain the equiValent criticallcapture'
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'adii for the size range under stﬁdy. Other authors in the past
®Stimated these critical capture radii by extrapolating the
CUrves of Log W versus Log K [551.

- The first exercise carried out for the determination of
Xc was to establish the accuracy of thelnumericai technique used.
For this, the set of W,.K, and A values used by Lawson [55] was
Selected and applied (W = 250.00, K = 0.10, A = 0.88 and G =
0.00), g4 family of such calculated trajectories is shown in
Figure 6.1. This compared favourably with Lawson's family of
trajectories ( Figure 6.2), giving confidence in the numerical
Bethod ysed. The. plot shows the trajectories of particles moving
In & gas stream flowing ‘downwards with a variation of the
trajectories as related to the approach distance Y from the
X-axis, The approach trajectories are set in multiples of the
Mire diameter of 1.0-1.8. For constant W, K, and A (with G = 0.0)
Values, there exists a trajectory, Xc , that separates those
trajectories which intersect from those that miss. It was found
o be about 4.3 particle radii away from the stagnation line (Y-
axig) for this particular group of physical parameters. Thus, in
genePal,.the/critical cross-section depends on W; K, and A4, with.
G=0; and the model uéed»to describe the flow field is enough to
determine Xc . |

Figure 6.1 also shows the negligible effect of magnetic

fielq at a relatively far distance upstream. It ‘dould be seen

that - a particle originating from say 3ex + 100e_, passed through

Y

i h  small
v Sue s

‘deviation over a length of 92 radii provided convineing support

. ‘2°99eX + 8ey and finally arrived at 0.00e, + 1.0e

* S ‘
_fOP believing that Y = 100 was large enough for = neglecting the

-~
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magnetic field. The field itself did not change appreciably from
main stream flow until it-was within R=5.

As already indicated, the flow field can be described
Y either a Potential Flow Model (PFM), or Creeping Flow Model
(CFM). PFM has been adopted for this investigation¢ However, for
Completeness, calculations were elso performed with CFM and both
trajectories compared. |

The use of PFM gave the results in Figure 6.3. As can
be¢ seen the particles follow trajectories which are almost
Parallel tovthe stagnation line (Y-axis) Qntil'about 5 collection
raddi from the wire. At this point, the effect of magnetic force

Pecones significant. The in%ensity of this attractive force

becomes progressively stronger until about 2 collector radii away

When the particle was snatched away from its original direction
Lo effect capture or pushed violently away. Figure 6.4 shows the
Tesult of the same systeﬁ but with CFM applied. The superpoeition
of both sets of trajectories (Figure 6.5) exhibits three notable
differences. First, the particle ath = 4.5 which excaped capture
When PFM was used was captured with CFM. This might be due to the
initial no siip condition associated with the formulation of CFM
Which assumes a mass of ﬁearly stagnant fluid accumulating in
front of the collector. This makes the fluid to 'feel' the wire
®arlier than the case for PFM. Secondly, the slight displacement

of CFM trajectories from previous directions indicate earlier

effect of magnetic force. Finally, the presence of  cusps -

38sociated with PFM capture as a result of inertia ﬁas less
Pronouced. Table 6.1 below contains calculated values of critical
Capture radii (using PFM) for the parficle range of '0.2u—1.80.

-
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This is the range covefed by the particle séectrometer selected
for the entire experlmental tests. The calculations were carried
out  only for magnetlc field strength of 0.8 Tesla. The
dimensionless parameters A, W, and K were calculated with the
eXpressions derived in Chapter Five. Mg for the calculation of A
Was read off the magnetization curve of steel wool material [#1].
Because X is a function ofwthe particle diameter, it changes from
“one particle size to another and therefore is included in Table
6.1 for all particle sizes covered. A typical set of calculation

for 0.8 Tesla is given below:

 10=T 6
A = Yo x 107" x 1.22 x 10 -
2 0 X 0.8 0.96

And ‘ >

_ oy x 1077 x 2,41 x 107 x 636619.772

= -3
2500.0 X 6.6 = 1.57 x 107=

6.6 Prediction of Collection Efficiency of a Total Filter

In this section, the model predicting the ‘performance
of magnetic stainless steel wool filter is developed. The model
is akin ﬁo that of collection efficiency of a single fiber (n,) ;
Whicﬁ is defined theoretically as the ratio of cross-sectional
area of the fluid stream from which particles of a given size are
Collected to the.projected area of the fiber in the direction of

the flow. Mathematically, this is equivalent to
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ng = ¢ : | (6.12)

5

13

-3

(]

=
0

I

number of particles of a given size that are

collected per unit length pf fiber per unit time.

N, = Numbef of particies per unit volume of a given size
at upstream seétion.

The extension of the single fiber model to that of a total filter

assumes that:

(1) There are no particle-to-particle or fiber-to-fiber
 interferences. '
(i1) There is no magnetic interference in the filter unit.
>

Mass or number balance for pérticles of a single size in a total

filter can be constructed in the following form:

Particle Flux In = Particle Flux Out + Particles Collected
Or mathematically:

"N = (N + dN) + Particles collected per

unit volume of the filter

where N = Number of particles per unit volume.
Consider a thin section of the filter taken
Perpendicular to the magnetic field and the fluid flow as shown

in Figure 6.6. If the packing‘fraction of the stainless steel
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F16, 6.6: A MATRIX SHOWING A SECTION OF THICKNESS DX WITH N PARTICLES/
UNIT VOLUME INCIDENT ON IT WITH A FLUID VELOCITY V



wire in the filter is F, then the length of the wire in a

thickness of the filter is given by :

1, = F & (6.13)

1t 32

<

For a capture cross-sectional area of "2 X, a per unit length of
Wire and two thirds capturing surface, the effective area

'~ .a@vailable to the fluid is given by :

A

2schdx=qu_§l‘_ (6.14)

T s2 c3mws

Wi

e:

Therefore the particles captured per unit volume 1is giveg by:

4 X, Fdx N (6.15)
c = 3.".3 ’ ,
SUbStituting in the mathematical representation above:
b X, F dx N .
N = (N + dN) + (6.16)
s .3 s
With some rearrangement equation (6.16) becomes:
4 X, Fdx N
3mws :

Multiplication of equation (6.17) by the flow velocity gives:

' = ¢ | |
dN T v, | (6.18)

Where V is the fluid velocity and V_ the velocity of the fluid in
the matrix. |
Va is slightly greater than the flow velocity Dbecause of the

reduced flow area and it can be approximated by :
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V. - v .

Therefore equaéion (6.17) becomes:

dN = N o dx (6.20)
B F : ‘
where o = ¢ , ‘
3w s

If the filter in Figure 6.1 is divided up into
elements, the number of particles extracted in the first layer of

thickness dx is dN, . Given mathematically as:
dN.‘ =N o dx , © (6.21)

The number qf particles extracted in the second 1layer
is given by the progabiliﬁy of capture in the second layer
multiplied‘by the probability of passage through the first layer.
That is |

dN2

o dx - <x2 (dx)°

a dx (1 - a dx) | (6.22)

The number of partiéles captured in the n'th layer is given by :

aN = N « dx (1 - a« dx)!

Nadxﬁ-(n-ﬂadx

—

+ (n=1)(n-2) a? (dx)? - ... (6.23)

. b

X

Ix . . Equation (6.23)"

Introducing a coordinate such that m =
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becomes .

dNn =N « dx exp (-Xx) + 0 (dx)2 - (6.24)

If the filter is of length L, then the total particle
Per unit length extracted Ne is obtained{by integrating equation

(6'24). This gives the concentration of particles extracted as:

L
N, = fN x exp(-aX) dx

0.
le ) . - °
=N o [ZER=IR - Niexp(-al) - exp(0)] (6.25)
Lo
Therefore
S
Nc = N [1 - exp(-aLv)j (6.26)

Equation (6.26) represents particles captured ; hence

Ny - N, = Niﬁ - exp(-a:L)jl (6.27)

DiViding through with Ni gives the particle penetration as:

N .
P = -Ng = exp(-al) - (6.28)
i . B
Or
N. = N v .
—1-N—-3= 1 - exp(-al) . (6.29)
i : .

Equation (6.29) can be re-written to give:
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L 4 Xc F
3w s (1-F)

E =1 - exp(- ) (6.30)

Where E is the collection efficiency of the filter. Egquation
(6.30) expresses' the theoreﬁical collection efgiciency on a
»numbep bases., An Effectiveness Facto;‘Ef can be incorporated in
€Quation €6.30). The value of Ef is affected by the assumed mean
Wire sizes, by the validity of the assumed geometric orientation
of the wires, and the assumption of no interference among
Neighbouring wires. In most cases, éll these factors are
different with respect to aerodynamic and magnetic phenomena,
r'esﬂl]‘.ting in different values for Ef to correctly mlmic the

€Xperimental results. This will be explored later. So in a more

8eneral form, equation (6.30)'can be re-written as:

(6.31)
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Table 6.1 List of Theoretical Capture Radii

? Channe} Size ! Average_: Stoke; ! Critical ?
! Number: Range 1 Size ,i Number ! Badiﬁs( XZ ) |
| ' - ! | - |
e - | o |
|1 0.24-0.29 § 0.265 1} 0.120 | 0.40 o
Tr ':v"o.29;0134f} 0.315 ' 0.170 | 0.42 ©
b3 : 0.34-0.40 { 0.370 | 0.234 "{ 0.51 !
|4 0.40-0.50 1 0.850 0.3 !0.52 |
|5 0.50-0.63 | 0.565 | 0.5 1 0.54 |
I 6 :' 0{63-0.81-: 0.720 | 0.886 ! 0.49 o
| 7T 0.81-1.05 1 0.930 1 1.479 ! 0.13 P
3 : 1.05-1.26 | 1.155 | 2.280 | 0.40 :
19 1.26-1.0 | 1.330 1 3.024 ! 0.38 %
|10 1.30-1.50 1 1.850 1 3.59% 0.3
P11 .: ©1.50-1.56 } 1.530 ! 4.002 | 0.33 |
P12 : 1.56-1.62 | 1.590 | 4.322 | 0.31 !
|13 1.62-1.68 1 1.650 | 4.654 | 0.28 o
L1y | 1.68-1.78 1 1710 | 4.998 | 0.29 !
| 15 : 1.74-1.80 | 1,770 15.355 10.30 |
a7 | 7 | |
4 ' - +

Xc ¢ Values -calculated with A = 0.94, W =-1.57 x 10"3 and G =

0.0.
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CHAPTER SEVEN

-

EXPERIMENTAL SET UP

4

The’ experimental rig coﬁﬁrises a céntrifugal fan
$F3642, Bryan Donkin Co Ltd., Chesterfield), a solenoid magnet, a
dust generatof, and a dust élassification train (Figure 7.1). A
fabrie bag was alsobatéached at the outlet of the fan to clean
the dirty air before it is discharged into the atmosphere.

Tappings were made at both sides of the solenoid magnet
for flow measurements. Sampliqg points were located both’ upstream
and downstream of the solenoid and at the entrance to the duct
Were absolute - and 'pre filters which removed any particles from
the incoming air. The tgst rig is discussed in detail below under
the following sub-headings: Ducting, Dust generator, Particle

Sampling train, and Combensated solenoid magnet .

741 Ducting
Copper duct of 98.4 mm (3.872 ins.) internal diameter
and a wall thickness of 1.63 mm (0;064 ins.) was used in the

Construction of the main experimental rig. Copper‘ was used

because of its high electrical conductivity which helped to
reduce the build up of electrical charges on the walls of the
dUCt, and because of its resistance to corrosion. This property
€liminated the formation of oxides that mighf distort the
€Xperimental results. . |
Theltotal length of the. duct “excluding the entrance

that housed the pre-filter (made of synthetic fibrous medium),andl
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absolute filter was 8490mm} The long length of:the duct up go the
Sclenoid mégné£~ zone was necessary to ensure a fully developed
flow, and hence an even distribution of particle profile. For
turbulent flows, minimum entrance 1length of about 10 pipe
diaméters is usually required. kFigﬁ%e 7.2 (af, shows  the
. experimental velocity traverse taken at the upstream measuriné
Zone, while those taken at the downstream of the filteﬁf‘zone is

Presented in figure 7.2~(b). As expected, the two pf&filés afe”
Similar; but this siezed to be the case when a filtéf wééi’piééé&ﬂ
In the pipe as shown in Chapter Four. The preSence of the filter
.had the effect of flattening tpe flow profiles.lThése changes in
the flow profiles seem to be related to the packing density of
the filter in that the denser the filter, the flatter the profile

(Figure 4,9). This effecé was previously used in monitoring the

 WMiformity of wire packing in the filter matrix. Matrices with

Uneven wire packing showed a highly oscillatory velocity profile,

,

thus signifying large flow channels in the matrix. Two U-tube
m%nometers were used to monitored the change 1in the filter
resistance. To achieve flexibility, a second flow control was
introduced in the rig. For the range of the flow velocity
required  for the. filtratiqn',tests, the number one control
remained almost closed while the second remained completely open.
Continuous adjustment of the first valve was however necessary
throughout the experiment. The upstream measuréments were made at
between 57.3 and 65.65 pipe diameters from'the entrance of the

duct. These comprised four static pressure tappings and two ports

at which the total horizontal. and vertical pressures were

. Measured. The static and total pressure tubes were
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connected by a manometer which measured the difference in
Pressure. Four access holes each of 20mm diameter were drilled in
this region to enable samples to be taken at different positions
but at the same plane. These samples were passed through to the
Spectrometer for ahalysis. Beyond this' region was ‘the filter and
Solenoid © zone ' which is d;scussed later. Downstream measurements
of the parameters described above were carried out at between
70.33 and 87.65 pipe diameters. A thermometer was also inserted
into the duct to measure the air temperature. A non-flexible

collapsible tube at the end of the duct joined the copper tube to

the inlet section of the fan. It also increased the lateral
movement of the duct necessary for filter replacement. At both
ends of the filter unit, were‘ wall tappings to measure the

Pressure drop across the filter.

7.2 Dust Generator
The filtration. tests required the introduction of

Completely de-agglomeratéd dust into the main test duct. It also

required that the size distribution ~and concentration of the
Particles supplied be constant_yith time. There are a number of
wWays available for generating dust particles; these include
blowing dust from a tube with a blast of air, feeding dust from
the bottom of a hopper by a screw or by a vibrating hopper with a
Sieve at the bottom. But in this application, the dust was
generated by a combination of shaking (Vibrating Feeder) and
fluidizing (Fluidized Bed). In the process, a heavier and larger
dust (in this case nickel) énd the experiméntal dust (CuO) (PLATE

7.1 ) was allowed to mix before CuO was preferentially elutriated
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and conveyed into the main duct. The vibrating feeder was
incorporated Eécause it was not possible to ensure that the fixed
b§d of the fine CuO was in quasi-brownian motion. Attempts to
€lutriate ' only the bulk dust resulted in the formation of air
Channels in the dust bed, which liberated agglomerated dusts. The
use of fluidizing column he}ped by the rising gas bubbles in the

fluidized bed. The gas bubbles carried upwards both the fine as

Well as the coarse particles through the fluidizing column. The
Mechanical impaction as well as the turbulent nature of the whole
Process (shearing of particles and violent eruption of bubbles)
Completely separated the particles from each other, The
deScription of the vibrating feeder and the fluidizing bed is

gilven below.

