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ABSTRACT

A numerical model is developed concerning the motion of particles in

current-carrying liquid metals in a cylindrical coordinate system. The fluid

flow IS obtained by solving Navier-Stokes equations. and particle

trajectories by equations for the motion of particles which incorporate the

drag. added mass. history. fluid acceleration and electromagnetic force.

with correction factors for particle shape and orientation. Wall effects and

the flow conditions in the entrance region are considered. Dimensioniess

numbers Re. RH' y. and k are introduced to represent the fluid velocity.

electric current. particle density and particle size. respectively.

Electromagnetic force squeezes non-conducting particles away from. while

pushes more conductive particles towards the symmetric axis. [n a

cylindricai pipe or ESZ orifice. particies follow the fluid f10w closely in

the axial direction. [n the radial direction. at low current. non-conductive

particles move towards the central axis first and then to the sidewall. while

at high current. directly to the wall because of the competition between the

fluid acceleration and the electromagnetic force which increases with

particle size. electric current. and distance from the central axis. Lighter

and Iarger particles move faster towards the wall. The dominating increase

in added mass over electromagnetic force on oblates than on prolates. the

smaller drag force and the lower added mass on prolates. with their

symmetric axes perpendicular to the transverse axis of the ESZ. move

prolates faster towards the wall. In parabolic ESZ orifice. bubbles Iead and

heavier particles Iag behind the fluid flow in the axial direction. and the

transient time difference makes particle discrimination realizabie. The

conditioning effect is attributed to the dramatic increase in fluid velocity

near the parabolic orifice wall upon current surge. Designs are proposed for

improving the conditioning effect in steel LiMCA. for reducing the

background noise and avoiding orifice blockage for Magnesium LiMCA•

and for lowering the detection limits in Magnesium and steel LiMCA.
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RÉSUMÉ

Un modèle numérique a été développé pour simuler le mouvement des

particules dans courant-porter les métaux liquides dans un système de

coordonnées cylindriques. Le flux de fluide est obtenu en résolvant des

équations de Navier-Stokes. et la trajectoire des particules par des

équations pour le mouvement des particules qui incorporent la traîner. la

masse ajoutée. l'histoire. raccélération liquide et la force

électromagnétique. avec des facteurs de correction pour la forme et

l'orientation de particules. Des effets de mur et les conditions d'écoulement

dans la région d'entrée sont considérés. Des nombres sans dimensions

Re. RH. Y et k sont présentés pour représenter la vitesse liquide. le courant

électrique. la densité de particules et la dimension particulaire.

respectivement. La force électromagnétique éloigné les particules non­

conductrices. alors quelle poussé les particules plus conductrices vers l'axe

symétrique. Dans un tube cylindrique ou l'orifice d'ESZ. les particules

sui vent le flux de fluide étroitement dans la direction axiale. Dans la

direction radiale. pour un bas courant. les particules non-conductrices se

déplacent d'abord vers l'axe centraL puis ensuite vers la paroi latérale.

tandis que pour un courant élevé. elles vont directement au mur en raison

de la concurrence entre l'accélération liquide et la force électromagnétique

qui augmente avec la dimension particulaire. le courant électrique. et la

distance de l'axe central. Les particules plus légères et plus grandes se

déplacent plus rapidement vers le mur. L'augmentation dominante de la

masse ajoutée au-dessus de la force électromagnétique sur des oblates que

sur des prolates. de la force de résistance à l'avancement plus petite et de la

masse ajoutée inférieure sur des prolates. avec leurs axes symétriques

perpendiculaires à l'axe transversal de l"ESZ. déplacent les prolates plus

rapidement vers le mur. Dans l'orifice parabolique d'ESZ. les bulles mènent

et les particules plus lourdes derrière trainent le flux de fluide dans la

direction axiale. et la différence passagère de temps rend la discrimination
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de particules possible. L'effet de traitement est attribué à l'augmentation

excessive de la vitesse liquide près du mur parabolique d'orifice sur la

montée subite actuelle. On propose des conceptions pour améliorer l'effet

de traitement en acier LiMCA. pour réduire le bruit de fond et éviter le

colmatage d'orifice pour le magnésium LiMCA. et pour abaisser les limites

de détection en magnésium et acier LiMCA.
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---------CHAPTER1---------
Introduction and Background

Electromagnetic phenomena are involved in a wide variety of materials

processing operations. [1] In most cases, the motion of particles is a major

concerne For example. in the induction melting of steels. melts are gently

agitated in order to promote the floatation of lighter. non-metallic inclusion

particles. In the preparation of dispersion-hardened composite materials,

agitation has to be supplied in order to keep buoyant or heavier particles in

suspension. In electromagnetic separation of non-metallic inclusions.

equipment is designed to move the inclusions to the wall of the pipes.

through which a liquid metal is passed. In contrast, in LiMCA (Liquid

Metal Cleanliness Analyzer) systems. special attention is paid to the design

of the electric sensing zone (ESZ). so that the inclusions that need to be

measured pass through. instead of depositing onto the wall of the ESZ.

In this chapter. firstly. a broad overview of the electromagnetic

phenomena in materials processing operations is given. then the theory and

the development of physical and mathematical modeling of these operations

are reviewed. and finally the objectives of this research and outline of the

thesi sare descri bed.

1.1 ElectromagDetic Pbenomena in Materials Processinl Operations

Electromagnetic phenomena exist in many materials processing

operations. where either an electric current, or a magnetic field, or both.

are applied. A general overview of these processes is listed in Table 1.1. [1]

In any event .. an electromagnetic volume force (EMVF), f =J x ÏJ (f is the

electromagnetic force density, ï current density, and B magnetic flux

density), is excited within the Iiquid metals as a result of the interaction
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between the electric current and the magnetic field. EMVF May be resolved

into two components:•
INTRODUCTION AND BACKGROUND

- - - - - - - B 2
1 - - -F =J xB =(VxH)xB =-V(--)+-(B-V)B

2Ji", Ji",
( 1. 1)
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•

where Fi IS the magnetic field and Ji", is the magnetic permeability. The

first term on the right of Equation (1.1) is the irrotational or potential part

(magnetic pressure) of the body force. and the second term the rotational

part. If the EMVF is potential (VX F =0). it does not change the existing

flow vorticity. and the effect can be balanced by a pressure gradient.