7.2.1 The Vibrating Feeder

The major parts/of the dust vibrating feeder were a
direct - current. motor - (Fracmo, Shunt Winding), capabie of
Producing 1/4 Horse Power and a copper receptacle. The motor had
a’ variable speed control which enabled different torques to be
Dlaéed on the drive shaft. The shaking action was controlled by
either adjusting the motor speed or the pésition of the
hOriZOntél bracket needed to change the amplitude of the lateral
movements.

The copper receptacle consists of an air tight chamber
With an entraining air flowbsection,‘and a bottom 6hambef with a

dust conveying tube to the fluidized bed (Figure 7.1). Inside the
Shaker were beds of steel balls separated by steel meshes. The
Steel balls prevented the dust frdm falling rapidly through the
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. Shaker during operation. They also helped to provide a steady
Supply of dust when the shaker was saturated with CuO. About
thirty percent of the flow of compressed air needed for
€lutriation was supplied to the fluidized bed through the feeder.
The air was supplied to the feeder through 12 ‘equally spaced
Nozzles of 0.75 mm diameter situated around the circumferencelof

the top chamber. The_air was first passed through a bed of silica

gel before going through pre- and absolute- filters to remove any
gel particles that may have been entrained. The rate of air flow
was regulatéd from rotameter 'A' on the compressed air flow line.
There were rubber ‘mountings at the base of the receptacle to

absorb flexible movements of the dust feeder.

7.2.2 The Fluidized Bed

The fluidized bed consists of a 100 mm diameter column
of copper. The 1ower.'bart of the column was made of plenum
Chamber separated by off-set metal clothes of nominal aﬁerture
67.5 microns (G. Bop§ & Co. Ltd., London). These prevented the
Nickel spheres from dropping into the base pot , and also acted
as ‘flow ‘straighteners. Inside the‘column'were nickel spheres of
density 8910 kg/m3‘ca£éfu11y sieved to give a fixed size range of
90-150 microns in diameter. During fluidization process, there
Was a constant mixing and agitation of both the nickel spheres
and CuO particles. At the early part of the process, both dusts
wWere - entrained, but because of the largef difference in their
Sizes, the bigger sized nickel spheres fall back into the bed.
The lighter Cu0O patpicles become conveyed into the main duct. The

Minimum fluidizing velocity or the maximum flow rate‘allowed
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throu%h the column for this effect is calculated below. Kunii and
LeveY'Spiel [65] gave the following equations for obtaining the

Minimum fluidizing veloeity.

That ;
‘ O ¢
oV b T 30, ( )'10.5
! b0, - 0p)e!
Lol 133,72 4 o.ou08—1 B £ _ 33,7 (7.1
P i VZ i
L A

Where Ve = minimum fluidizing velocity

The terminal velocity of the particles also given by [65] are:

g (pp - Qf)bz

U, = . ) .
U R , for Re < 0.4 (7.2)
3 2 V3
P ©p ~ )" 8 ! b f 0.4< Re < 500 (7.3)
£ = 225 - Pf P : or . e ‘ .
P
T —d
U, = D I for 500 < Re < 200,000 (7.4)
®¢ ! » |
|

., .

Where Ut is the terminal velocity of the particle.

p

For g particle size  of 150 microns in diameter, the minimum
: f1Uidizing velocity me is obtained by applying equation (7.1).
That is

-6 i '
18.12x10 !
me = 6L§3.77 - KJ = 0.065m/s

1.239x150x10™

-110-



10.5
]
|

0. 0408x(150x10~0) "x1.239x(8910-1.239)x9.81} -
-6

18.12x10

=
1
P I

u5.413

ASSuming a Reynolds number of between 0.4 and 500 (i.e 0.4 < Re <
500), the terminal velocity of the smallest nickel sphere of 90
microns diameter is given by equation (7.3):

511/3
L(8910-1.239)x9. 812}

g x90x10"6
1.239x18.12x10°

i
55

c,
el
b

= 1.085m/5
ChGCking the Reynolds number assumptibn made above:

7

Ro o 1.239%1.82197x90x107° _ 41 5

18.12x1070

Therefore the assumption made above was cofrect.

The minimum air flow réﬁe required'to fluidize the 1afgest nickel
Spheres Q. was given by the cross sectional area of .the column
multiplied by the minimum fluidizing velocity of the column.
Hence,

| ; |
Q, = gx(100x10'3> x0.065%x103 = 30.63 L/min

The terminal velocity of the maximum diameter of CuO dust (2
microns) is given by equation (7.2) with an assumption that the

flow Re < 0.4.
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_ Therefore:

2
-6
Ut - 9.81(2500-1.239)x(2x10 ) - 3.006x10'4m/s

18x18. 12x10~°

This shows.that the column velocity of 0.065 m/s needed for the
largest nickel spheres should elutriate the CuO dust.
‘The size' of nickel spheres that has the terminal velocity of

0.065 m/s is given by equation (7.3). It is calculated below as:

b 0.065

> 11/3
. (8910-1.239)° |

1.239x18. 12x107°]
: o J

i
55

PN

= 17.045x10~®m (17 microns)

17 microns represents the diameter of the nickel spheres that has

0.065 m/s as their terminal Velocity. Since there are no spheres

below 90 microns inside the column, the nickel spheres can never
be elutriated. A sample of the filtrate collected on a filter

Paper (PLATE 7.2) showed no trace of nickel particles.

7.3 Particle Sampling Technique

This embraces the measurement of the physical
Parameters characteristic of, or particularly important as
egards dust, dust distribution and dust collectign. Different
available method for particle size and concentration analysis’for
air-borne aerosol system fall into two general categories. In the
first group, directxmeasurements are made on samples collected
from original gas stream to deterﬁine their sizes, concentration,

or in some applications for both; while in the second, stream of
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Particles are viewed directly without any prior collection.

7.3.1 Sampling In Gaseous Flows

Sampling in principle consists of taking a partial flow
from a moving medium without disturbing the flow streamlines. The
. Purpose of this being either to make the samples available at a
more convenient location for optical analysis or to be collected
On membrane filters for gravimetric analysis. The majori errors

that arise from this exercise are:

(1) Effects of anisokinetic sampling

(ii) Shape of the nozzle on the sampling tube
(iii) Deposition of the particles on the walls of the

sampling tube

BS 893 [66] illustrates and explaihs the sYstem of sampling in
Cylindrical ducts. Usuaily the total pressufe of the flow is
determined by pilot tube while the static pressure is determined
from the téppings on the wall of the tube; thus, the‘velocity of
the " main gas flow can be calculaped. The values for setting the
Partial flow velocity,”that is the velocity in‘the prbbe can be
Obtained either from an orifice-plaﬁe ﬁeasurement or a ;otameter.

For the partiai flow to provide representative sample,
the gas velocity in the probe must meet certain requirements. A
sample corresponds to the actual state in the main gas stream ifv
the stream diameter o, shown dotted‘ in Figure 7.3a and 7.3b.
enters the probe. Extensive résearch by Noss [671], Denhis (681,

Davis et al [69] and Ruping [70] postulates that this condition
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Is fulfilled if the velocity of the fluid in the main duct is
€qual to the velocity‘of the partial flow, that is (V1 = V2) }
this is called Isokinetic Sampling. Other works like Walter [711,
howeVer, indicated the requirement Vs > V4 , and this is called
Anisokinetic Sampling. Both sampling may be correct, as it can be
Shown that the required ;l ratio is dependent solely on the shape
‘°f the profile or‘the deffn1t10n of the partial gas flow.

If it is assumed that the partial gas flow starts at a
Sufficiently far distance upstream instead of the inlet to the
Probe, then the partial gas stream is oorrectly defined when
there is no transition of dust particles between it and.the main
8as flow at the removal interfaoe. This is the case when the
Femoval interface does not exhibit any curvature in the flow
direction and leads into the front end of the probe, as shown in
Figure 7.2. Under these conditions all the particles remain in
the main and partial gas flows respectively. lt is therefore the
Shape of the probe which defines tbe partial flow cross-section.
With the knowledge of the main flow velocity, the volume of air
tO be w1thdrawn via the probe is calculated. In the arrangement
Shown in Figure 7.1, this volume of secondary air is set by the
Needle valve. Therefore, 1t becomes a questlon of convenience
whether to control samplihg via the partial flow volume , or the
Partial gas velocity. On this bremise tberefore, isokinetic
Sampling applies to the case of the very sharp-edged tappered
Probe (Flgure 7.2a) and a parallel flow arrangement.

In the case of Figure 7.2b, V2 must be smaller than V1
(721, 1t must be empha31zed that both approaches does not take

iﬂto account the effect of molecular and turbulenb diffusion,
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which apply when there is‘a concentration‘gradient running across
the direction of flow.

One further question arising from sampling of a flowing
medium, is the.number and distribution of the measurement points
required in a duct in order to obtain Eepresentatiye samples. The
large number of possible parameters to”monitor, such as velocity,
Concentration and particle'size distributions over a given plane
compound the problem. However, this can be resolved on the basis
of tests and statistical analysis of the teét data.

Figure 7.1 also illustrates the sampling arrangement
used for the tests. A 6mm sampling probe (Figure 7.4) introduced
through the upstream and downstream sampling portso allowed
Particle sampling. The flow of air in the sampling 1line was
Obtained by means of a suction pump. Attached to the probe were
alignment iﬁdicators which showed the position of the probe in
the duct. 'The alignment’ arm was also used to ensure that the

Probe arm was perpendicular to the flow direction.

7.3.2 Particle Analysis

The particle number count and classification (analysis)
Was achieved by using a'blassical écattering Aerosol Spectrometer
(CSA SP-100-HC) which is capable of detecting particles Dbetween
0.2 to 7.0 microns in diameter. The total size range of the
instrument is divided into three overlapping ranges. Each being
capable of further classification of the particles into 15
channels with every channel recording“ the number of particles

counted within its size range.
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The operational specification of the spectrometer is given below:
Laser S 80-5T 5 mW
Depth-of-Field 0.15 mm € 30X

Beam Width (Astigmatie)  0.17 mm Length

. 0.067 mm Width ;
Effective Beam Width 0.026 € 30X
*Sample Area 1.95 x 10-3~m2 @ 30X

Flow Rate (Sample Point) 2 m/s to 10 m/s

Sampling Volume Sample Area x (1.16 x Av. Flow Rate)
Maximum Concentration 350,000 with correction
Power Requirements 230 VAC

SIZE RANGE INTERVAL

0  1.5-6.0 0.3

1 1.5 = 6.0 0.3

2 0.5 - 2.0 0.1

3 0.3 - 0.9 0.04

(All Dimensions in ym )

* (1/2 x Depth of Field x Effective Beam Width)

" The information from the spectrometer wasvfed directly
into the Data Acquisition System (PMS Data Acquisition System'
DAS-32) . Accumulated data based on the selected sampling time
Were displayed on a small VDU on the front panel of the analyser.
Data from the analyser were fed to the computer through an
interface described below. This arrangement made it possible to

Monitor the real time efficiency of the filter and also to extend
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the length of time over which data can be acquired. The analyser
wWas only capable of accumulating information for a period of
hundred seconds. Attached to the computer was a prinﬁer and a
disc ' drive which provided permanent storage for the accumulated
data for future reference. Immediately, beyond the spectrometer
Can bev seen a large air-tight drﬁm. Its main function was to
dampen the oscillations in the flow created by the suction pump.
‘It also enabled the condensatibn of the analysed particles
fOllowing cléssification. Valves located along the flexible pipes

Were uséd tb‘regulate the air flow. The rotameter nearest to the

drum, gave the air flow rate in the sampling train.

7.4 BBC to Speétral Analyser Interface
The circuit diagfam for this interface is shown in’
Figure 7.5; Components FF1 to‘FFS in the diagram are JK type
vflip-flops, arranged to form a ring counter. The confiéuration

forms a device that pass a logic 1 state through the counéér in a

Cyclie fashion with it  appearing at the Q ‘output during
Operation. The flip-flop sets the T (or the complimentary Q)
Ooutput to a logic 0.when the Q output is at 1ogicv1. It 1is this
that enables the byte bﬁffers; and.allows data to be presented to
the computer input port. In the initial setting of the counter,
FF1 has the logic 1 at its Q output while the remaining FFs'
(FF2-FF5) are set to logic 0 at their own Q outputs.

The 32 bit connector from the Qutbut pf the spectral
analyser is separated into four groups of 8 bits (a byte) before
being presented as inputs to their respective buffers. The

initiation of the input cycle to the computer is triggered by the
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"print" signal from the spectral analyser. This activates the
computer software (listed in Appendix D), which then takes over
the control of activities of the interface by providing signals
for the counter at the appropriate time to store the byte of data
in  the computer memory. This can then be displayed on the Visual
Display Unit (VDU) or stored in floppy disks. At the end of each
data transfer, the softwaré returns the interface to its initial

State, ready for the next "print" signal.

7.5 The Compensated Solenoid Magnet

One of the most important criteria for ‘magnétic
filtration 1is the provision of a uniform background of magnetic

field through the entire length of the HGMF filter. This can be
achieved by either the use of permanent mégnets as.in most early
’magnetic separators alreédy discussed, or solenoid magnets as
used in this study. !

h A water cooled compensated solenoid was used fér the
eXperiment. The solenoid was compensated to improve the field
hOmogeneity. The solenoid was constructed out of 7.35mm squaré
Ccopper tubes with a Wall»thickness'of 1.63mm. The inside diameter
of the solenoid measured 113mm while the outside diameter
measured 245.8mm. The overall ‘length of the solenoid, including
the compensated coil in the middle, was 315mm. It contained about
424 turns of insulated copper tubes capable of generating upto
0.8147 Tesla. The current necessary to produce this’backgroﬁnd
Magnetic field was obtained using a welding rectifier - with a
Mmaximum continuous ‘rating of 1200 Ampefe at 45 Volts. A minimum

of approximately 28.5 lit/min of water was required for cooling,
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at an inlet water gauge pressure of 2.76x10° N/m? (40 psi).

7.6 Test Procedure

Each test was initiated by setting each of the
Operating parameters. These included the background field, the
flow velocity, the sampling velocity, the motor speed and the
Compressed air pr;ssure. Tests were carried out for increasing
field strength to obviate the effect of hysteresis. The flow
Velocity was determined from the total aﬁd static pressuré
readings from the digital manometer. Adjustments to the flow were
accomplished by wusing the number one flow control. Isokinetic
Sampling was achieved by adjusting the needle val;e and
Monitoring the flow rate on a rotameter. The speed of the motor
required to shake thé feeder was obtained by adjusting the
Current supply to it. The high pressure air from the compressor
Was controlled by the valVés located beneath rotameter 'A' and
B, - '

The filters were contained in the detachable filtering
Zone of the rig. In the case of cylindrical wires' they wére
Packed evenly in the patrix and weighed in conjuction with the
detachable duct before final placement on the rig. The woven wire
Screens used were either stacked together in the duct section and

locked at both sections with a PVC ring, or packed with

Separators in between them. At the end of each test, the
detachable section was removed and weighed agaih to determine the
mass of the dust collected.

Befote each’test the monitoring program was loaded inté

the computer. The program enabled the computer to accept signals

1o



from the analyser, via the interface, for a specified time
interval and then ignore the information reéeiVed for another
Specified period. At the end of each test the solenoid magnet was
usually switched off last. This was to prevent the re-entrainment

of captured particles from the filter. .
' : \“
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Plate 7,1: Cupric Oxide dust on a filter paper

Plate 7,2: Samples of CuO dust collected from the experimental
DUCT SHOWING NO TRACES OF NICKEL PARTICLES



’ CHAPTER EIGHT
- DISCUSSION OF FILTRATION RESULTS

8.1 Introduction | . |

A cdmprehensive result obtained from the application of
fibrous stainless steel wires as a filter in the presence of a
Magnetic field is presented. Table 8.1 shows the ranges of eaqh
of the important operating parameters used during the test. The
€Xperimental investigation was divided into two major parts. The
first deals with randomly packed filters while the second deals
with weli ordered woven filters. Experimental results shown are
Phose' that elucidate trends or those. that show significant
differences from expected patterns of behaviour. The effect of
Various physical and hydrodynamic factors were investigated.
Range three of the aerosol spectrometer was selected for sampling
throughout the test. This covered the particle size in th;' range
of 0.267-1.77 microns and was appropriate for‘ the entire

eXperiment.

8.2 Loadaﬁility Results for Random Filters

. The loadability of a filter indicates the amount of
filtrate a particular filter can hold before its arrestance
deteriorates. In inddstrial use, this usually gives indication of
the length of operationalltime of the filter. In ﬁost cases ié is
USually given as the ratio of mass of particles c§11ected over

the mass of filter. -
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The fesults of the loadability tests are presented for
clarity in three plots (a), (b), and (c¢) in each of Figures 8.1
to 8.15. The” first set of curves (a), applies to the smallest
size range of 0.265 to 0.565; the second (b) to the mid-range of
0.72-1.45, while the 1aét (c) applies to the largest size range
of 1.53 to 1.77 microns. The mass of dust collected normalized by |
the mass of the material of the filter for each particular run is

Shown beneath the largest size range (e).

8.2.1 Effect of Magnetic Field on Loadability

Figure 8.1 to 8.4 showvthe loadability tests carried
out for a constant packing fraction of 0.0075 and increasing
field stréngth from 0.0 to 0.8‘Tesla. For no-field investigation,
Figure 8.1 shows the variation of filtration efficiency with
time, In‘this test the only mode of particle capture is inertial
deposition and direct impaction, which was énhanced by the
Surface adhesion forces of both the wires and that of the
Particle. Another possible‘effect that could have been present
was mechanical capture., This 1s mainly the lodging of particles
iﬁ bétween the interstices of crossed wifes. The effect of this
is less pronounced and therefore de-emphasized because of the low
intensity 6f filter packing. The average 1initial collection
efficiencies were 50%, 75% and 70% for the lowest, medium, and
largest size ranges respectively.;This initial highvcollection of
the particles was due to the strong presence of surfacevadhesion
forces on the clean wire. But as the filtration progressed , the
wire surfaces'become\contaminated, thus réducing the coéfficieﬁt
of restitutionlof the’wire. The progressive deterioration of the

t
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matrix can be partly attributed to this effect. The‘capture of
Particles this time rely MOre on them being trapped in between
already céﬁturéd particles. This has benefited the mid range
 Partic1es because of their average momentum. The cbllection of
the smallest size range particles was continuously exacerbéted by
their following the’ fluid streamiines. Theﬂiargest particles
DOSseSSed such a high momen tum thatvinstead of being trapped they
b0unced off the the wire,‘and in some cases sheared off already
captured particles. | ;

The ‘results in Figure. 8.2, (0.1 Tesla), which are
8lightly better than the pfevious one has a’superior retentivity.
For example, in the first part (0.265-0.565 microns) the initial
results dompared favourably with that obtained with no field but
after about an hour of the test time has elépsed, the collection
efficiency was still maintained at almost 50%, unlike that of no-
field which hag dropped by about 30%. The curves for the mid-
Fange particles (0.72-1.45 microns), are smoother than those kiﬁ
Figure 8.1, 1ndicating better retentivity as a result of magnetic
“field. But the erratic behaviour in the previous result for the
lafgést particles is still present. This can only mean that the
balance between the magnetic "and hydrodynamic forces is still
Unfavourabie. ’ ’

Tﬁé next test performed at 0.4 . Tesla (Figure 8.3)
Produced the best ioadabilit& so far. Like the previous two
graphs, the smallest particles -have almgsf thek same initial
efficiencies, butv quite unliké the two graphs, after ébdut ah
hour of_ the filtratidn time the coliection efficiency was
Mminimally rréduced. for'mid;range particles, the bepefits of the
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increased field is much more detectable after about thirty
minutes as compared to Figures 8.1 and 8.2. The most striking
distinctioﬁ.is found in the plot for the largest particles, which
maintained a collection efficiency of about 75% throughout the
experiment. The effect of particle bounce off being completely
eliminated. Figure 8.4 shows the same test carﬁied out at twice
the former field strength of 0.8T. As expected and supported by
results already discussed, there is a substantial increase in the
initial collection efficiency of all particle sizes because as
CuO is paramagnetic, it never becomes saturated, hence increasing
the magnetic field strength enhances the chances of more
particles being trapped. This high efficiency 1is sustained for
Dartiéles whose diameter a;e above 0.37 microns although the rate
of deterioration is much higher for all sizes less than 0.565. A
particularly unusual effect can be seen in the first set of
results which show that the filter has become less effective
after thirty minuﬁes, compared to that obtained for 0.4T over the
Same length of time. This 1is puzzling because besides 'randan<
error due to wire packing, variation in dust characteristics,
fiﬁétuation in the dust feed rate and of course human errdrs,
there is no physical, magnetic, or hydrodynamic explanation for
this effect. One of the explanations that was supported later by
the ordefed/ woven wire results is the realignment of the filter
wires due to the magnetic field. This causes some surfaces of the
wire to be attracted to each other, thus reducing potential
effectiveness. The initial high performance of the filter was due
to high receptivity of the wires becauSe-of the high field and’
the Cuo0 dhst‘ being equally  highly susceptible. The other
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possibility' is wire-to-wire interference which tendé to create
zones_ with zero magneﬁic tractive forces and 1low magnetic
gradients.

Figure 8.U4A gives a summary of the effect of increasing
the magnetic field on matrix loadability. As expected, inéreasing
the number of the magnetic field improved the total mass of dust
collected. However, theucurve indicates a significant gain'up to
about 0.2T. These results presented so far, provides conclusive
eVideﬁce that HGMF is beneficial to  the filtration of
paramagnetic dust, but this advantége is somewhaf reduced by the
re-~alignment of the wire at field strength‘of up to 0.8T and the
Saturation of the stainless steel at about 0.2T. The re-alignment
of the wires manifestedﬁin the form of increased flow channels
that allowed the submicron particles to péés through  the filter
at much higher rate than for lower fields; while the wire after
Saturétion contributes a little to a .better collection as the
magnetic field islincreaseﬁ. Nevertheless, the mass ratio (mass
of dust collected over the mass of wire used) recorded for the.

highest field stréngth tested was still the largést.

8.2.2 Effect of Packing Fraction on Loadability

Figufes 8.5 and 8.6 show results obtained from packing
fragtions of O.Si and 1.0% fespectively; allktested at a field
Strength of O.éT. The improved collection efficiency is obvious
when the two diagrams are compared. An intebest;ng observatioﬁ is
made when Figures 8.A and 8.6 are comparéd. There is very 1little
or none of the improvement in Figure 8.6 which is gxbectedeith'

higher packing. This indicates that there is a limiting ratio of
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mass of wire over volume of the matrix above which favouréble-~
results are drastically affected. Figure 8.6A amplifies this

point by bdrtraying a gradual reduction in the mass ratio of thelz
| dust collected with increased packing fraction. Interpretation of
both the loadability plots and Figure 8.6A together is necessary
for a filter designer who has ’'to make a ‘decision of either
designing for high collegtion efficiency with relatively high
Packing fraction or for economy. A superposition of Figures 8.4A
and 8.6A gave an optimum design point of about 0.8% packing
fraction. at a field strength slightly less than 0.45T (Figure
8.6B) .,

It can be suggested that both the magnetic: and fluid
interferences may have éombined to reduce the effectiveness of
the matrix at high loading. There are two 'components of the
magnetic force, both of different orders of magnitude. The long

range component, most likely to interfere with each other (thus

Greating areas of reduced tractive force and magnetic gradients)

is of the order of.l§ y (where s is the wire radius), while the .
s ' _
shorter range part is of the order of.%g . The hydrodynamic

.. _ , s

interference has an order of magnitude of ;% and therefore most
) ) ] ‘ .

likely to be the first to affect the filtration process. If the

filter matrix is modelled as a series of parallel square meshes

| of distance 1S aﬁart (Chapter Four), the above interferences
would only occur when their magnitudes fall in the average ranges
of ?; « This represents the mean_distance séparating two wires in
a filter matrix. Another source of interference arises from wires

Overlapping with each other, thus resulting in ineffective wire
lengths., Although not quantified in this work, the increased
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interference effects are compensated for by the 1ncreased
effectiveness of mechanical capture resulting from higher
packing, Tﬁerefore, it can be concluded that after a critical
Value of packing fraction (0.55<F<0.65), the law of diminishing
return sets in for any extra wire added.
8.2.3 Effect of Velocity on Loadability
The hydrodynamic effect of flow velocity is among the
more complicated parameter in HGM filtration as it depends on a
mvltitudg of other physical factors of the filter.
All the previous results already discussed were
Performed at a flow velocity of 5.6 m/s. Figure 8.7 shows those
obtained at a flow velocit} of 7.6 m/s, fieid strength of 0.8T,
and packing fraction of 0.75%. A comparison of this result with
Figure 8.4, which was obtained for the same parameters except for
different velocity, show some subtle differences, especially for -
particle sizes of 'lesé than 0.565 microns. While the initial
collection efficiency is higher for the slower flow, the rate of .
deterioration of the filter, (Figure 8.4), is larger, fesulting
in a slight drop in collection efficiency at the end of the
experiment. The most remarkable difference between the two
(Figure 8.4 and 8.7) can be found in the size range of 0.265-
0.565 . It shows that smaller particles (less than 0.565 ﬁicrons)
gave a sustained 1loading unlike that in Figure 8.4 through the
course of the test. This is obviéusly as a result of increased
Inertial effect which has enabled larger (number of) particle
flux to impinge on the wires. Otherwise, these smali particles'

tend to fﬁllow the fluid streamlines. If the flow velocity is
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raised. further, a point may be reached where it becomes
detrimental to particle capture. At this point, the momentum of
the bigger particles become high enough to neutralize the
retentive forces on the 8urfaces of the wires created by the
magnetic forces. In such circumstance, those particles already
captured may be washed off the surface of the‘wires. This is the
particle bounce off alrgady discussed above.

There is obviously a larger amount of dust collected -in
this case of higher flow velocity as shown -in Figure 8.7A.
Although the plot was performed for only two experimental points,
it ampiifiés the already stated advantage of HGMF over various
other separation techniques, that very high rate of throughput
can be obtained with well ;ccepted particié collection rate for a

relatively long time.

8.2.4 Effect of Filter Length on Matrix Loadability

Matrices of diameter " 10cm  with lengths 20cm (Figure
8.8) and 15cm (Figure 8.8A) were used for this test at a packing .
fraction of 0.5%. The magnetic field strengthvapplied was 0.A4T
" instead of 0.8T to avoid possible strong wire realignmént. ‘The
Same pattern of gesults were obtained excebt that there was an
improvement in particle collection. Figure 8.8 shows the
advantage of having ‘a relatively longer filter. The better
performance of this particular filter can be attributed to more
wire surfaces being available for particle capture,vlow magnetic
interference (as a result of 1larger volume); and mechanical
capture due to wire orientation. The reduced field‘strength of
0.4T may have also helped in the high filtration efficiency
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obtained for the smallest particle size,range, which in higher
fields affected particle collection process. A visual inspecéion
of the used filter revealed that most filtering occured at the
front of the filter, while at’the back, it remained virtually
clean. This does not mean that the frontal part of the filter was
most effective, but since particle density is higher at the front
it got more 1loaded.  These results therefore suggests - that
efficiencies above 95% are possible for magnetic filtration of
Paramagnetic dust with a relatively long filter, but at an added
cost for'overcoming its resistance.

The question of cost optimization can also be addressed
here. For example, 1in Figure 8.8, although a high particle
Collection efficiency wa; achieved, the mass ratio of dust
collected is lower than the same ratio for 0.0075 packing density .
at 0.4T (Figure 8.3) or 0.005 packing at O;8T (Figure 8.6). From
the values of these rat;os, it is clear that to maintain a high
particle collection efficiency (> 95%), it would cost more in
terms of providing extra mass of wire which only provide a

marginally better result.

8.3 Loadability Results for Woven Wires

Loadability tests were carried out with woven wires cut
in the form of screens. These were packed in two different
patterns; first with their faces touching, and with 5mm PVC rings
Separating them. The main objgctive for perfqrming a test with
the meshes separated was to optimize the filtef configuration for
possible application to binary mixtures. | |

The results obtained from these tests are supposed ¢to
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' supplement those obtained from random filters. The most important
advantage of applying woven wire being that the effect of matrix-
to-matrix variation 1is completely eliminated. Figure 8.9 shows
the result of a test performed with 16 screens at the same
concentration of dust as in the random filters. The rapid decline
of the filter 15 épparent. At about*an hour afﬁer the starting of
the experiment, the collection of the smallest particle range has
dropped to less than 10%. This rapid drop is even present in the
intérmediate and the largest particles which in almost all- the
Previous results were high. The effect of bounce off is also
manifestéd in the scatter of the experimental points.
» The mass ratio of dust collected was 0.92 which is much
Smaller than the value obﬁained for an equivalent test with
random wire (Figure 8.4) that yielded a masé_ratio of 1.26. This
indicates that for the same dust concentratién, that the use of
the random wire arrangement‘ is better. In subsequent tests -
earried out with woven wiées, the concentration of theu.particles
filtered was reduced to about half of its original value. This
Was to enable the investigation of the major operating
) parameters, - which tended to be obscured at 1large dust
Concentrations,

Figures 8.10’and 8.11 show the 1loadability results
obtained from the tests carried out for field strengths of 0.0
and 0.8 Tesla respectively at a reduced concentration. It 1is
apparent by comparing the two sets of Figures that the presence
of a magnetic field gives greater efficiency of‘dust collection.
For a magnetic fleld of 0.8T (Figure 8.11), the collection-
efficiency of even"the smallest particie'exceeded 50% éﬁroughout
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the course of the experiment. The efficiehcy of collecﬁion of the
middle and 1largest ranges of particles was maintained at about
80%, and the performance showed no noticeable deterioration with
time up to the end of the test. The mass of dus£ collected was
0.47 times the mass of the wire.