However. if the EMVF is rotational (V x F * 0). additional motion will be

induced in the liquid metals. where the initial velocity pattern May be

changed dramatically.

/./.1 Application of Rotational EMVF

Rotational EMVF is used widely in materials processing operations to

stir or mix liquid metals. The purposes are to accelerate homogenization. or

reaction and removal of inclusions .. or to influence casting structure. [2-101

Electromagnetic induction stirrers experienced their breakthrough in

combination with electric arc furnaces(EAF) for steel making.[2.3 1 and

resulted in a more uniform distribution of tempe rature and composition

within the mell. increasing speeds in the dissolution of alloy additions. and

improved the absorption of inclusions into the slag.

Induction heating and stirring of molten metals in induction furnaces

IS one of the Most common applications of electromagnetic phenomena in

materials processing. [~.sJ [n coreless induction furnaces. high frequency

magnetic fields are applied to a scrap charge. This generates eddy currents•

melting the charge by resistive heating. and. at the same time. causing a



high degree of stirring within the molten metal. Metallurgical advantages

include good compositional control and homogeneity.. rapid melting. and

good temperature uniformity and control. Induction stirring is also

employed in ladle metallurgy. where the uniform and thorough stirring

process accelerates reactions and improves homogeneity. It also promotes

inclusion coalescence. but is unfavorable for the floating out of

inclusions. [61

•
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Electromagnetic stirring bas been used quite extensively for the

control of solidification patterns in continuously cast billets .. blooms and

slabs. (7-101 Stirring the mell below the mold breaks off dendrites and

improves temperature uniformity. These dendrite fragments act as nucleant

to incr~ase the central equiaxed zone. The stirring also reduces the

centerline segregation of solute elements.

J. J.2 Applications of Irrotational EMVF

Irrotational EMVF has been used in electromagnetic separations. (11-~61

ln simulations of space manufacturing conditions.[27-19 1 for ore

enricbment. (301 for electromagnetic brakes. [J I.~:!I for electromagnetic

valves.{:lJ·3~1 and finally for damping flow motions.{35-~0)

Electromagnetic separation can be employed to separate non-metallic

inclusions from liquid tin. aluminum. and steel.l15.16.19.101 and to eliminate

tramp elements. such as iron. manganese and zinc in aluminum scraps. from

malten metals. (11) to recover metals from slags. [21.13) and to intensify the

flotation of small bubbles in vacuum degassing processes. [24.25) The

underlying principle for these separations is that when a liquid metal is

subjected to an irrotational EMVF. the pressure gradient distribution within

the metal can exactly balance these EMVF forces. Any partie le with an

electrical conductivity different from that of the Metal experiences a force.

This force is in the same direction as the EMVF for panicles which are

more conductive than the Iiquid metat but acts in the opposite direction to



the EMVF for particles tbat are less conductive. However~ the practical

realization of these separations depends on the suppression of fluid motion.

In general. imposing a uniform EMVF in a melt is difficult~ and the

rotational part of the force induces fluid motions which agitate the melt

together with inclusions. thereby making electromagnetic separation

Impractical. Suppression of the circulating flows can be achieved by

adopting a bundle of thin pipes or a filter brick through which the melts

flow.(111 or imposing pulse EMVF with various dutY factors and

durationY~61 In the former case. the motion of the melts in a smail channel

or a filter pore is strongly constrained by the surrounding walls. and the

agitation which couId have beeo caused by the rotational part of the EMVF

cao be suppressed. In the latter case. circulating flows do not have time to

develop due to the large inertia of the fluid medium.

Simulating space manufacturing conditions on the ground provides

unique methods for producing composites composed of immiscible metals.

For example. the Al-Pb system(17 1 gives good anti-friction performance if a

homogeneous alloy can be produced. However ~ under normal crystallization

conditions. lead separates from aluminum very rapidly. sinking to the

bottom of the melt. Irrotational EMVF can be applied to compensate for the

gravity force. causing a quasi-weightless condition allowing one to obtain

homogeneous Al-Pb materials. This method has also been proposed for

producing space used Zn-Pb materials and porous metals. [:!9)

Electromagnetic brakes have been developed to reduce the flow

velocity and suppress turbulence in continuous casting molds. [31.3:!) This

prevents mold powder entrapment and the penetration of inclusions into the

solidification front. To accomplish tbis. a strong OC magnetic field is

applied across the width of the mold~ inducing a current and generating a

braking force in the direction opposing tbat of the liquid Metal flow.

In other metallurgical applications. irrotational EMVF cao act as

electromagnetic valves to control the flow rate of a stream of Iiquid metaJ

from a tundish into a casting mold. thereby providing a valve with precise

•

•
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control. no moving parts. and fewer refractory components than in the

traditional stopper rod system. [33.3-&) The use of fewer refractory

components reduces the chances of exogenous non-metallic inclusions

entering into the product.

Irrotational EMVF can also be used to dampen fluid flow in

Czochralski and Bridgeman crystal growth systems in the production of

high quality single crystals. (35-39
1 The flow fields in these systems are due

to natural convection arising from thermal gradients. to forced con vection

from rotation of the crystal and/or crucible. and to surface tension driven

nows. Damping the flow can reduce the transport of impurities from

crucible walls and free surface to the solidifying crystal. Irrotational

EMVF is also useful in controlling the edge shape in direct strip casting

process[~OI by damping the fluid motion.

•
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/. J.3 Applications of 80th Rotational and Irrotational EMVF

ln sorne materials processing operations. both rotational and

irrotational components of EMVF are utilized to stir and confine the molten

metals simultaneously.(-&1-51 1 Levitation melting[~l-~JI of small droplets has

been a useful scientific tool to study gas-melt reactions as weIl as

undercooled melts. (-& lA::!) In this process. the droplets can be held in free

space by the magnetic pressure force. avoiding contact with any solid

surfaces. This avoids the contamination of the melt and reduces the

initiation sites for nucleation during solidification. Thus. large amounts of

super-cooling can be attained in solidification experiments. In addition.

efficient electromagnetic stirring results in a homogeneous producL [-&31

The electromagnetic levitation continuous casting process1-&-I) can be

used to produce high quality cast rods. EMVF holds the shape of the

charge and stirs the liquid during solidification. The advantages are bigh

casting speed. excellent dimensional control. and a bomogeneous•

equiaxed. fine-grained structure.