In the absence of the maghetic field: it is clear that
the collection efficiency for any barticle size 1Is always lower
than that obtained for é field of 0.8T. Furthermore, after about
fifty minutes the analyser indicated that washihg off of the
Smallest particles was taking place. This can be seen in Figure

8-10(a)" as a negative efficiency in the smallest size range. The

test was however continued to investigate the continued increase
In collection efficiehcy of the larger particles du; to inertial
imbaction and particle interception. Thé progressive constriction
of the filter porés (observed at the end of the test; PLATE 8.1)
by thé captured particles further sustained these modes of
| filtration, especially after forty minutes had elapsed. It must
be noted that thé maximum collection efficiency ébtained was
still approximately less than the minimum for 0.8T, thus high-
lighting the importance of magnetic field. The mass of dust
coliected for zero-field (0.0T} was 2.3g. The spufious pattern
portrayed by plot 8.10(ec) signifieé that bounce off of larger
particles occured, An average high collection éan still be
deciphered .irrespective of the ‘scattef of the experimental
points. | |
The effect of increasing the number of screens can be
seen by comparing Figures 8.11 to 8.13 (16, 9, and 21 screens

respectively). The " initial collection efficiencies for the
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Smallest particles was ébout 20% greater when 9 screens were
used. The larger gradient of Figure 8.12 compared with Figures
8.11 and 8.13 indicates a higher rate of deterioration in
particle coilection due to loading when fewer screens are wused.
The mass ratios of the dust collected for increasing number of
Wire screens are shown in Figure 8.13A. It shows a progressive
benefit with the introduction of more meshes. This result is
contrary to that obtained from random wires which showeq, a
decreasing mass ratio for increasing packing fractions (Figure
8.64). Perhaps; the orientation of the meshes helped in
COntribﬁting to this better profile, However, using moré screens
does gave an average incréase in pressure drop of 4 mm of HZO per
mesh. ‘

The effect of performing the loadability test with 16
screens at the higher velocity of 7.6 h/s is shown in Figure
8.14, (5.6m/s). Comparing this result with Figure 8.11, it is’
Seen that during -the first part of the test, the efficiency of
capture of the smallest particles was greater for the higher
velocity flow. This is due to the increased momentum of smaller
ﬁéfticles resulting in more impinging and sticking on the clean
filter, although this advantage disappeared -with continued
loading. The reduced collection efficiency of = the bigger
Particles (Figure 8.14(b) and (e¢)), 1is partly due to their
relatively higher momentum which results in more particles
bouncing off or missing the wires completely and some of those
already captured being re-entrained. This was further enhanced by

the poor surfaces provided by the captured CuO dust as a result

of its low susceptibility. This particular test shows that an
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increased flow velocity from 5.6 m/s to 7.6 m/s caused an overall

decrease in dust capture.

8.4 Loadability of Woven Wire with PVC Separators

| Anothér optimal 1loadability test conddcted’,waé to
‘examine the‘ effect of separating*the meshés with 5mm PVC rings.
This‘produced a very lbw collection efficiency (compared to
Figure 8.11) as shown'in Figure 8.15. The poor results obtained

were probably due to re-dispersal of dust by the flow vwakes

behind the screens as opposed to the concentrated channeiling
effects of stacked‘filters which are in contact with each other.
It is hoped that preferential separatioﬁ of binary mixtures can
-use the above phenomenon, especially where a ferromagnetic

material is to be separated from a paramagnetic one.

8.4.1 Experimental Capture Radius ( X, )

Experimental capture radii were calculated from the
corrésponding values of colle;tion .efficiencies- already
detérmined in the loadability tests for various ranges of major-
Opgrating parameters. ‘These were plotted agéinst equivalent
particles Stokes number (K), calculated from the expression given
in Chapter Five. Before kthé use of the expression over the
required range of particle size, (0.265-1.77 microns), it was
necéssary to checkvthe validity of the expression over thg range
of the particle size undeff@d@ﬁideration. In the derivation of
the equation of particiéVIQStion (equations 5.45 and 5.46),
potential flow was used:which required the wire Re to bé greéter

than ten. Also, as the Qiscous force parameter on the particle is
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based on Stokes law, it was imperative for the particle Re to be
less than unity. For a wire of diameter 50 microns and flow

velocity 5.6 m/s, the Re is given by :

Re = 1.239 x 5.6 x50x10 -6

18.12x10~°

= 19.15 (>10.0)

¢
4

For .a maximum particle size of 1.77 microns, and maximum flow

velocity of 7.6 m/s , the Re becomes :

Re < 1:239 X 7.6 x 1.77x107°

3 = 0.91 (<1.0)
18.12x10°

Thus, the two conditions for using the expression above for K are
satisfied The maximum value of the ratio of the magnetic

Velocity to the fluid velocity in this study is 1. 5x10"3 .

The expression used for the calculation of the experimental
capture radii is given in Cﬁapter Six (equation 6.31). A single
Ef value of 0.35 was used‘to calculate the whole results. Figure
8.15A shows thevXe vaiues for 1increasing field strength at’ a
fixed packing fraction of. 0.75%. The first observation is the
increasing capture radius for increasing field strength or
magnetic force parameter, W, at any given Stokes number, K; up to
K=§, The benefit is most significant for the field of 0.8T. What
is seen here is the dominance of magnetic force parameter over
inertia. At k>U, (ie. low viscous force), the effeot of particle
inertia started to become significant becacse cf the 1large

particle sizes. This manifested in the scatter of the

experimental points. in this region also, the effect of particle
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Previously pointed out. For increasing K gt constant W and A,
there is a remarkable increase of Xe for small'ranged particles
with almost no change in medium sized particles.' This suggests
that therebis a range of sizes over which Xe was constant during
the filtration process. There is no established pattern for the
largest sized particles. y €

' The effect of increasing the packing fraction at
constant W 1is shown .in Figure 8.15B. Contrary to what is
expected,the addition of more wires in the matrix at constant K,
i1s not necessarily beneficial as after a critical value
(determined in Figure 8.6B), »the wires become increasingly
useless.

Varying K, but keeping F constant, produced similar
results as obtained previously, that is significant gain in X in

the 1low particle range, nearly constant X, for mid range, and no
patterﬁ fof the largest particles. Comparison of Figures 8.15A
and 8.155 reveal thgt the ch;nge in F (ie. %; ) is more sensitive
tO.Xe than W at low magnetic field strength. The low vélues of Xg
for 1.0 % packing fraction is attributed to interference effec£
already pointed out in loadability discussion.

The effect of increasing fluid velocity 1is shown in
Figure 8.15C. The 1lower velocity of 5.6 m/s gave higher Xo
values, although the mass ratio of dust collected for 1t was
lower than that obtained for 7 6 m/s. This can be interpreted as -
. increased inertia which is SUpposed to give a better result as
all values of Xe 1ess than' 1.0, but this is not the case in
Figure 8.15C. The discrepancy arose from Figure ‘8.4 ~which gave
~higher initial efficiency than Figure for an initial period of
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about 20 minutes.

Comparison of the results obtained for two long filters

of 15cm and 20cm at 0.4T show larger X, for 20 em filter (Figure
8.15D). This 1is because more wire surfaces are available for
| Darticie capture which in smaller matrix may be masked. The sharp
increase in Xe values observed in the previou§ results are absent

here, instead there is a prognessive increase of Xe for all

particles. Even the high oscillatory behaviour of the largest set

of particles seem attenuated in this case. This can be explained
by the particle reduced momentum at the rear end of the filter.
It is possible that by the time the large particles arrived at
the back of the filter they would have exhausted their kinetic
eénergy and therefore, nave more chance‘.of being held before
exiting from the matrix. This explanation particularly fits  the
reason for diminished particle bounce off. Another possible
explanation, although less obvious‘ lies in the flow yelocity
profile, which because ef the length of the filter matrix comes
out flat (see Chapter Fourj. This disperse the 'particles more,
thus enhancing their chances of coming in contact with larger
ﬁife surfaces. |

The values of Xe calculated from increasing number of
Wwire screens are shown in Figure 8.15E. The profile of the curves
are different to those alneady discussed. The only similarity is
with the smallest range of particles which showed a handsome
increase in Xe values. For particle sizes greater than 0.72
microns, tneir critical radius fell with increasing K in all the
cases. Magnetic interference is believed to be the.major neason

for this"unexpected behaviour because of the pattern of
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arrangement of the meshes in the matrix.

Unfortunately, none of the results above were compared
with the theoretical capture radii published by Lawson [56]
because the values of the magnetic force parameter used in this

study are much smaller than his range of values.

T ¢

8.5 Clean Filter Collection Efficiency

Presented below are results of clean filter colleetion'
efficiencies plotted against particle size range of 0.2650 to
1.7700'micrdns. These diagrams provide fiitration information at

the beginning of the experiment when the filter was still in its
virgin state and 30 minutes 1later. The effect of three main

operating parameters- packing fraction, Magnetic field, and flow
velocity- are illustrated. Besides providing information on the
performance of the filter, it also helps in the verification of
the filter collection model derived in Chapter Five to predict
theoretical collection efficiencies. Some of these results may
have been read from the loadability results from thé previous
plots, but to avqid any difficulty that might arise froﬁ
following a particuiar trend,»the results are re-plotted in this
form. v
| The results obtained from varying the packing fraction
ovef a range of magnetic field strength is shown in Figures 8.16
and 8.17. At 0.4T and flow velocity of 5.6 m/s (Figure 8.16{, the
difference beﬁween the curves are minimal, but increased after 30
minutes had elapsed. The filter with 0.005 pééking density seems

to have performed as well as that of 0.0075 packing density at
the start of the tést. The reason for this behaviour in this
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Particular run may have been dﬁe to a more uniform wire 1loading
in the case of 0.005 packing density. A more familiar effect is
observed from the results in Figure 8.17, where the magnetic
field strength had been increased to 0.8T. Here,'the'application
of the filters with 0.0075 and 0.01 packing produced similar
results. This tend to support the previous explanation that there
is a critical packing fraction }or a given size of matrix above
Which additional wire becomes ineffective. There is also a,
nNoticeable drop in collection efficiency after 30 minutes. A
remarkable sustainedvfiltration efficiency of particles was also
maintained. Although not presented, results of similar tests but
with 0.0075 packing fraction at 0.4T and 0.8T are also available.
At a much higher flow velocity of 7.6 m/s, Figure é.18 shows a
Cbmparison of the three packing fractions used. When compared
with Figure 8.17, the results are similar.
| A comparison of the two flow velocities (5.6 m/s and
7.6 m/s) applied are shown in Figure 8.19 at a packing fraction
of 0.010. As already pointed out in the discussion of the flow
velocity on particle loadability, drawing firm conclusions are
difficult., The results show no difference between the two tests
in this case. This supports the fact that at relatiVely high
packing fraction, the effect of velocity is not so obvious in
these investigations. Resulps obtained from similar tests at
other packing fractions varied within a margin of less than 10%.
’ It is also evident from these graphs that exéept' for
very low packing fractions,v(abéut 0.5%), the initial collection
of all filters tested are comparable. Hence, . it may be

economically viable to introduée variable power supply in HGMF
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installations during the filter loading up period.

The reaults obtained for an‘ increasing number of
Screens at a magnetic field strength of 0.8T is shown in Figure
8. 20. As expected, the results show better perfermance for an
increased number of screens, although the difference between 16
and 21 screens was very small. This particular result will prove
useful in the theoretical predictions of woven wire collection

efficiency described in the next section.

8.6 Collection Efficiency Based on Total Particle Count

’ General industrial applications of HGMF require a less
detailed specification of equipment. In this case, particle
global collection efficiency defined within a knownesize range is
a more suitable and convenient parameter. For this purpose, some
of the loadability results were plotted in the form shown in-
Figure 8.21 for random wires and Figure 8.22 for woven wires.
These Figures compare the filter collection efficiencies obtained
from experiments performed at different magnetic "fields and
packing fractions. These efficiencies were computed from the
total particle count from the spectrometer.

It must be emphasized that this form of presentation of
particle collection efficiency can mask information and must he
interpreted carefully. For example, the continuai increase in‘
collection efficiency of particles above 0.45 microns after 40 -
minutes as seen in Figure 8 10 is completely hidden in Figure
8.22. The effect of sloughing off of particles portrayed by the
1oadability curves is. also not apparent. Instead, an average

collection efficiency of about 22% Was maintained throughout as
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shown .

8.7 Theoretical Collection Efficiency
The comparison between the ‘theoretical study and
experimental work can be made in two ways. The first is to
calculate the experimental radii from the te§t data and compare
them with theoretical predictionéi The second is to calculate the
efficiencies of particle collection based on the theoretical.
capture radii and ~compare them with those obtained from
experiment. The later was adopted. This is because it offers a
more practical approach and makes similarities and differences of
both procedures more apparent. From these results, explapations
can be sought that have obvious practical meaning. o
4 Figure 8.23 shows ‘the cleén filter collection
efficiency predicted with the model presented in Chapter Six. The
curveé are for a filtep with 0.0075 packing fraction with a field
strength of 0.80T and gas velécity of 5.6 m/s. The effectivenesé
factor, Ef , whi;h was the only undetermined facto;'in equation
(6.31) was the first optimized; that is varied until the best fit
to the experimental data points were obtained. fhe values apblied
- were 0.20, 0.22, and 1.00. Ef of wunity predicted a 100.00%
collection for almost all particle ranges undér inyestigation.
This is gnrealistic when compared with experimental results
obtained with the same parameters. The reduction of Ef to 0.22-
predicted collection efficiency nearest to the experimental one.
This 1is then compared. with a similar resuit obtained from

experiment (Figure 8.24). The most apparent difference 1lies in
the 1larger particles (le. 0.720-1.77) which have been under
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predicted by about 40%. The particle range of 0.265-0.565 agreed
with the experimental results. Attempts to 1ift the collection
efficiency of the larger particles resulted in the over
predicﬁion of  the smaller ones. Some of the diSCrepancies in
these results can be attributed to the assuméd average diameter
~of the wires, the magnitude of the wire orientation factor and
magnetic interference among neighbouring wires. Also the assumed
approximate uniform harticle density and concentration in the’
vertical layers of the filter may not have been satisf1e§ in the
experiment, therefore rendering the assumption ’unrealistic;
Besides the points enumerated above , 'another important factor
that may have affected the results in Figureo 8.20 1is the
calculated critical radii shown in Table 5.1. A close look at the
trend of Xe values expose the shapev of the collection curves.
They were predicted using the singlé-wire—single—particle model
(or the so called isolated wire model), which can only give
approximate theoretical 'efficiencies for . highly porous filter
matrix. The values of the dimensionless paraqeters usea may have
" also contributéd. For example, the value of the magnetic forcé
parameter, W, was only 1.57x1\0"3 . This figure appears to be
small in comparison with valueé used by other reseachers.
(However, it must be pointed out that mostly they present results
of conceptualized systems rather than attempt to simulate a given
experimental situation). I?ﬁﬁﬂaé not possible to compare the
| eritical fadii calculatéd: w&tﬁ those predicted by Lawson [65]
because the values of his magnetic parameters were too large. On
the “othér " hand supéfiﬁposing thé points on his plot showed them
lying outside the plotting area, in the low W zone. Since W is a
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ratio of magnetic to inertia force, the explanation can only be
that either the magnetic force is very small. Table 5.1 shows
none of the critical capture radii to be up to unity. This means
that in the absence of any adverse flow effect on any of these
critical particles, they would be captured by direct impaction
- and the function of magnetic force in this case is preventing
them from sliding off the surfaee of the wires. Particles in the
shadow of the wire would, if small enough, be carried away by
fluid sﬁreamlines unless the viscous forces are very small.
Magnetic forces also oppose this forces and enhance capture.
| Othey differences in both results could lie 1in the
susceptibility value of Cu0 which was 3.41x10"3 for the bulk
dust. In the model it was assumed that this was uni}orm, but this
may have completely broken down in acﬁual practice. Another
,sbufce’of”difference may'have come from saturation magnetization,
.z Ms ,:ebplied,]which was used to calculate the A perameter. The MS
;values. wéré' noﬁ'.measufed'bﬁt‘taken from the EPA [41] report on
the application of HGMF to BOF dust. “

It seems that given all these factorslwhich are either
-approximated or assumed, thet the present isoiated wire model
need several modifications beforekit ~can senSibly predict the
performance of a complete filter unit.

Figure 8.25 shows the predietiop of the collection
efficiency of a similar system but with woven wire screens as the-
filter medium. The same Ef was used as in Figure 8.24., But for
the smallest particle sizes, the results compared very Qell with

that of experiment (Figure 8.26). The large drift present ;n
Figure 8.24 for particles bigger tﬁan 0.37 microns is reduced,
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thereby making the similarities between the experimental and
theoretical _résults much better in this case than those obtained
from random wires. This might be due to a better quantification

of the geometrical orientation of the whole filter matrix.

Table 8.1 Range of Operating Parameters

Cod

Magnetic Field (T) 0.0 - 0.8
Packing Fraction (%) 0.5 - 1.0
Number of Screens 9 - 20

| Mean Wire Size ( p ) 50
Screen Pore Size ( p ) 400

Centre-line velocity (m/s) 5.6 - 7.6°
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CHAPTER NINE
APPLICATION OF FLUIDIC FLOW DIVERTER TO HGMF PROCESSES

9.1 Introduction .
From the preliminary f;sults obtéined in the use of
¢ylindrical and woven wires as filters, a maximum filtration
efficiency of about 80% was obtained for particle size rénge of
0.5-1.77 microns. For particles of diameter 0.225 microns (the
smallest detectable - by the spectrometer), the filtration
efficiency ranged from 40%-6b%. This level of filtration
effiéiency has been achieved by using most favourable operating
conditions which included high packing density, relatively high
flow velocity, high baékground field and homogeneously packed
Cylindfical wires to increase magnetic gradients in the filter
matrix. Therefore Jto effect a better performance, an ingenious
Opiimization.of one or more of these parameters needs to be

performed.
9.2 Methods of Achieving High Colleétion Efficiéncy

9.2.1 Increasing fhe Magnétic Field

. As the experimehtal dust (CuQ) 1is paramagnetic, it
never attains saturation unliké ferromagnetic pafticles such as
Basic Oxygen Furnace dust. This means that ’increasing the
background field, which in turn enhances the sﬁseeptibility‘ of
both the paramagnetic dust and the wire, will result in a highef

retention of particles on the surfaces of the collecting wires.

-~
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However, there are some limiting factors. The first is cost, in
that the power requirement will Se too expensive to maintain. The
second is an effect noticed in the preliminary tests carried out.
It is the re-alignment of the randomly packed wires when the
magnetic field was switched on. As a result, potential capture
surfaces become attracted to each’ other and’ remain attached;
thus, reducing available collection surfaces. Another limiting
factor was the saturation magnetization of the wire. The final
factor which 1is peculiar to this application was that the
rectifier that supplied the current had a maximum rating of 200
Amp at a_constant voltage output of 45 volts, producing a maximum
field of about 0.8 Tesla.
9.2.2 Increasing Pacging Density

Thié ventaiis packing more wire in a given volume of
matrix. There is a fraction over which extra increase becomes:
unprofitable. . In the studies carried out by Bouchgr [731, he
concluded’that there is a better matrix loadability for 0.5% than
0.75% for ferromagnetic BOF dust. From the tests conducted so far
fér paramagnetic‘ Cu0 dust, better collection efficiency was
obtained with increasing wire mass. However, results obtained for
0.75% and 1% packing were barely discernible. Therefore the extra
resistance involved 1in uSing” higher paéking fraction can be
avoided without any significant reduction in particle cbllection
efficiency. So in effect, a prohibitively high pressure drop with
decreasing impro;ement iﬁ efficiency is ‘the check against
increasing packing density. Another very important‘ factor that
limits tﬁis is the wire interference, which drastically affects

-
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the magnetic tractive forces that compel particles to migrate to

Wire surfaces.

9.2.3 Change In Flow Velocity

The flow velocity is an important parameter in particle
filtration, aithough its influence is not well understood. The
present studies show that flow up to 7.6m/s in random wire matrix
Sustained a relatively higher particle collection in the randomly
Packed filter. Above this value, the collection efficiency curves
became spurious and on the average dropped, indicating that the
hydrodynamic force is dominating and may have nullified the
effect of the magnetic forces. Therefore if the flow can be
manipulated to "stagnate" (come to rest momentarily) in the
filter volume for a short time, the influence of the_ magnetic
tractive forces may be much more effective. This is similar to
Sedimentation process [74], where particles are allowed to settle.
under the influence of gravitational forces except tha? in this
particular case, the gravitational effect 1is replaced by the

magnetic tractive force.

One of the acclaimed advantages of HGMS is the ability
to maintain a relatively high filtratien efficiency at a velocity
far higher than conventional filtration methods, hence achievingv
larger throughput over a shorter period of time. So thefe is a
need to design a HGMF system which can increase the flow
residence time in fhe vicinity of the filter,lﬁhilst maintaining
a relatively high sgperficial velocity. The new ﬁype of system
involves fhe use of the Fluidic Flow Diverter.

-~
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9.3 Application of Fluidic Diverter to Dust Filtration

The flow diverter is a type of fluidic device that
allows a sﬁfeam of fluid, gas or liquid, to be diverted to one or
two outlets without the use of obtrusive parts. The absence of
hindrance to the flow streamlines is of particular importance in
this appiication since the depésition of oparticles on such
surfaées {s much reduced, hence the original particle profile in
the duct 1is very nearly maintained. In certain applications,
three or more outlets>has been used. Applications are usually in
the process and nuclear industries. Some of these include the
control of: liquid level in tanks, warm.air heating, cemént wagon
loading and flexistor valyg in mine ventilation. Others inqlude
the self cleaning  Dbistable filter and the sorting and

classification of solids and particles in the food industry.

9.3.1 Principles Of Operation

The basis'bf operation of a bistable flow diverter is
the Coanda Effectv[75]. Figure 1.3 shows this effect for a jet of.
fluid discharging from a nozzle into the atmosphere. Due to
turbulent mixing, the jet entrains surrounding fluid and becomes
wider and slower, and it fransports more fluid as it moves
further from the nozzle. The two walls tend to restrict the
entréinment of the fluid sojthat thé pressure at thelwalls is
less than the surroundings. By geometrical 'design or random
disturbance, the jet migrates closer to one wall than the other.
The entrainment of the flow becomes more restricted there so that
the pressure falls further; thus creating a pressure difference

across the jet which tends to bend it even further until the Jjet
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attaches and remains on that particular wall (Figure 1.3a). The
Jet can be made to attach at the opposite wall by the injection
of compressed air through the control port on the jet side
(Figure 1.3b). The underside of the jet is at low pressure, which
is .required to maintain jet curvature. It continues to entrain
fluid most of which is provided by 'the jet returned when the jet
Striké tﬁe wall, the. rest being sucked in through the control
port. |

These inherent features of the fluidic diverter is most
Suitable for 1its application to dust filtration. The two
discharge openings can be connected to outlets containing filters
(Figure 1.3). Filtrate c?n then be supplied to theée two filter
Zones alternatingly. The frequency of this operation is dictated
by the switching of the main flow (filtrate) with a small sample
of compressed air.

In some applications, this switching of the jet iS‘
maintained bfﬂ alté;nating closure and opening of both control
ports to the atmosphere. The time required by the flow _to.
completely flick to the opposite side is cailed the Switching
Time. For optimum performance, this time has to be optimized,
firstly to allow a suitablé time for magnetic force to act and
secondly to minimize the bulk of material used as will become
apparent later. To achieve ﬁhis, the average minimum distance
between adjacent wires would be determined; and also the minimum
Time Delay required in the filter matrix. Note that time delay
here means the timé it takes a particle to travel from its
initial pésition to the captﬁre surface of the wire.

In principle, a bistable flow diverter is capable of

-
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dividing the main flow equally through the output pipes, but due
to difficulties in achieving symmetry during construction, a
diversion of 60% to 40% in the absence of control flow is

considered a good design.

9.3.2 Determination of the Farthest ,Particle Location

The  determination of the average farthest X-axis
location of a particle ig an array of randomly packed wires 1is
achieved by the simple cubic lattice model described in Chapter
Four. The model is based on the assumption that the entire matrix
is made up of cylinders arranged in cubeé (Figure 4.1), with two-
thirds of the cylinders perpendicular to the flow. The remaining
One~third are parallel to the flow and therefore considered
ineffective. It is also‘assumed that the packing density of the
matrix is relatively low to minimize wire-to-wire interference‘as
has been the case in the previous tests. From Chapter Four, the

unit length of fﬁe cube was given as:

1, = (33 o | g 9.1

To remove the effect of geometry, equation (9.1) was divided by
the wire diameter d. Given that

1 0.5 4

S _ 3a
= (‘15") (9.2)

al

The diameter of the wire used was 50 microns, and the minimum
packing fraction which will be employed has beén established to
be about 0.005. With this figure, the maximum side iength of the

cubic lattice 1s is ecalculated thus:
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r > T10.5
1. 13%(50%10™%) xri
Is L}x X x| . 1
d 0.005x4 50X1o-6

21.7 Wire Diameters (22 d)

) ¢

22d represents the average farthest position on X-axis an

opposite wire can taﬁe. Therefore, the representative average
1

distance between any two directly opposite wires is '3; z %? = 11
+ This is represented in Figure 9.1.

. The next task is to determine the time it will take a
particle located at, say, the dentre of the cube defined by the
coordinate ( 11, 11 ) to reach the surface of the wi;e. It should
be noted that'this does not necessarily entail capture , since a
particle at this position requires a iérge tractive force to be
present before it can be pulled in and captured as was evident in
the theoretical’ particlé tréjectories presented earlier. So,
although a mean particle position has been detefﬁined,; the
effective X-distance used was the critical radius of capture (Xc)“
. However it is worth mentiohing that it is not expected that a
particle at X = 11 should arrive 1éter than another nearer the
wire as both have approximétely‘the same Y-distanée to travel.
9.3.3 Calculation of the Particle Capture Time:
| The capture time of the particle was calculated using
the monodiéperse’ theoretical model describing the particle
trajectory in the presence of Magnetié, ‘Hydrodynamic,
Gravitational, and Ineftial forces developed in Chapter Five. The

i

procedure involves the application of the values: of independeﬁt
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Parameters (W, A, K and G) to obtain the dimensionless particle
Position in space. The resulting corresponding dimensionless time
T required by the particle to reach the surface of the wire ‘(for
'Capture) or an equivalent distance ( in the case of particle
€scape) was also calculated.

This was approached by assuming that the fluid is
Stagnant for the period in between switching, and then slightly
modifying equations (5.45) and (5.46) Dbefore commencing
integration. In this case, a different set of non-
dimensionalizing parameters were chosen to exclude the fluid
Velocity. In Ehe new equations; thé non-dimensionalizing time

s @p

Parameter was

y instead of VEE used in the original set.

The resulting set of goverhing equations are given below:

[ 21 - =
[}
{(9_20 - R (%9. i = _2A¥ Ei%~+ cos 20§
| dr ! R R !
. L L -l
™ .= :
_ 11 dr} _
% | dari G cos 6 | , (9-3) )
Lo '
™ -1
| d%e dr,,de.! -2 A W sin2e
|R ==+ 2 (E—')(E—); =
| dr Todry B3
L 1
- .-
11, d8! . -
—I —l ou
+ K=R aT | f G sine ) | (9.4)
L

The four dimensionless parameters used above are:

‘
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2w M
A = °  the relative magnitude of the induced

o}
magnetization in the ferromagnetic
wire due to the applied field, Ho
2
# o> Up S . . .
W= poX HO — dimensionless magnetic force parameter
F (a ratio of magnetic to inertia force).
> b2
K = > y Stokes number, a dimensionless viscous
9 s
force parameter (a ratio of inertia
‘to viscous forces).
s> g 07 Cr o s |
G =—— 2 (1 - =) , dimensionless gravitational force
ul €p
i

parameter.
The calculation procedure involves:

(1) The choiéé of independent parameters
(ii) Calculation of the dimensionless time parameter ( 1 ).
(iii) The use of T to calculate the

real time.,

The real time obtained was 0.081 seconds. This is the minimum
time required in the filter matrix for the particle to reach the
wire surface. So, for the optimum performance of the.fluidic
diverter, the flow residence time in the filter must not be 1less

than 0.081 seconds.
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9.3.4 Design of a Suitable Diverter

A_ bistable flow diverter was designed to suit the
configuration of the general test rig. There .  are  several
Operational constraints which have to be taken into consideration

in the preliminary part of the design work. The most important of

¥ ¢

these were:

(1) The nominal sizé of the two exit ducts must fit into the
bore of the ﬁagnet which was 120mm.

(ii) - Totalllength of the diverter unit must be less than 2m.
(This is because of the limited space available)

(iii) The minimum switching period must be longer;than
0.081 seconds (that is time to switch frgm side

to side must be < 0.081 seconds).

The fouyth ﬂécessity,'although less important, was the
need to retain(théﬂoriginal form of the rig arrangement (Figure
7.1) so that direct comparison to previous results could be ’hade.
when necessary.

For easy description, the diverter has been divided

into three distinct sections, each comprising a. complete unit:

Sectioﬁ 1 := This comprises of/the reducer and the methqd
of joining to the upstream part of the duct.
(Figure 9.2)

‘Secfion 2 t- This represents the main body of the divérter
itself. Attached at the upstream part was the
reducer; while aﬁ Qownétream was the third section.

-~
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(Figure 9.3)
Section 3 :=~ This contains a mixing chamber where flows from
“ both arms of" the diverter were discharged and
subséquently a reducer for_final connection to the
main duct. (Figure 9.4)
Section 4 :- This describes the variable speed solenoid
| switching circuit used in achieving the diversion

of the fluid in the diverter. (Figure 9.5)

9.3.5 Design Of The Reducer

The main pipe diameter was 99.4mm outer diameter. In '
order’ to channel the flow of air into the divefter, this size
must be stepped down through a reducer to fit the ﬁozzle
dimensions. This is necessary because a sudden change in the duct
diameter'Will‘cause a high loss of pressure. A smooth flow of the
suspended particles which otherwise would have been deposited by

impaction is achieved. The coefficient of pressure drop is

normally given for a sudden change of area as [76].
L

For minimum velocity head loss, the loss coefficient,

Kl’ is about 0.05 [76]. So addpting this value, equation (9.5).

becomes:
P, L , |
Ky = 2’ = F, B.‘.”. = 0.05 (9.6)
evV-/2g n ' ' .
where Pr = pressure drop across the reducer
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-
"

Length of reducer

\w
1]

Nozzle diameter

Friction factor

With the knowledge of the flow Reynolds number, the
friction factor, Ff , can be obtained from{?the Moody-Diagram
(761. Thﬁs, for the minimum and maximum velocities, 5.6 and 7.6

m/s respectively, envisaged , their Reynolds numbers become:

-3
Re; = 1:230%9.6x08.Ux1072 _ 3 77y10M
-6
19.12x10
_ . 3
Remax - 1.239x9.6x98.2x10 - 8.10x104
.19.12x10~

Giving Ff(min) and Ff(max) as 0.21.

Substituting these values in equation (9.6) gives

_0.05 '
bro = gatars T 30T

‘which is impracticable.