Magnetic suspension melting processes combine melting. melt

treatment and casting into one single operation.[~5.461 ln this case. EMVF

supports the Metal at a11 stages of melting. and provides vigorous stirring

in the melt as weIL The castings are free from inclusions and gas porosity.

and have fine-grained equiaxed structures. irrespective of the cooling rate

in the mold.

ln the OC electromagnetic casting process. the lateral supporting

effect of a conventional OC mold is obtained by a horizontal magnetic

pressure force field located within the upper liquid part of the ingoL (~7·51)

This potential force also contributes to the shape of the meniscus. while the

rotational force causes the stirring. An electromagnetic screen is usually

necessary to dampen the flow motion on the free surface induced by the

stirring. By this process. ingots can he obtained with improved surface

quality. no contamination from the mold. reduced dendrite arm spacing.

and homogeneous chemical composition.

•
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J. J.4 Unintentionally Applied EMVF lnvolved in High-Current Processes

Electromagnetic forces are not always present in metallurgical systems

to achieve a speci fic objecti ve. In cases where an electric current is

applied. usually for the purpose of heating. melting. inclusion detecting

(LiMCA systems). or causing an electrolytic reaction. magnetic fields arise

as a natural consequence. This gives rise to an electromagnetic force which

must be accounted for in analyzing the systems.

In both electroslag refining (ESR) furnaces and slag resistance

furnaces (SRF). one or more electrodes are immersed in a slag and an

electric current is applied between the electrodes. In ESR. a single or

multiple consumable electrodes are immersed from the top into a slag. The

current passes through the slag into the cylindrical resolidified ingot being

withdrawn from the bottom. which constitutes the bottom electrode. The

axial current generates a tangential magnetic field. and the interaction



between the magnetic field and the current generates an EMVF directed

both axially downward and radially inward. The axial current and

tangential magnetic field generate an irrotational inward radial force which

does not contribute to the fluid flow. while the radial current and tangential

magnetic field generate a rotational axial force downward which causes the

circulation inside the furnaces. A significant effect of the radial inward

EMVF is to move the droplets of liquid metal towards the axis of the bath

as they pass through the slag. which is extremely unfavorable for the

process. [52.531 ln SRF. [54[ the electric current and its sel f-induced magnetic

field also create a radial inward and axial downward EMVF. The electric

current also heats the slag due to its electrical resistance. creating an

upward buoyancy force. Whether the flow in the slag is dominated by

convection or EMVF depends on the geometry of the system and the

physical properties of the materials involved.

ln vacuum arc remeIting (V AR) furnaces. electric arc furnaces (EAF)

and ladle refining furnaces. the situation is similar to ESR system. with the

major exceptions being that the electrodes are generally not submerged and

the electric current also travels through the arc.

ln welding operations. the electromagnetic effects are very similar to

the cases described above. depending on the type of the welding process.

Electroslag welding (ESW) is very similar in priociple to the electroslag

refioing (E5R) process. Different geometries.. however. cao result in

markedly different flow behavior. [55[ Arc welding operations.. such as

tungsten inert gas (TIG) or gas tungsten arc welding (GTAW). are similar

to the electric arc furnace. Electromagnetics plays a role in both the plasma

flow in the arc and in the molten weld pool stirring. [56] Hall-Heroult ceUs

are employed in the electrolytic production of aluminum. [57 .58[ The EMVF

causes stirring in the molten salt which enhances the desired dissolution of

aluminum oxide.. but also contributes to undesired effects such as

disturbance of the interface between aIuminum and the carbon floor which

leads to carbide formation .. to interfacial oscillatory wave motions between

•

•
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the electrolyte and Metal that limits the thinness of the electrolyte between

the upper carbon anodes and the cathode pool of moIten aluminum. This in

return leads to lower cell efficiencies. owing to the I1 R heating of a thicker

electrolyte layer sandwiched between the carbon anode and the molten

aluminum accumulating on the fIoor of the cell.

Another technique that employs high currents IS the LiMCA system.

LiMC A (Liquid Metal Cleanliness Analyzer) was first developed at McGill

University in the early 19805.[59.601 and IS an on-line rapid quantitative

method for evaluating the cleanliness of molten metals. It has the

advantage of providing not only information on the volume concentration

of inclusions. but also on their size distribution both quickly and

accurately. This technique has been successfully used in the aluminum

industries. [61 J and is being extended to other metals. such as alloys of

copper.[6!1 magnesium[63.64 1 and liquid steeI.165.(6)

LiMC A is based on the ~lectric ~ensing !,one (ESZ) principle or

Coulter Couoter principle.[671 in which a constant current is maintained

across two electrodes that are separated by an insulating sampling tube. A

small orifice is buiIt into the tube wall. through which liquid Metal flows.

When suspended particles pass tbrough this orifice. the electrical resistance

across the orifice increases or decreases in direct proportion to a particle's

volume depending on the relative conductivity of the particle to tbat of the

mell. Voltage pulses generated by an inclusion's passage througb the

orifice in the presence of an electric current can be measured. allowing the

number and size of particles to he counted.

As confirmed in aqueous systems. the amplitude of the resistance

change produced when a particle passes through the orifice depends not

only on its size. [68.691 but also its shape. [70-751 aspect ratio. [75-771

orientation.[73.7-11 physical properties.[78-811 and path through the orifice. [82­

891 Moreover. the motion of particles within the orifice is reflected in the

shapes of the voltage pulses. [73.1-1.76.77]

•
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In molten metals. the electric current density flowing through the

orifice can be as high as 840 amperes/mm~.This high current interacts with

its self-induced magnetic field. resulting in a strong EMVF within the

orifice. The EMVF may be irrotational or rotational depending on the

geometry of the orifice. Thus. the motion of the particles will depend on

both the hydrodynamic and electromagnetic conditions within the orifice.

as weIl as the physical properties of the particles.

Particles of di fferent density should follow different trajectories as

they pass through the orifice. Correspondingly. the shape of voilage pulse

should have its own characteristics. based on which particle discrimination

should be possible. Distinguishing heavy. hard solid particles from light.

soft gas bubbles or droplets in molten metals is very important in view of

the role played by different kinds of inclusions in affecting the properties

of materials. For this purpose. the DSP (Digital Signal Processing)

technology[90 1 was introduced to replace analogue-based LiMCA systems.