An alternative arrangement was then adopted where a
suitabie length’that fits inté the available space was chosen and
thenlwusing equation (9.6) the corresponding friction facior_Ff

was calculated as:
- 50 .
Ff - 0021XR‘ - 00656

With the value of Ff , an estimate of the pressure drop

across the reducer can be made using equation (9.5):
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P
0.657 = r
pVZ/Zg

p _ 0.656x1.239x52°
r - 2x9. 81 2

9.3.6 Design of the Flow Diverter Unit
The operational requirements of the bistable flow

diverter to be constructed with duralumin are:

(1) It should deliver not:more than one-filterffull of
' filttéie,per sﬁitchiﬂg )
(ii) "It-SEOQIA'be:éaﬁéble of switching up to 100% of the
‘vfilffatélfbp‘bétimum performance.

(iii)‘ The.ﬁozzle:sﬁéuld be large enough to allow a reasonable
flow rate;/i

(iv) . The pressu}e drop should be reasonable.

(v) ~  The device should be cheap and adaptable to other

applications.

The prineipal geometricall variabie in the design of
this bistable f;dw diverter is the nozzle widéh,"wg [77]. This
was chosen such that both the output ducts fit into the bore of )
the solenoid magnet (120mm in diameter) and also be able to
Supply not more than a filter full of the filtrate per switching;'
The device size was defined by a relétionship linking the nozzle

width and velocity to the switching time. The switching time Ts

is the time lag between the switching of the flow from one side
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to the other or the time for one filter to be filled. It is
obvious that either doubling the velocity of the jet or halving
the device size reduces the switching time by a factor of two.

Therefore the following relationship exists for a diverter.

=

n 3 14
TS a v—‘ . . (9-7)
, . n
where Wh is the nozzle width and Vn the jet velocity .

Equation (9.7) represents the time it takes the jet to
travel a distance of one nozzle width known as nozzle transport

time Tt . Thus, removing the proportionality sign results in

o

Wn "
Vn

i

where S is calledrﬁhé switching or transient Strouhal number.
This constant (S) is a difficult parameter to determine
and depends on the diverter geometry and how much flow is forced
through the control port to kcause the switching. 1Ignoring
geocmetrical effécts and taking the latter‘effect as the more
important'one, switching with a control flow in excess of the
minimum necessary reduces swifching time. [78,79]1. Reduction of
the switching time to a minimum is necessary as it redﬁces the
filtration volume required to accommodate‘the flow when it is
Vbrought to rest. The ultimate advantage being the shortening of

the 1length of the output pipes required. This necessitates the

use of high flow in the control ports to effect switching. To

-
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show how this affects the filtration volume, consider the

diverter in Figure 9.6.

The switching time is given by :

W, .
TS - S -v-— < (9-10)
n
WA
=SVEI\2 - (9.11)
n n
W : .
=S _Ba . (9.12)
Q, -

But as the nozzle flow rate is constant, it follows that it 1is
equal to the flow rate through one arm of the diverter (Qf) at at
any given switech, ( i.e Q = Q).

But: o |

Vi

T. being the time it takes to fill the matrix volume v, -

Thus, equation (9.12) can be re-written as:

.t

=,
=

T, =8 — -2
S £ Af

W : .
éS‘V;Aan | A (9.14)
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The volume of one side of the diverter is given by :

. 2 :
_wa
Vo= T§ Lr ‘ (9.15)

Substituting in equation (9.14) results to :

T

! £ |
f7f

For rectangular nozzle:

2
An = Wn(Nan) = N W, o (9.17)

Therefore equation (9.16) becomes:

T, =s N +w L (9.18)
™ % D2 : |
£-f
3 .
W_-°D \
=N, 52D L, ) (9.19)
Lt S o :
Re-arranging gives:
T. . w 3D
__i:anﬁ‘_(.Dﬂ) ff; (9.20)
f ™ £
Ts
For best performance, the ratio T must be less than one (i.e
T f
Ti <1.0) ), and the more it approaches zero the better the
f

performance of . the diverter and hence the filter. Of course the
minimum time of 0.081 seconds already estabiished would not be
exceeded. The only envisaged restriction is ﬁhé inertia of the
jet or if the switching time‘becomes shorter than the response

time of the flow at the largest possible control flow rate. The
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pressure df the compressed air required at the two control ports
is also governed by the épecification of the two solenoid valves

which can.only withstand a gas pressure of up to 8.60 bar.
Therefore equation (9.20) can be re-written in the following

form.
N S22 L« : | (9.21)

Most of the geometrical dimensions 1in equation (9.21) can be
chosen for maximum efficiency. A good estimate of practical
switching time for moderate pressure drop in the range of 20% of
the supply flow and pressure is obtained by using S = 0.025. The

following values are used for the other paramefters.

Wn = 1611'm
Df = 52mm -
Lf = 300m .
Nn = 2
Substituting in equation (9.21) results in : .
Ts _
Te = 5578 - o - (9.22)

By choosing different values of diverter switéhing time, a fange
of filling periods can be cbmputedrfrom equation (9.22). These
values are given 1in Table 9.1 for switching time of 0.1 to 1.0
seconds, However, it must be emphasized that fof dptimum
performance the following conditions applies: 0.081 2 Tf < 1.0
second. This limits the switching time to only about 0.5 of a

second .
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9.3.7 Design of the Diverter Discharge Unit

The outlet unit from the diverter consists of two
parts; a Qixing chamber and a reducer (Figure 9.4){ This form of
arrangement 1is adopted as the combination of the two pipes is
bigger than the'main duct. The reducer 1is required for smooth
transition of the flow back into the main duct. The dimensions of
thé 'chamSer were chosen to fit the available space on the rig.
The reducer is of the same type as the one used upstream but is '
slightly smalier. Figure 9.7 (PLATE 9.1) shows a diagram of the

complete unit.

9.3.8 The Solenoid Switching Circuit

The variable solenoid switch circuit used for the
fluidic diverter is shown in Figure 9.5. It comprised mainly of
solenoid S1 énd S2, energized by transistors T1 and T2
respectively. The switching §ignals T1 and T2 were derived from
the 555 timer Inteé;éted Circuit (IC), which is a square wave
whose periodic time is dependent on the resistance R1 and the 10 -
vposition wafer switeh, WS1. Since the capacitors C1 to C10 are.of
different values (C1 being the smallest), the position of SW1
"alters the time éonstant of the resistor‘capécitor network, hence
'the periodic time of the ogtput square wave. The component marked
"INV is an inverter whose fuhction is to'provide a phase change
in the signal being applied to the baseé of T1 and T2. This phase
changé ensures that when S1 is energized,‘sz is de-energize and
vice-versa.

Each position of the rotary switch SW1 Qaries with the

square wave timing by 0.10 seconds. In position 1, the periodic
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timing of the square wave was 0.10 seconds, going up to 1 second
in position 10. Therefore the amount of time that either splenoid

was energized is PT/2.

9.4 Diverter Development Tests
Some initial development’tests were ® performed on the

divefter : to determine the effects of relevant operating

parameters that can affect filtration. These are the flow

velocity profiles, dust profile, and the flow rates required at

the control ports to effect complete switching during filtration.

9.4.1 Diverter Outlet Velocity Profiles o

This was performed to determine the velocity profile of
the fiew in the pipe. This test isn necessary because of an
anticipated change in flow pattern reéulting from the flow
passing through the nozzle Jbefore being expanded into the
diﬁerter rectanguie; channels prior to discharge into either of
the two oﬁtput pipes (PLATEv9.2); This equipment consisted mainly
a pitot-static tube, a stand, and a digital maﬁometer. The stend
has a calibrated 1lever Hén X and Y axis to ehable traverses in
both directions. Figure’9.8 shows a typical profile obtained when
the jet lapped completely oﬁ one side and discherged into the
atmosphere. “ | |

The second outlet’velocity profile was taken after the
mixing chamber has been attached.. Initialiy the measurements were
made without the presence of the filtef. The resulting'profile is

shown in Figure 9.9, while Figure 9.10, shows the results

obtained with 16.woven wire screens placed in the filtering zone.

-
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9.4,2 Particle Profile Measurement

Single iso-kinetic sampling had been adopted throughout
this sﬁﬁdy because of the uniformity of the particles at any
given plane in the duct., In this particulér case, a preliminary
sampling traverse was needed in order to implement such a
procedure, Tests carried out with the diverter control ports
plﬁgged are shown in Figure 9.11, while those obtained with the
ports operational is in Figure 9.12. These tests were necessar&
to investigate the effect of the extra volume of air being

injected through the control ports.

9.4,3 Effect of Switching Time on Particle Count -

There is a range of switching time over which the
experimenf was performed. In order to be certain that change in
switeching tiﬁe» does not affect partiéle analysis downstream

samples were taken for 0.1, 0.5, and 1.0 seconds switching time.

- The resultant pa?ticle profiles obtained are shown in Figure

9.13.

9.5 Filtfatidn Test ProcédUre

The brocedure for carrying out a filtration test‘is the
same a3 that previously discussed in Chapter Seven, except there
were’cerfain modifications iﬁcorporated in the rig to accommodate
the diverter. For example, the second flow controi valQe
previously near the centrifugal fan was removed and replaced by
an adjustable flange, to make more spaée for the diverter.
Another deviation from the previous practice‘was that samples

were no longer taken upstream. This is expected to nullify any
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‘inaccuracies in particle count that may be caused by losses

within the diverter itself.

9.6 Discussion of Diverter Results

Figure 9.14 shows the loadability results obtained when
the fluid diverter was attached to 'the main experimental rig. The
matrix pacﬁing fraction for the test was 0.0075 and the test was
carried out with a magnetic field strength of 0.8 Tesla. The
fluid velocity was 12.54 m/s. This was slightly less than twice
the value previously applied. The reason for this is that for
both results to be compared.effeétivély, and the advantage of
attaching the diverter,;isoléted, the same throughput mﬁst be
applied. For reduceda“pige' size (because lof the geometfical
constraint),' ﬁﬁe other . variable oppion was the fluid velocity:
hence the high fluid velocity. The frequency of the control flow
swiﬁching was set at 10 Hz. It should be remembered that the flow
residence time, (f;) y 1is ’such that it must not bg less than
0.081 second or larger than 1.0 second ( ie. 0.081 < Tf <1.0)

There is a remarkably poor loadabilityf for particle
sizes of 0.265 and 0.315 for the first thirty minutes which
récordedva zérd éollection efficiency of these particle sizes.
The next three sizes showed a constant performance for about ten
minutes béforé stérting'to rise. For the larger sized particles
(Figure 9.14(b5 aﬁd (e)), the effect is slightly diffe%ent from
that of the early part of the test. It showed a steady
improvement through to the end. A comparison of these results
with tho§e in Figure 8.7 performed at a velocity of 7.6 m/s show
different trends. While Figure 8.7 show the efficiency 'to‘

-~
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decrease with time, Figure 9,14 showed it to 1increase. This
suggests that other modes of particle capture, like inertia and
direct inﬁerception, were strong leading to bigger sized wires
resulting from particle build up 1increasing the particles:?
chances of being intercepted as filtration progressed. The-
continual increasé in particle capture could also be attributed
to the stagnation of the filtrate in the filter volume. This
allows more time and less drag for the particles migrating to the
wire surfaces., Thus, as well as the magnetic forces increasing
the particlé retentivity on the wire surfaces, it also attracts
those particles outside the swept volume of the wire. As for the
very small particles, their - poor removal may be, due to the
‘initial strong influenc; of the drag force which compels them to
follow the fluid streamlines at the early part of the filtration
process. L

The clean filter collection efficiency plots are shown
in Figure 9.15.'4éesides the minimal increase ig particle
collection portrayed afﬁer thirty minutes, they are similar tg

those already discussed.

s,
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Open

Closed

Prate 9,1: The diverter unit with filtering zone and
OUTPUT CHAMBER (OPEN AND CLOSED)



Plate 9,21 Set up for velocity profile measurement on
THE FLUIDIC DIVERTER



CHAPTER TEN -

CONCLUSIONS

10.1 Pressure Drop Results

Pressure drop measurements were performed for both randonly
packed and wo&en wire filters. Straight lines were fitted to
" each set of experimental data.iplopted. The gradients and
quotient of these iines wére“balculated and presented.
'Expressions for predicting mean' pressure ;drop were also
prescribed for each group of data. However, they only serve

as guides.

Corresponding velocity profiles for all the filters tested
were shég;. They helped in the understanding of the results
by actually portraying the flo& patterns after they have
gone through the\filter'matrix. It aiso gave indication of

the uniformity of wi;e packing in the matrix.

Relationships‘betwéeh the flow resistance'énd coefficient of
drag (Cd) were derived for both random and wovén wire'
filters;' Pléts of Cd versus Reynolds number were presented
for both filters. The twb resulté compared very well but
were found to be slightly different from t,heQCd of a singie
wire. The difference might have been due to flow ‘turbu1ence_

and wakes present in the filter. However, from the presented

-~
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10.2

results, an estimate of the filter resistance can be made
for any given characteristic of a filter with known Reynolds

number.

Experimental Filtration Results
‘ ) .

The largest size of the experimental dust (CuO) was less
than 2.0 microhs. This was established with channel three of
the analyser which has a particle size range of 0.265 -
1.770, and confirmed by independent measurements performed
with two other different types of analyser.

Loadability tests were performed for two types of filters -
randomly packed stainless steel wool (AISI 430) of 50

microns diameter, and well arranged stainless steel woven

wire filters of 400 microns pore size. For easy comparison,

the mass” of woven wires applied were such to produce an

equivalent pressure drop for random wire filter.

The test carried out for zero magnetic field with random
wire filtér showed an initial particle collection capacity,
but this quickly vanished with time. Other tests performed
with magnetic field present showed increased collection’
efficiencies. In certain cases like that of 0;1 Tesla, the
initial " particle efficiency was comparable with that of no

field but as the experiment progreséed, the benefit of the

presence of magnetic field became apparent.

T



Application of a magnetic field of 0.4 Tesla produced a very
good loadability with a relatively uniform curve maihtained
tﬁfough the course of the experiment. An ”unexpected effect
took place when 0.8 Tesla was used. This showed a relatively
higher collection efficiency for all particles, but the rate
of deterioration was much higher ‘especially for particle
sizes of 0.265 and 0.310 which fell lower than those of 0.4
Tesla. This cannot be attributed to particle saturation
since Cu0 is paramagnetic. The reason must be because of
re-alignment of the wires in the fiiter matrix that created
flow channels which were larger than those in 0.4T filter,

allowing the smallest sized particles to escape.

Obviousl&, as expected an increased packing fréctjon gave
better filter performance. This tended to be untrue for high
ratios of mass of wire over the volume of the filter because
the gain in appl&ing 1;00% instead of say”'0.75% packing
fraction . for a given filter size was not worth the
resistance associated with it. In this study therefofe, it
was reckoned thaf’the critical packing density was between
0.75 and 1.00 percent for a filter of 10cm X 10cm.

Better filter performance was obtained for an increased gas
velocity in the case of random wire. In this case from’5.6

m/s to 7.6 m/s. Very smooth curves were obtained, showing

good loadability.

All the tests above were carried out with matrix length of
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10em. Increasing the filtef length gave. an improved
cgllection. This is almost similar to increaSing:the matrix
.packing density in the previous test, but has a possible
strong distinction of having less interference as a result
of larger volume. Theref§re, prdviding more surface area for

[¢

a better performance. Hawever, the mass ratio of dust

collected was relatively low indicatipgi that _é high

percentage of the wire were ineffective. -

‘Experihental capture radius were .computed from the
corfesponding values  of coliection efficiency already
determined . in  the loadability tests, aﬁd then‘ plotted
against ‘equivalent ‘stokes number. The results were then

interpreted interms of main dimensionless parameters.

The varing of major experimental parameters for wire screens
produced éffects similar to those obtained from the random
wire filters, except that of velogity. In this part;cular
application, an increased flow velocit& g produced a

deleterious effectwvopposite to that obtéined in the random

wire case.

Filtratioﬁ efficiencies were détermined with scregns‘
separated with PVC rings. This was meant to investigate the
possibility of separating a binarj mixtures. An éverage of
‘about 50% collection efficiency was obtained for the tést.‘
This suggests that if‘a,ferromaghetic dust (whicﬁ'has'héarly :

100% collection efficiency in HGMF process) is mixed  with
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CuO on a 1:1 ratio, that it is possible to get a filtrate of
ratio 0.05:0.5 respectively. This could be useful in

separating very strong magnetic minerals from weak ones.

Most of the experimentél loadability results presented show
some. scatter of the data points. Iﬁ7certain cases like the
zero field and 0.1T results, the scatter may be attributed
to the magnitude of the maghétic forces but this explanation
may not be éppropriate for relatively higher magnetic field
like 0.4T and 0.8T. In such cases, particle bounce off has

been explained to be the cause.

e

A range of results obtained were given for what is referred
here as the clean filter collection efficiency to show how‘
much the arrestance capacity of a filter could fall within

30 minutes. In most cases, the difference between those

obtained at zero time and after 30 minutes has elapsed was
not much as the filters had yet to collect enough mass of

dust for them to deteriorate.

The test was performed for both randomly packed cylindrical
wires and woven wires. The results were basically similar
and self explanatory. Both results were compared with those '

obtained from theoretical predictions,
Total collection efficiency based on the total particle
count presented as an alternative to loadability and -clean

filter collection efficiency was considered to be less
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10.3

equipments.

effective. This 1is because the details of the information
obtained from experimental data tend to be lost when all the
sizes of the particles counted are summed. However, this
form of. presentation of filtration results seems to be

favoured by most industrial manufacturers of dust control

N o

Theoretical Results

The nbn—linear second order simultaneous equations governing
the behaviour of a particle in magnetic field (Monodisperse
System) were derived in Chapter Five. Also présented were

the same equations modified to prédiét polydisperse systems,-

but all predictions were performed with the monodisperse

system of equations.

) Al

)

The above.equations were solved by a combination of modified
Euler and Adam-Moulten methods. Syétem parameters equivalent
to those used in -the experimental work were used to

determine critical capture radii.

The values of éll the critical radii obtained was less than
unity. This suggests that for these particles, in »thé
absence of unfavourable hydrodynamic forces, would be
captured by direct interception instead of by the attractive

force of the magnetic field. One of the majorb functions of

the -magnetic field in this case would have been to

supplement the van der'Waais forces on the surfaces of the
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10.4

wire.

Ekpressions predicting the total filter efficiencies for
randomly packed filter and woven wire screens were derived
in Chapter Six. The critical radii calculated were

substituted together with other: matrix  geometrical

characteristics to determine the total filter efficiency.

The only undetermined factor was the effectiveness factor
which was optimized for the best fit to the experimental

curves. The value chosen was 0.22.

Large particles (> 0.8 microns) were under prediéted. Giving
the indication that perhaps the model was not suitable and
therefore needed modifications. However, the predictions for'
woven wire filter performance  were Vnot éntirely
unsatisfactory as the error mérgin‘ present in the random

predictions’ were reduced.

Fluidic Divefter Results _

The fluid vélocity. used’in the fluctuating flow (Diverter
application) was about 12;54 m/s which was slightly less
than twice thé highest velocity applied in the previous
tests. The reason for applying double the previous velocity
was to enable direct comparison with conventional filtration
which had twice the diameter of the diverter filtering
zone.The application of the fluidic divertér would only be
advahtageous if it gave better filtration at an equal

ﬁhroughput.
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' The clean fibre efficiencies gave very good collection
efficiencies for the larger particles but poor results for
the smallest size range. This was attributed to the high
drag force acting on these small particles which pulled them-
along the fluid streamline, The bigger ones onkthe other
hand proceeded to hit the wires as a ;esult of inertia and

direct interception. .

A simple éomparison cén bé made betweén the results obtained
. from 'temporarily bringing the flow to rest in the filter
matrix and conventional filtratioh, to isolate the advantage
of the diverter. Ihe diverter produced resuits thatlimproved
as filttation progressed, contrary to what was observed from

J

conventional filtration;

Surprisingly,'the noticeable effect of particle bcunce off
observed ‘i; some of the previous results were absent. This
‘may have been because of the filter 1ength which enabled
those particles missed or washed off at frontal parts to be

captured at the rear of the matrix or increased residence

time of the filtrate in the matrix.

4

- =170~



CHAPTER ELEVEN"

"RECOMMENDATION FOR FUTURE WORK

Although high collection’ efficiencies were obtained from

this investigation on paramagnetic dust, they were not
comparable to ‘the existing results for ferromagnetic dusts

»which were successfully filtered at efficiencies of above
- 99%. Only by using very long matrix (25 cm) were
efficiencies of 95% obtained. Alternatively an increased
- packing density with the smaller matrix (ysed for most of

the tests) was nécessary 'in order to obtain such good
results. ' An alternative approach to achieving a high

collection efficiency for the same sized and packed matrix

would have been to increase the magnetic field to fab above

0.8 Tesla, the maximumﬂcapacity of the power generating Set

used. As paramagnetic dusts never in practice get saturated,
an increasing field strength would only serve to enhance

their chances of being captured.

A

The results obtained from these single species investigation-

- is encouraging but there still remains a problem that may be
encountered if another dust 1is present in the filtrate -
(Binary mixture). The results obtained for-singie species

cannot be directly applicable to this situation. Hence,
 there needs to be an investigation carried out to determine

the extéﬁt'of the influence of both duSts on each other. The
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problem in the case of say a paramagnetic and diamagnetic

mixture 1lies in the diamagnetic particles getting lodged
between the interstices of the wire .(Mechanical capture).

There " is also the problem of particlés getting captured

mechanically at magnetic capture sites.

) s

Some tests were performed with woven wire screens separated

with PVC fings; This was additionally intended to be part of

a fundamental study in separating paramagnetic and
ferromagnetic dusts. Efficiencies of removal of
ferromagnetic 'particles by HGMF for even low field strength

and packing fraction is high. The use of the separators in

conjunction with wire screens gave }poor colléction
efficiency for CuO dust. So for a mixture of  paramagnetic
and ferfomagnetic dusts the use of separated woven wire

meshes would substantially extract the highly susceptible
ferromagnetic dusts, while allowing the‘paramagnetic ones to

pass through. This needs to be vigorously investigated

It has been shown that batchwise filtration (ie. the.
application of fluidicr diverter) 1is possible in the

s

Technology of HGMF. Furﬁher‘work to include the variation of.

major operating parameters ‘needs to be done. This was not
possible during this investigation because of the difficulty

encountered in modifying the experimental rig.

The fluidic diverter application éould also be very uSeful

for directing the filtrate to’a’required filter matrix in a
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filtration network, in order to carry out repairs or
cleaning. The dynamic stability for this particular

application needs to be investigated. That is a free running
self oscillator is preferred to electricélly driven valves,
because moving valves are eliminated. Also, a loaded matrix
‘presénts a high resistanﬁe to the flgw and can cause the jet

to switch away spontaneously without a switching signal.

This phenomena require accomodation in a fluid diverter

design.

The theoreticél predictions were quite different from the
experimental result; indicating that the isolated wire model

was not particularly suitable to mimic the performance of a
real filter. However, the results obtained for woven wires

were qUite comparable. This suggests that a major part of
the discrepancy between the experimental and theoretical
results woqld have come from the simplifying assumption of a

cubic lattice model and wire-to-wire interference because in

a random matrix some wires are actually in contact. A
thorough ihvestigation needs to be carried out in the.area.
The theoretical capture radii calculated in Chapter Six were

all less than unity for the experimental parameters applied.

Attempts to locate this on Lawson's Magnetic (W) versus _
Stokes (K) dimensionless numbers failed because they were
too small. Another W - K chart is needed for very Ilow
dimensioﬁless . parameters usuallj comparable to experimental

investigations, thus, excluding the errors involved in

-
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extrapolating the available curves.

-174-



APPENDIX A

The higher order Euler -equations used in Chapter Six is given

below in a general form for a similar less complex equation like
\of v

2 ' .
(‘i‘_ = F (¢,X,4")
dx

vl-e

with initial conditions
‘ ' '
| $(0) = by apd ) (O).= b

Where &' = Qi .
© b dx

Rewriting equation (B.1) gives:

-d
D23

1

d 7
S 2 F (1,5

With G(0) = §_ = G_ and $(0) = &,

The modified Euler method gives:

For Equation (B.2) B (For Equation (B.3)
P . ' P . |
$igq = &y + MG Gy 4 =Ty + hFy
c " h p c h P
bie1 = 0+ 30 #5500 Biyg =0y e 5(Fy + FyL)

For similar equation as (B.1), the Adam-Moulten predictor

corrector are given respectively as:
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(B.2)

(B.3)

“and



P - h' ~
] - h p k
Pipq = by + oy OF 4 + 19F; = 5F; 4 +Fy )

Where h represents the step size.

<
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APPENDIX B

READ DATA FILES
"INITIAL X-COORDINATE
TIME STEP

) SELECT MODEL

INITIALIZE VARIABLES
AT TIME ZERO

-

>

CALCULATE THE TWO
FUNCTIONS (F1 AND F2)
USING INITIAL
CONDITIONS

PREDICT AND CORRECT DEPENDENT
VARIABLES USING MODIFIED EULER'S
PREDICTOR AND CORRECTOR

CALCULATE F1 AND F2 USING
CORRECTED VALUES

INCREASE OR DECREASE THE
INITIAL X-COORDINATE
(AND OR TIME STEP)

i

PREDICT AND CORRECT DEPENDENT
VARIABLES USING ADAM-MOULTEN
PREDICTOR AND CORRECTOR:

l
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l

CALCULATE THE TWO FUNCTIONS
USING THE CORRECTED VALUES

HECK FOR IMPAC

}

b

WRITE RESULTS

PLOT RESULTS
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APPENDIX G

CC::::PROGRAM TO CALCULATE (CRITICAL) PARTICLE TRAJECTORIES#
PROGRAM MEZ2
LOGICAL. LPRINT
DIMENSION PARTPC(20), GAMAC(20), TETAC{22), OMEGC (20)
DIMENSION FCI1C(Z0),FC2C(20)
CHARACTER*S FILEL,FILEZ2,FILE3,FILE4
CC::::PARTICLE ANLC FLUID DATA
COMMON /VARIA/A,W, Gy EBK, Z, IFL
DATA DT,MD/0.0, 1000/
OPEN(8, FILE="XVA")

GO TO 74 o o
WRITE(1,1)
1 FORMAT ( ENTER X/Y-AXIS & TIME FILENAME’)
2 FORMAT(AG)

READ(1,2) FILE1
OPEN(8, FILE=FILE1)
WRITE(1,123)
123  FORMAT (‘ENTER VELOCITY FILENAME®)
READ{1,2) FILEZ
OPEN(39, FILE=FILEZ2)
WRITE(1, 124)
124  FORMAT (’ENTER ACCELERATION FILENAME’)
| READ(1,2) FILE3
OPEN(7, FILE=FILE3)
" WRITE(1,333)
CC::::SPECIFICATICN GF INITIAL CONDITIONS
333  FORMAT( ENTER YDW,DELTAT, IFL")
READ(1, *)YDW, DELTAT, IFL.
74  WRITE(1,233) :
233  FORMAT('ENTER YDW’)
| READ(1, #) YDW
DELTAT=0, 005
IFL=0 « S
IF(IFL,EQ, 0} THEN ” .
WRITE(1, 12) -
12 FORMAT(’POTENTIAL FLOW MODEL®)
ELSE
WRITE(1, 13}
13 FORMAT( LAMINAR FLOW MODEL’)
END IF
L=0
1=0
NPOINT=0
XDW=50,0 -
CC::::DETERMINATION OF INITIAL POSITION WITH X- - VALUES
o TETAI=ATAN{YDW/XDW) ~~~ ~ . | .
PARTPI=5QRT( XDW*XDW+YDW*YDW)
'GAMAI=-1,0/FARTF1%( (EK*G*YDW)+XDW)
OMEGI=1,0/PARTPI#*2#(YDW- (BK+G#XDW))
CALL FUNC12(PARTPI,CAMAI,OMEGI, TETAI,FLC,F2C)
33 I=1+1
DT=DT+DELTAT
APPLICATION OF MODIFIED EULER METHOD TO CENERATE THE FIRST FOUR
PARTICLE LOCATIONS
'PARTPP=PARTPI+DELTAT#CAMAI
GAMAP=CAMAI+DELTAT#F1C
 TETAP=TETAI+DELTAT#*OMEGI
OMEGP=0MEG i +DELTAT#F2C |
CALL FUNC12(PARTPP, GAMAP, OMEGP, TETAF, 7C11,FC21)
PARTPC (1) =PARTPI+DELTAT/2, 0% (GAMAL +GAMAP)
GAMAC(1)=CAMAT+DELTAT/Z, 0% (F1C+FC11) S ' -
TETAC(I)=TETAI+DELTAT/2, 0% (OMEGI+OMEGP)
OMEGC(1)=0MEGI+DELTAT/2, 0% (F2C+FC21)

o ~-179~
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CALL FUNCIE(PARTPC(I),CAMAC(I),OMEGC(I}»TETAC(I),FCI,FCZ)

FCIC(1)=FC1
FC2C(I)=FC2
PARTPI=PARTPC{I)
GAMAI=GAMACtI)
TETAI=TETAC(I)
OMEGI=0OMEGC (1)
F1C=FCIC(I)
F2C=FC2C(I}
IF(I.GE.4) GO TO 3
GO TO 33
C::2:APPLICATION OF ADAM - MOULTEN METHOD
L=L+1
LPRINT=(MOD(L, MD).EQ.0)
DT=DT+DELTAT -
PATMP=PARTPC {4)+DELTAT/24.0%#(55, 0*CAMAC(41 -59, 0*GAMAC () +

+370%GAMAC(2) -9, 0%#CGAMACIL))
CAMMP=GAMAC (4} +DELTAT/24,0#(35.,0%FCIC (4)-39, 0*FC1C(4)+d?.O*

+FC1C{2)-9,0#%FCIC{1})
TETMP=TETAC(4}+DELTAT/24,0# (55, 0*%0OMECCt4) -39, 0#0MEGC(3) +
+370*OMEGC{Z) -9, 0#OMEGC(1})
OMEMP=0OMEGC{(4)+DELTAT/24.0# (535, 0*#FC2C(4) -39, 0#FC2C{(3)+37.0%
+FC2C(2)-9,0*FC2C(1))

CALL FUNC12(PATMP, GAMMP, OMEMP, TETMP, FCMP1, FCMF2)
PATMC=PARTPC(4)+DELTAT/24.,0%(9, O*GAMMP+19 0*CAMAC(4) -5, 0%

+CAMAC {3) +GAMAC(2))
- GAMMC=GAMAC(4) +DELTAT/24.0%(3, O*FCMP1+19 0#FC1C(4)-5.0%

+FCIC{3)+FCLIC(2))