The DSP-based LiMCA system is shown in Appendix A. In such a LiMCA

system. the resistive pulse generated by the passage of particle is

amplified. the signal digitized and the data stored on a host computer. With

DSP. more information can be extracted by characterizing each voltage

pulse with not only the peak height as per the analogue detector but also

peak width. peak rime. starting time. transit lime. starting slope and ending

slope. The ability of the new DSP monitoring system to discriminate gas

bubbles from denser particles has been proved experimentally in a water­

based LiMCA system. (91)

Successful operation of LiMCA systems depends on a procedure called

conditioning.[92J prior to each sampling. ft involves passing a 200 - 300

amperes electric current surge through an orifice of around 300 pm. The

application of tbis high current. compared to 20-60 amperes working

current. apparently removes particles attached to the ioner wall of the

orifice. thereby preventing the orifice from being blocked. However, when

•

•
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the size of a particle is equal to. or even bigger than. the orifice. blockage

still happens. In aqueous electrolyte medium.. two or more tubes with

different apertures. [93.9~] a removable ori fice. [95] an expandable orifice. [961

or an orifice fixed with a micromesh screen[97
1 were suggested to surmount

the blockage problem. However. none of these proposais for aqueous seems

practical for liquid metals considering the hostile thermal and chemical

environments in molten metals.

•
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As can be seen from above. ail these materials processing operations

are related to the motion of particles in molten metals or slags under the

action of electromagnetic forces. Therefore. the understanding of the fluid

flow in electromagnetic fields and the motion of particles within the fluid

is very important in terms of improving productivily and materials quality

control. To date. Many efforts have been devoted to the theoretical study

and mathematical and physical modeling of these processes. as will be

reviewed in the next section.

1.2 Review of Mathematical and Physical Modeling in

Electromagnetic Materials Processing

This section begins with a brief description of the underlying theory

on which the mathematical modeling of f1uid f10ws and particle motions in

electromagnetic materials processing is based. Next. previous work is

summarized. first on mathematical modeling. and then on physical

modeling and experimental measurements.

/.2./ Theory

/.2././ F/uid f/ow and electromagnetic fields

The mathematical modeling of fluid flows in electromagnetic materials

processing is accomplished by solving the Navier-Stokes equations for the



fluid flow. Maxwell's equations for the electromagnetic fields.. and

including the Lorentz force field as a source term in the Navier-Stokes

eq uations. In the case of turbulent flow .. a turbulence model. such as the

weIl known k - E model. [981 needs to be supplemented. In addition.

theoretical relationships for mass and heat transfer.. two-phase flow .. and

solidification may be needed for a specifie problem. In this section .. only

the basic laminar steady state equations. which are related to the studies

reported in this thesis. are described.

The equation of continuity is:
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V-ù=o

The equation of motion is:

- 1 - ,-
ii-Vii =--Vp+v, V-ü+ F"

P,

( 1.2)

( 1.3 )
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where ü is the fluid velocity. P, is the fluid density. p is the pressure .. and

v, is the kinematic viscosity.

The body force term. t". includes the effect of gravity as well as the

electromagnetic force (Lorentz force) due to the interaction of electric

current density (]) and magnetic flux density ( B):

( 1.4)

•
The boundary conditions are defined based on the particular situation being

modeled. In order to solve for the electromagnetic force term .. Maxwell's

equations need to be solved. These May be written as follows. using the

MHD approximation:[99.1001
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- - dSVxE =-- (Faraday's law)
dt

VxËl=p",J (Ampere's law)

V-] =0

V-S=o

( 1.5)

(1.6 )

( l. 7)

( 1.8)
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where Ë is the electric field (volts/m).

The calculation of the electric current density and magnetic flux

density from Maxwell's equations depends on how the fields are generated.

If a DC current is applied. then the most appropriate way to solve for J is

through the Laplace equation. For the case of spatially-variable

conductivity. it can be described as:

( 1.9)

where f{J is the electrical potential and CTr is the electrical conductivity.

The current density can then be calculated from Ohm's law. shown here

including the interaction term between the fluid velocity and the magnetic

field:

(LlO)

Once the current density is known throughout the system.. ËI cao be

calculated from the Biot-Savart law:

•
(1.11)



where l(r') is the electric current density at the source, and i rr " is the unit

vector from r to r·. The Biot-Savart law is extremely useful in the case of

three dimensional configurations, since the magnetic field only needs to be

calculated at positions of interest instead of throughoul the entire geometry

being mode led. It is. however. important to include ail of the current

sources which could have an influence on the magnetic field. including the

electrodes. cables and busses carrying current into. and out of. the system.

[n the case of alternating current (AC). the equations for OC are still

applicable if the scale of the system is much smaller than the

electromagnetic skin depth. 6. which is the measure of the depth to which

a magnetic field can penetrate a conducting material:
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(1.12)

where (JJ is the angular frequency.

[n systems with constant magnetic fields such as permanent magnets or

DC electromagnets. the magnetic field may be calculated using the

magnetic scalar potential. 'l'. given that the boundary conditions can be

determined properly:

(1.13)

The form of the equation accounts for spatial variation in magnetic

permeability. The magnetic flux density. B. can then be calculated from

the potential as follows:

•
(1.14)



Combining Ampere's law (1.6) with Ohm's law (1.10), Faraday's law (1.5)

and magnetic flux conservation equation (1.8), and rearranging in terrns of

the magnetic flux density. leads to the magnetic transport equation, which

contains both diffusive and convective terrns:[991
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dB ~ - - -
-=" V-B+Vx(üxB)dl "fm

(L 15)
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where 'lm = l/(1~Jlm is the rnagnetic diffusivity. The first terrn on the right

hand side of equation (1.15) is the diffusive terrn. and the second terrn is

the convective terrn. The rnagnetic transport equation is frequently used in

problems with time-varying magnetic fields. In these cases. the rnagnetic

flux density is calculated first. then J is calculated frorn ËJ using Ampere's

law ( 1.6). When the rnagnetic Reynolds number is rnuch smaller than unity•

i.e. Re", = tlLI'!m «1 with L standing for the characteristic length. diffusi ve

transport dominates. and the convecti ve term cao be ignored. This is the

case in many materials processing systems. which rneans that the

electromagnetic equations and the fluid flow equations are decoupled.

allowing for separate calculations first of the electromagnetic forces and

then of the fluid flow.

The electromagnetic force field was also calculated using mutual

inductance technique. first in induction furnace. [1011 and later in levitation

melting of metal droplets. [·H 1 ln this technique. the system is divided into a

set of electrical circuits with the current in each dependent on the current

in the others.

If the heat generated by the passage or induction of electric currents

within the system needs to he considered. it can he accounted for in the

source term. S". and calculated from the electric current density

distribution:
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/ .2. /.2 Particle motions

(1.16)
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ln conventional hydrodynamics (without electromagnetic force).

several equations accounting for the unsteadiness of the particle motion

have been developed wherein a superposition of the steady drag and the

unsteady (history) drag is used to obtain the forces on the particle.

Originally. the motion of a sphere settling out under gravit y in an

incompressible. viscous fluid that was otherwise at rest was examined. lI02
­

IO.lI The flow disturbance produced by the motion of the sphere was

assumed to be at a sufficiently low Reynolds number that the fluid force on

the sphere could be calculated based on the results of unsteady Stokes flow.

The Stokes drag on the sphere. which is in an accelerated motion. still

carries the same formula as the steady drag. 6lrJ.l, ail p (t). where P,

represents the dynamic viscosity of the fluid. a the radius of the particle.

and LI p (t) the instantaneous particle velocity. Two new force terms. the

added mass and Basset force. result from the unsteady motion. Later. the

work was extended to non-uniform creeping flow. (105.1061 and the motion of

particles was described by the following equation:

dû _ Du- 1 d 1
p - - .,V.,-)m --=(m -m )g+m ---m -(II -u--a- -li -

l' dt p f f Dt 2 f dt p 10

d - - 1 "v" - (1.(7)
1 6112'l1 Il,' (li p -u - 6 a- -u) d'"

6JraP f (lÏp -ii--a1V 1,ï) ,.. f----~--_·--·~
6 (JrV

1
)I/! 0 di {t-i)'/!



where vJ is the kinematic viscosity of the fluid. fi the velocity of the fluid.

ml' and m, are the particle mass and fluid mass displaced by the particle.

respecti vely. The inclusion of velocity gradients leads to modifications of

the added mass. the Stokes drag and the Basset history term due to the

curvature in the velocity profile.

A widely used equation[ 1071 for non-creeping flow was obtained by

empirically modifying the Stokes drag to drag force for finite Reynolds

number:
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dfi p l 't 1__ 1_ - 1 d(fi-ül' ) Dii
m --=-C lta-P tI-U (u-u )+-m +m -+
"dt 2 D..., , p l' 2 f dt ' Dt

;! ~frd(ü-iil')/dr _
6a (lCP,P,)- Ir' dr+(m l' -m,)g

o (t - r) -
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(1.18)

•

where CD is the standard drag coefficient from the steady standard drag
>al

1 d (fi - fi ) 1 Dii dfi p
curve. The added mass term -m, l' was corrected to -m· (----)

2 dt 2 'Dt dt

in studying the potential flow about a spherical bubble where the ambient

flow is irrotational and non-uniform. [1081 More recent numerical studies[ 109­

1111 confirmed that the added mass terrn for finite Reynolds number fluid

flows is the same as that predicted both by creeping flows and potential

flow theory.

The force on a guided sphere rectilinearly oscillating in an otherwise

stagnant fluid for 0 S Re S 62 was studied experimentally. and an equation

for the motion of a sphere proposedCII).11.J1:

with C~ and Ch were obtained experimentally and were given by:
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Cil = 2.1 - 0.132M ~I /(1 + O.12M ~I )

Ch =O.48+0.52M~I/(1+M AI)3

where M.-\I is the dimensionless relative acceleration defined by:

( 1.20)
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5tudy of an unsteady flow over a stationary sphere with small

fluctuations in the free-stream velocity at finire Reynolds number

( 0.1 '5 Re '5 40) showed that the Basset-force term in the equation of particle

motion should have a kernel which must decay much faster than (t - r)-l/~ at

large lime. 11101 A modified expression for the Basset force was

proposedll15.llbl based on the analytical result at small Reynolds number

for low frequency free-stream fluctuations. the numerical result at finite

Reynolds number for low frequency fluctuations .. and the unsteady Stokes

result for high frequency tluctuations:

düpl: 1_ - 1 - - 1 Dü düp Düm --=-C Jra P u-u (u-u )+-m (----)+m -+
"dl :2 D..., J p P:2! Dl dl f Dt .,

r d( - -) ( 1._1 )
lI-U

6aJq.l f IK(t - f. f) p d-r+(m p -m, )g__ dT

with the broad-frequency-range approximation for the integral kernel given

by:

•
( 1.22)



2allÏ(r) -ül'(r)!
where fH(Re,) =O.75+0.105Re,<r) and Re, = . Equation (1.22)
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shows that the history kernel decays initially as 1 :! but as 1-2 at large time.

When the initial velocity difference between the sphere and the carrier

1 /1
fluid is not zero. an additional terrn. 6a 2 (1(Ptp,)1 (ü(O)-i'I'(O» Il. needs to

be added to the above particle motion equation. (1111 The motion of

spheroidal particles is also affected by the shapes and orientations. [n

creeping flow. the equation of motion for a sphere was generalized for a

spheroid moving parallel to its axis of symmetry as follows:[ 1181

( 1.23)

•

where a is the equatorial radius of the spheroid and RD. M". and B are

the correction factors for drag. added mass and Basset forces. respectively.