TETMC=TETAC(4) +DELTAT/24,0#(3, 0*OMEMP+19, 0*OMEGC ( 4) -
+35.0*OMEGC{3) +OMEGC(2)) .
OMEMC=0MEGC(4)+DELTAT/24.0%(9. O*PCMP +19.0%FC2C(4) -
+3.0%FC2C{(3) +FC2C(2))

CC::::PARTICLE LOCATION ON A TWQO DIMENTIONAL PLANE
YAXIS=PATMC*SIN({TETMC) -

XAXIS=PATMC#COS(TETMC)

CC::::SPECIFICATION OF BOUNDARY CONDITIONS
IF(XAXIS.LE.,-1.,30)G0 TO 42 5
IF{XAXIS.LE.D0.B0,AND.YAXIS.,LE.0.,50) GO TQO 42
IF{XAXIS,LE,0,80.AND.YAXIS.LE.-0.,04) GO TD 42
IF(XAXIS.LE,-4,00,AND. YAXIS.GE.TDW) GO TO 42
IF{XAXIS.LE,-4,00.AND.YAXIS.LE, -YDW) 50 TQ 42
IF(YAXIS.GE.6.0%YDW) GO TO 42
IF(XAXIS,LT.5.9) MD=50 '

- CALL FUNC12(PATMC, GAMMC, OMEMC, TETMC FC11,FC22)

c WRITE(1, #)TAXIS, XAXIS, DT
IF{XAXIS.LE.100:0)THEN ’

IF{LPRINT)THEN
NPOINT=NPOINT+1 - -
WRITE(L, *) YAXIS,XAXIS DT
WRITE(8, #) TAXIS,XAX1S5,DT

c
3

c WRITE(9, ¥) GAMMC, OMEMC
c WRITE(7, *#) FC11,FC22
END IF
END IF

CC::::RESET OF PARAMETERS FOR NEXT STEP OF CALCULATION
GAMAC (2) =CAMAC (3)
GAMAC (3) =CAMAC (4)
GAMAC (4) =GAMMC
OMEGC (2)=0MEGC (3)
OMEGC (3)=OMEGC (4)
OMEGC (4)=0MEMP
FCIC(2)=FC1C(3) . .
FC1C(3)=FCiC(4) . -
FC1C(4)=FC11 ) '
PARTPC (4)=PATMC
TETAC(4)=TETMC
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FC2C(2)=FC2C{3)
FC2C{3)=FC2C{4)
FC2C(4)=FC22

GO TO 3

WRITE(E, *)NFOINT
CALL PLOT(NFQINT)
STOP

END

CC::::CALCULATION OF MODEL FUNCTIONS

an

an

SUBROUTINE FUNC12(PARTPO, GAMMA, OMECA, TETAR, VALUE! VALUEZ)
COMMON /VAPIAI’A VJ, LnBK’ “ IFL

DATA BETAR/0.00/

BETA=BETAR#*Z/180.,0

CTE=COS{TETAR) ) ¢
STE=SIN{(TETAR)

CTE2=C0S(2.0+TETAR)

STE2=SIN(2:,0#TETAR)
PAL1=2,0%W*A/PARTPO#%3

PAA=A/{PARTFO#**2)

PAU=1,0/{PARTPO#22)
PAZ2=2,0%#W*A/PARTPO#**4

POG2=2, 0+*GCAMMA*OMECA/PARTPO

REN=0.10

CON=1,0/ALOG(7+4/REN)

IF{IFL,EQ,0)THEN
BRADV=(1,0-1L.,0/PARTPO*%2) *COS(TETAR+BETA!}
TANV=(1,0+1, OIPARTPO**Z)*SIN(TETAR+BETA)
"RADV=0.0

TANV=0.0

ELSE .
RADV=CON#* { ALOG(PARTPQ)-0,5%(1,0-1,0/PARTPO*#2) ) *#COS(TETAR+EETA)

TANV=CON*(ALOG(FARTPO)-0.5%(1,0-1, 0/PARTFO**°))*SIN(TETAR+BETA)
RADV=0,0

TANV=0,0" ,

END IF -
VALUE1=PARTPO*OMEGA* ¥2-PA1 % (CTEZ+PAA) -1, G/BK* (GAMMA+RADY ) - (G¥ST
VALUE2=-POGC2-PA2+STE2-1, 0/ (BK*PARTPO) # { PARTFO*OMEGA-TANV) - >

+(G*CTE/PARTPD)

RETURN ) ' .
END

CC::y:PLOTTING OF RESULTS

1

SUBRODUTINE PLOT(NPOINT)
DIMENSION YAXIS{5000),XAXIS(5000),DT(35000)

REWIND 8
READ(B,*)({AXIS(I),XAXIS(I);DT(I),I 1+ NPOINT)

CALL INKPEN(2)

" CALL PAPER(1) : .
CALL PSFACE‘0'4}ODS'001’0!9) ) o7

CALL CSPACE(0.0,1,0,0.0,1.0)
CALL MAP(-2.0,2,0,-2.0,6.,0)

©~ CALL AXESSI{(1.0,1.0)

CALL CURVEO(YAXIS, XAXIS, 1, NPOINT)

CALL PLOTCS(4.,0,16.0, 'A=0.734",7)

CALL PLOTCS{4.0,14.0, 'W=2,01",6)

CALL PLOTCS(4.0,12.0, 'K=0.32",86)

CALL PLOTCS(4.0,10.,0, “W=0.00",6)"

CALL GREND

RETURN

END

ELOCK DATA

COMMON /VARIA/A,W,GyBK,2Z, IFL

DATA A,W,G,BK,2/0.,754,2,01,0.0,0,53,3,14159/

DATA A,W,G,EK,2/1.,54,.000391,0.0,0.695,3,14155/ .
DATA A,W,G,BK,Z2/0,0157,7829294, 829, 2917.,75,0.00142,3,14159/
DATA AyW,G+EK,Z/0,0157,7829294,829,0.,00,0.,00142,3,14159/
END
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APPENDIX D

IOREM #FEAEALEXEFAXFAEERERL AR KRR X HS
SOREM ®=% **

JOREM #% Spectrometer Analysis *%

QOREM *% ‘ Fraogram %

SOREM #¥% LR

GOREM #% - * %

7OREM *% *%

SOREM #¥##XAEFEEERFEFFERERXEELEER XXX
FOMODES
100%*KEYIO COLDIM

. LIOREM ONERROR GOTO 740 ' o

120IER=AFE&4E rec=0mum=0 u

130 rec$="ABCDEFGHIJKLMNOFPQRSTUVWXYZ"
1400SBYTE=%FFF4

1S0AL=497 X =%alY=4FE:CALL DSBYTE
1&0tamp=%27 0T temp=%00 '

17CDIM ;10(1‘)),1:9(1()1,4:8(10),1:7(103 £4(10),c3M 20 0,cl{i0),s

18GDIM M%L 100
190FORoptL=0 TO 3 STEP =
200FP%=M%L
2100
2200PT optZ
230.4dnit SEI
240LDA %2064
2508STA oldv |
260LDA %207 2
2708TA oldv+l
280L DA #int MOD 25&
Z2P0STA &206 '
I00LDA #int DIV 256
TF10STA %207 ’
320CLI
S30RTE
Z40.int LDA &FC
. ZSOPHA - . ©
J&ATXA
370FHA
380TYA
IF0PHA
400L.DA AFELD
410AND #%90
4Z20CHMP #%90
4Z0ORBNE exit
4408TA &LFE&AD
430INC %70
45650.exit PLA
-4FOTAY
480PLA
490TAX 7
SOOPLA
SIOSTA &FC
S20MP (oldw)
- SZ0.oldv EGQUW O
S40] !
SSONEXT optx
S60OREM CALL init
570 REM ? IER=%20 To enable Interupt
SB8OFOR optZ=0 TQ 3 STEP =
SPOPY=%900
&00L
&100FPT Dp+/
&20LDA #UFF:STA &8D \ No of count in delay
63CLDA #L00:5TA %BF \ Set COUNTERS
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6405TA &8 to zero
A30LDA #%97:LDX #%&:LDYH#%00:JSR OSBYTE \ Sets port B to BUTFUT
860.pulse LDA #%97 \ Start of Routine
S70LDX #%&C: DY #%DE: JSR OSBYTE \ - CBZ set LOW
580JSR delay '
&20LDX #%46C
- 700LDA #%97:LDY #%FE:JSR OSEYTE \ Set CEBZ HIGH
1 710J5R delay
v 720LDA #%F6:LDX #260:I5K% OSEYTE N\ Input Data at Fort B

J0TYA \ Transfer Data to A Reg
740LDY %BE:STA &B0,Y \ load Y Reg with zero page offsett and store Data
SOINC %BE:INC %8F \ increment offset and increment count

760LDA #%04:CMP %8F \ check to see if
770BNE pulse \4 bytes have been input
780LDA #:97:LDX #uAC:LDY #%DE:JSR DSBYTE
790JSR delay
: BOOLDA #%97:LDX #%6C:LDY #%FE:JSR OSEBYTE
! BIORTS '
i B20.delay LDA #%00
. 830 DEC &8D
I B4o CMP &8D
SOBNE delay
i B&O RTS
P87,
BONEXT opt/
ByocLs
900PF\-INTTAB(5 S I I I NI I I IR XXX TAB(T)
*&"TAB(S) %+ Spectrometer Analysis ¥ »

FIOPRINTTAR(S,B)" %% Frogram * %" TAB(T) %%
**ll )
. F20FPRINTTAB(S,10)" %% -« Written BY *XVUTAB(D) %+ Fhillip Kennett
 MeUTARGS)Ex - ®x" "
. F30PRINTTAB(S,13)"** Mech Engineering #ETAR(S) *% Electronics Workshop
*RUTABS) %% , x4 :

940PRINTTAB(5,16)"*******i-************«-*********" ,
K FSOINPUT ' TAB(S'WHAT IS YOUR SAMPLING POINT 2" TAB(S'UPSTREAM OR DOWNSTREAM 7 "dis
I & ‘
¢ 960IF disk$="U" disks="U.point":50T0 9790
; ?70IF disk$="D" disk$="D.point':60T0O 990
980 GOTO 930
FPOINFUT TAB(SI"WHAT IS YOUR RADIAL SAMPLING" TAE(S)'POSITION....l TQ 7 2 "S!t-
1000disks=disk$+5%
¢ 1010INPUT TAE(S)"The Record RQualifier is < A >""TAB(3)"Do you Wish To Change It vy / N "
Nums :
1I01SIF num$="N" THEN GOTO 1040
1020IF pum$="Y" THEN INPUT'TAB(..;)"Enter‘ The New Qualifier ! "num$ ELSE GOTO 1010
10Z0num=ASCnum$)—%41 : o -
1o4oCLS ) ’ ‘ _
10SOFRINTTAEB(Z,5)"Do You Requme an Increased" TAB(Q)“Samphng Delay Y / N":F'RINT e
1060quess=6GETs
T107(.')IF quass="Y" THEN INPUTTAR(S, 8)“Enter Delay Time In Mlns "delay:delay=delay*60:(3[1
0 1100 : o
10B0IF gques$="N" THEN delay=0:50T0 1100
10906070 1040 '
L1IOOPRINTTABG,1)"Do You Require a Continuos™TABC)'Sampling Interval Y / N*
1110per$=GETS
U20IF pers$>Y" THEN PZ=0:G0TO 1160 :
1130IF per$="Y" THEN F‘A—l.INPUTTAB(B,iS)"lee Tlme Inter*val In Mins ‘“period:periaod=perio
d*60 ELSE P%Z=0
1140INPUTTAR(Z,18)"Enter the Spectrometer Samphng“'T:’-\B(S)"Tlme in secnnds... "tim
1150 tim=period/tim N . ‘

-

1160CLS . ‘

H70INFUTTAB(S5,S)"Enter the Date ! eg. 7. March. 86 "as:A=LEN(AS)
L1BOINPUTTAB(S,8)"Enter a test No if required "B$:B=LEN(B$)
11'?UINPUTTAB(.J,11)"Enter* Your Name if required : "C$:C=LENCH)
1200CLS :
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Z10REM vDUZ
122C1F‘F\INT"Spectr‘ometer Test No ";B$;5FC(40-{Z21+8))
I230PRINT"Test Initiated by ";C%;5FC(40-(1E+CH
R4OFRINT"Date ";A%$;SFC40—(6+AN
L25OPRINT;SPC40)
Reovpus
1"-7ﬁFRINTTAE\\._:. O3CHR$1365" Fress any key to continue”
123807=cET :
29ocALL init
12007 IER=%90
1XocLs
I320T=0:F =0:N=0:B%=0
IZ30REFEAT
- 13401IF FP%Z=0 THEN PROCstart
. 1350IF delay»0 AND F%=1 AND E%=0 THEN FROCsample
. 1240IF delay=0 THEN w=0:50T0 1420 o
B70FPRINTTARGO,10"AT DELAY"
1380FDR D=1 TO delay
1390w=INKEY(100) :
L400NEXT
410PRINTTABWO,IOMEND OF DELAY"
14207870=0
14301F P¥%=1 THEN PRDCsample
[ 1440UNTIL w=%20
. 1450CL S:PRINTTAE(S,10)"PROGRAM TERMINATED"
1440END
1470DEFFROCS tart
1480¢in=0 :
1490PR1NTTAB(8 12*AT FROC START“ ) o
15007%70=%00:I%=0 ,
ISIOREPEAT
153201F ?&70=%01 F‘RDC1nterupt'I/"I/.+1
lssoum'n_ 1%Z=10
1540PF-.DCpr1nt.F‘RDCdlEk.F’RDCgr‘aph
SSOENDPROC
- 1560DEFPROCiINterupt
v 1370 CALL %900
© 1SBON=N+1
SP07%70=0
1600c10(N=7%80 DIV 1&:cFN)=" /&au MOD 1&6:c8(N)=7%81 DIV 1&:c7(N)=7%B81 MOD 16.c4(N)—‘7'3c87 DI
.V 16:c3(N=7%82 MOD 16:c2(N)=7%83 DIV 1&:cLN=7%83 MOD 14
© 1610IF N=1 AND clO()<>15 THEN N=0:ENDFROC
" 16Z20CLS
1630IF N=10 THEN N=0:FROCtotal
; "1640ENDPROC
1650DEFPROCPrint
i 1660REM VDUZ2
- 1470FOR G=1 TO 10 '
1680PRINT;~c10(G);:PRINT; ™ :9(6) SPRINT:VcBIE)PRINT;™ c7(G)'"xx";:FRINT;"’:4<G),.PRINT-“'C..-(B);.PRINT
I E2(@)PRINT;YcUGHSPOEY; . .
1690F=F+1:IF F=10 THEN PRINT.,SFC("«‘7).PRINT SFC(40):F=0:T=0:NEXT:VDUZ:ENDPROC
1700T=T+L:IF T=3 THEN PRINT;" ":T=0 .
1710NEXT
1720VDUz=
1730ENDPROC
1740DEFFROCtotal
17506=3:5=0
1760FOR I=1 TO 8
1770size(0 S)—CIO(G)*1000+C9(G)*100+CB(G)*10+C7(G)
17805=5+1
17905ize(0,5)=c4H(B)#1000+cIH{BI*100+c2(G)*10+c1(B)
1800G=65+1:5=5+1 .

»

1B810NEXT .
18201F size(0Q,0) > 1000 THEN mult=0.1 .
18Z0FRINT"Total No of Particles = “jsize(0,0) S

1840PRINT s TARUO}' Breakdown of Particles”
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