These correction factors are functions of aspect ratio (E). which is b/a

with b representing the halfaxis of symmetry.(119.1221 For a spheroidal

particle moving perpendicular to its axis of symmetry. the equation of

motion takes a similar form to Equation <1.23). but with different

correction factors. which are also functions of aspect ratio. [120.123-1251 For

finite Reynolds numbers. the correction factor for the drag force has a very

complex dependence on E and was obtained numerically. [126.1211 More

complications are introduced when the direction of motion of a spheroid is

not along the principal axes of the particle. In this situation .. besides a net

drag which is parallel to the direction of motion .. a lift force also exists ..

which is perpendicular to the direction of motion. [1281 The total of the drag

and lift forces depend strongly on particle shape .. aspect ratio and the angle

between the direction of motion and the axis of symmetry. [I27J



All these studies are based on particle motions in f1uids of infinite

extent. In reality. the presence of solid surfaces in the vicinity of the

moving particles may markedly affect the drag force. [120] In essence. the

movement of a particle in the vicinity of solid surfaces may be affected in

two ways. One is due to the fact that the velocity gradients may cause an

imbalance in the forces acting on the particle. which results in rotation of

the particle. The other is due to the fact that when a particle approaches a

solid surface. fluid has to be displaced. The viscous resistance to the f1uid

flow will cause an apparent increase in the drag force. The interaction of a

particle with walls depends on the particle shape. orientation. position. and

geometry of the containing walls. as well as Reynolds number. At low

Reynolds number. a wall correction factor. which equals the ratio of the

drag in the bounded fluid 10 the drag in a fluid of infinite extent. has been

determined for a sphere moving a) along. [128-1311 or eccentrically parallel

10. the axis of a circular cylindrical tube.[1321 b) parallel to one[ lJ2) or

two[ IBI stationary parallel walls. and c) perpendicular 10 a plane

wall. [L;:!. Dol) Wall correction factors have also been determined for a

spheroid moving between two parallel walls. parallel to a plane wall with

its symmetry axis at an arbitrary angle to the wall. and along the axis of a

circular tube. (132) At high Reynolds number. the configuration that has been

studied to determine the wall correction factor is for a sphere moving along

the axis of a cylindrical tube.[13l. 135-1311

ln the field of electromagnetic processing of materials. the motion of

particles is affected by both the hydrodynamic and the electromagnetic

conditions within the fluids. In applied magnetohydrodynamics.

considerable efforts have been given to derive the electromagnetic volume

force on inclusions in an electrically conductive liquid. A theoretical

formulation for the EMVF on a spherical particle with an electric&!l

conductivity different from tbat of the surrounding liquid was given as:[ 1381

•
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- 3 U,-(7p 4m:z3

F
-

F =--( )--
p 2 2a, + O'p 3

( 1.24)
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where 0', and O'p are the electrical conductivity of the fluid and the

particle. respectively.

Electromagnetic forces on non-conductive particles of different shapes

and orientations suspended inside a current-carrying circular cylinder were

deri ved without considering the disturbance of the current by the presence

of the particles. and the formulae are: [1391

( 1.25)

for a cylindrieal partie le with its axis parallel to the tube axis.

( 1.26)

for a eylindrical particle with its axis perpendicular to the tube axis. and

( 1.27)

•

for a sphere. J is the electric eurrent density. 1 is the length of the

cylindrical particle. and h is the distance from the axis of the tube to the

generatrix of the eylindrical particle or the center of the sphere.

Taking into account of the disturbance of the electric current by the

particles. the electromagnetic force on a sphere suspended in a current­

carrying circular cylinder[ 181 or in a solenoid fed by an alternating

current[ 17) were derived. The force bas three components wbicb are 1) the

electromagnetic Archimedes force generated by the unperturbed electric



current .. 2) the electromagnetic propulsion force generated by the perturbed

electric current .. and 3} the Lorentz force generated by the current inside

the conducting particle. The total force can be represented as:
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- 3(1- X) -
F = F,. 4

3(1',.
X=--~­

a p + 2a,

( 1.28)

( 1.29)
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In facr. the force has the same value as from Equation (1.24). which was

derived for an infinite fluid with crossed electric and magnetic fields.

The electromagnetic force on cylindrical particles of different

orientation were also deri ved by accounting for the disturbance of the

eiectric current streamlines.1111

1.2.2 Mathematical and Physical Modeling of MHD and Experimentation

Electric energy has been used in metallurgy for processes such as

melting. refining and solidification. where magnetohydrodynamic (MHD)

phenomena are involved. The theoretical basis for MHD phenomena cornes

from plasma physics. astrophysics. fusion and nuclear energy.

In the western world. the first attempt to i ntentionally apply MHD to

metallurgy was the establishment of the research center MADYLAM in

France in 1978. The second was a Symposium of IUTAM (the International

Union of Theoretical and Applied Mechanics) entitled "Metallurgical

Applications of Magnetohydrodynamics" at Cambridge. UK in 1982.

Thereafter. significant progress bas been made in both fundamental

research and in the development of new technologies.

1.2.2.1 Mathematical modeling



J.2.2. J. J Fluid /10"'"
ln the computation of MHD flows in metallurgical systems. sorne

important advances have been made: The use of primitive variables instead

of vorticity and stream function. numerical rather than analytical solutions

of the magnetic diffusion equations. the introduction of solidification

models. the use of the mutual inductance technique. computations for non­

Newtonian f1uids. solutions in spherical and three-dimensional (3 Dl

coordinate systems. and the calculation of free surface equilibrium shapes

and free surface behavior of EM-Ievitated and stirred systems.

Early studies of f1uid flow and electromagnetics in continuous

casting(l-lOI and induction furnaces(I~11 employed vorticity and stream

function solutions of the full Navier-Stokes equations. the k-w turbulence

modeL analytical expressions for the solution of the two-dimensional (20)

axisymmetric magnetic diffusion equation. and the differential form of

Ampere's law for the induced current densi ty. For the calculation of the

induced current ln an induction furnace. the mutual inductance

techniquellOl1 was also used by solving the integral form of Ampere's law.

[n an ESR system. 2D axisymmetric magnetic transport equation was used

in the calculation of the induced magnetic field and Ampere·s law for the

applied current. l1.&21 2D axisymmetric simulation of welding was carried out

with hemispherical pool shapes. a distributed current source. and a finite­

size electrode.[1~3.1~~1
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Compared with the work on induction furnaces. a very different

approach was used in the first 2D Cartesian mathematical modeling of the

Hall-Heroult celle The Laplace equation was used to solve the e[ectrical

potential distribution. the current density was calculated from Ohm·s law.

and the magnetic field was caiculated from the Biot-Savart law. Fluid f10w

was calculated by turbulent form of Navier-Stokes equation. employing the

k-E turbulence model. [1.&5) Later. the different electrical conductivities of

materials were also taken into account in calculating the curre!'!t path[57] .



The free surface computation for the EM-driven f10w in an induction

furnace was initially based on a 2D axisymmetric system~ where the free

surface was calculated by balancing the gravitational and electromagnetic

forces.( 1-l6)

Later on~ the computation of fluid flow in an electromagnetically

levitated sphere was conducted for the limiting cases of high surface

tension and high frequency in a 2D spherical coordinate system. (U7) and

welding pool modeling was developed to include the complete solution of

the laminar Navier-Stokes equations~ electromagnetics. surface tension~

buoyancy and heat transfer. [561 The fluid f10w in the Czochraiski system

under an applied magnetic field was also studied numericaIly. (1-l~1

Subsequently. the mutual inductance technique was used ln the

levitated sphere problem. which was completely sol ved in 2D spherical

coordinates for electromagnetics. heat transfer. mass transfer~ and turbulent

fluid flow. (-lll During this time. solidification was added in the calculation

of melt pool profiles in ESR and weld pool models.[1-l9.1501

Recently. the 3D Cartesian transient computation of the interface

distortion in a Hall-Heroult cell was conducted. [1511 The electric current

was solved using the Laplace equation and the magnetic fields were solved

using the Biot-Savart law. Inductive stirring in billet and slab caster

configurations was aiso modeled in 3D using a combination of magnetic

diffusion equation and the magnetic scalar potentiaL( 151) Stirring in an

induction furnace was calculated in 2D in the presence of a magnetic

shield. [1531 In this study. the mutuai inductance technique was used to

account for the combined effects of currents in the coils. melt and shield.

Another noteworthy study was the 2D computation of EM stirring in non­

Newtonian fluids. (1541

Electromagnetic braking was also modeied in 3D in a continuous

caster mold[32) and shallow tundisbes. (155.156) The fonner employed a noo-

orthogonal grid with an assumed magnetic field distribution~ the latter used

a Cartesian grid aIso witb an assumed field distribution.

•
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More recently. a mathematical model for electromagnetic casting ln

3D was proposed.[157.158) where the mutual inductance technique was

extended to 3D in order to solve MaxweU's equations for the

electromagnetic field in and around the caster. The computations were self­

consistent in that the free surface of the molten metal is adjusted in

response to the supporting electromagnetic forces which are themselves

dependent on the shape of that surface.

The behaviour of free surfaces in melts subjected ta electromagnetic

forces was studied with a sophisticated 3D Madel. [1591 The calculations

started with Maxwell"s equations and Ohm's law. which were solved by a

novel '"modified hybrid technique". where the instantaneous instead of

time-averaged conti nuity and Navier-Stokes equations were employed.

The computation of fluid flow and electromagnetic fields provide the

hydrodynamic and electromagnetic conditions for studying the motion of

particles within the liquid metals in these systems.
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/ .2.2. /.2 Particle motion

[n many practical situations. the particle acceleration effects May be

safely neglected because the major portion of the palh traveled by the

particle will be at the steady. terminal velocity. An example is the settling

of solid particles in quiescent liquids. where the path to be traveled is

Many hundred or thousand times larger than the particle diameter.

There exists. however. an important group of problems where the

trajectory of a solid particle in a fIuid is dominated by the acceleration

effects. In a study of the injection of alloy additions into stagnant steel

baths. simulations were performed by dropping wooden spheres into water.

and good theoretical predictions were made on sphere trajectories and

immersion times by taking into account standard drag and added mass

effects. [1601 The subsurface trajectories of spherical particles in

recirculating flows were also computed for simulating the motion of alloy

additions during the fumace to ladle tapping operations. [161) The model



employed for particle motion iociuded particle inertia. gravity. buoyancy.

added mass. and drag force terms. The same model was aiso used to predict

subsurface trajectories of spherical addition in the CAS (composition

adjustment by sealed argon bubbling systems) procedure. [16:!) and to

calculate the trajectories of particles in a continuous billet caster. (163) The

probability of entrapment of inclusions within the mushy zone was

predicted based on the particle trajectories.

The behavior of both buoyant and non-buoyant particles in an

inductively stirred melts were analyzed with a model including only

particle inertia. gravity and drag force terms. [61 Il was argued that the

simpli fied model for particle motion was used because more complex

relationships had not been experimentally verified for nows with strongly

fluctuating components.

The motion of particles in levitated molten droplets was studied by

balancing the Stokes drag and electromagnetic force on the particles. [164) A

more sophisticated model which included particle inertia. fluid

acceleration. drag. added mass. gravity and buoyancy. as weIl as the

electromagnetic force. was used to study the effect of electromagnetic

brake on inclusion behavior in a slab continuous caster. (165)
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The dynamic motion of particles in a cylindrical MHD separator was

studied by considering only the electromagnetic force and drag force in the

radial direction. (166) The trajectories of particles in a current-carrying

liquid metal in an infinitely long vertical pipe were investigated under the

assumptions of small particle Reynolds number and negligible particle

inertia with a prescribed fully developed Poiseuille flow. The radial

velocity of the particle was derived by balancing the electromagnetic force

and Stokes drag force. while the vertical velocity was obtained by

superimposition of the terminal Stokes velocity on the Metal velocity. [151

A more comprehensive model for particle motion under the action of

electromagnetic force. which iDcluded particle inertia. electromagnetic

force. Stokes drag. and added MaSSy as weil as Basset history force. was



used to study the motion of particles released in a stagnant liquid contained

in a solenoid. (1 S) The most significant finding is tbat Basset history force is

very important in determining a particle·s trajectory. A particle wbich is

more conductive tban the carrier liquid moved towards the axis of the

soIenoid. and performed at least one oscillation about the axis. the

equilibrium position of the particle. in consistent with experimental

observations.
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There are many other studies where the convecti ve-diffusion eq uation

was used to determine particle concentrations and fluxes. the implicit

assumption involved is tbat the particle inertia is negligible and particle

trajectories can be computed from the f1uid flow field plus a superimposed

Stokes velocity component. One example is the study of particle separation

within tundishes.[ Ib7·169[ and another is the study of the effect of ultrahigh

magnetic fields on dopant distribution in CzochraIski crystal growth

system. P91

J. 2. 2. 2 Physical modeling and experimentation

PhysicaI modeling and experimentation are often employed to verify

the validity of the predictions of the mathematical modeling.

ln one of the earlier studies. radioactive tracers were used to measure

the rate of mixing in an industrial ASEA-S KF ladIe furnace. [l·U) The modeI

predicted the tracer dispersion quite weIl. and the mean values of the eddy

diffusivity to within a factor of two to three. In another study. surface

veIocities measured in a laboratory scale mercury-filled induction furnace

were generally within 10% of the caIcuIated value. [loiS) The same model

was used to compare calculated versus measured surface velocities in a 12­

ton induction furnace.[170) Tbe results were somewhat poorer. witb

velocities calculated to witbin a factor of two of tbat measured. and a



calculated maximum radial surface velocity at 77% of the radius versus at

89% radius measured.

Force probe technique which could measure two components of the

velocity as weil as the turbulence intensity was applied on a laboratory

scale induction furnace.ll711 Independent computational work showed good

agreement with those measured val ues. [17:!.1131

The invention of Vive 9s probe1l7~1 was a major breakthrough in

velocity measurement devices. This probe allowed the measurement of

velocities at much higher temperatures (as high as 670 OC) than could be

accomplished by other means. such as hot film anemometry. With this

probe, measurements were made in a rectangular aluminum ingot mold

stirred with a linear motor. [1751 The calculated stirring patterns were very

similar to those measured although the measured velocity magnitudes are

within 10% to a factor of 5 of those calculated. With the Vive's probe,

velocities were also measured in a laboratory induction furnace with and

without magnetic shields. [1531 The measurements were compared with the

computational results. and good agreement was obtained on the stirring

patterns. Individual velocity values were generally within 25% to 50%

between measured and computed. Surface velocities were also measured in

a laboratory scale ESR system. and the maximum predicted velocities were

calculated to be within 25% of the measured value. (1761

The rod dissolution technique has been used to measure velocities in

both aluminum and steel systems. In the case of aluminum. velocities in a

prototype Hall-Heroult cell were calculated to within about 10% to 50% of

the measured values. with a generally good agreement of the flow

patterns. [177) ln the steel induction furnace. mass transfer coefficients were

calculated to be within a factor of two of the measured values. [1781

Hot film anemometry bas also been an important tool in the study of

low temperature « 1OO°C) flow in EM-stirred liquid metals. Flow fields

•
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and turbulence in an ESR system were calculated to within 5 -10% of the

measured values.11191

More recently .. a physical model of an electromagnetic caster, which

used Wood's metal. was constructed and measurements of electric and

magnetic fields .. deformation of the liquid surface and flow velocities were

performed.1l591 Electric fields were measured usingan inverted "T"

fashioned from a pair of insulated wires with their tips exposed. Vive"s

probe was used to measure the flow velocities and the shape of the molten

Metal surface was determined by lowering a titanium needle to make

contact with the surface. thereby closing a circuit. which was recognized by

a sharp drop in resistance. The predictions of aIl these values with a 3D

mathematical model are in good agreement wilh the measurem~nts.

ln Most studies on electromagnetic separations[ 11-!6) or simulating

space manufacturing conditions. [!7-!91 experiments were carried out to

verify the reliability of the methods that seemed possible from a theoretical

point of view. A quantitative experiment was designed. which measured the

lateral deflection of the water drops flowing through a vertical channel

filled with mercury in an electromagnetic fields. The theoretical prediction

was in a reasonable agreement with the measurements. [I!I

ln LiMCA technology. a water based LiMCA system - APS Il

(Aqueous Particle Sensor) system. has been used to study the hydrodynamic

conditions within the electric sensing zone and particle discrimination with

DSP technology.[901 The study confirmed the importance of maintaining

laminar f10w conditions within ESZ and the possibility of discriminating

heavy solid particles from light gas microbubbles. However. no equivalent

computations were performed for model validation. Moreover, the

applicability of the results to molten metaIs needs further investigation

because the electromagnetic phenomena are much stronger in liquid metals

than in aqueous solutions .

As cao be seeo from the above.. although the fluid f10ws and the

•

•
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influences of electromagnetic fields on the flows have been investigated

extensively. the study of the motion of particles within these fluids is qui te

limited. However. in Many practical applications .. such as electromagnetic

separation .. E5R.. and LiMCA systems .. the understanding of the particle

motion is very important. This subject constitutes the main theme of this

thesis. and will be detailed in the next section.

•
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1.3 Objectives and Outline of This Thesis

As reviewed in the above two sections. aIl the previous studies

concerning the effect of electromagnetic fields on the fluid flow and

particle motions in electrornagnetic materials processing can be generalized

into three categories. The first category considered the particle population

distribution within the fluids .. which invol ved an implicit assumption that

particle inertia is negligible .. and particles follow the detailed motion of the

fluid. In the second category. the mathematical models for fluid flow and

electromagnetic fields are very comprehensi ve. while the particle motion

model was simplified to different extents with either the Bassel history

terrn .. or history and fluid acceleration terms. or history. f1uid acceleration

and electromagnetic force terms being neglected. In the third category .. the

Basset history terrn was included in the particle motion model. However.

the fluid flow field was assumed either stagnant or to be a prescribed

distribution .. and the electromagnetic fields was given analytically due to

the simple geometry considered.

ln some applications .. such as LiMCA systems and electromagnetic

separation in small thin pipes .. not only the fluid flow and electromagnetic

fields need to be considered .. the effect of each force term on the motion of

particles needs to be determined as weil. These force terms include particle

inertia. drag .. added mass .. history. buoyancy and gravity. as weil as

electromagnetic. In addition .. wall effects should be included considering

the relatively small scale of the electric sensing zone in LiMCA systems or



the thin pipes in electromagnetic separation compared to partie le diameter.

Moreover. the flow conditions in the entrance region have to be taken into

account.

The aim of this thesis is to develop a general mathematical model

regarding the motion of particles in current-carrying liquid metals. and

apply it to the operations of LiMCA systems. In LiMCA systems. a study of

particle trajectories within the electric sensing zone will help to improve

the accuracy of particle size measurement. to realize particle

discrimination. and to evaluate and design ESZ probes suitable for specific

en vironments and materials of construction.

[n this thesis. the electromagnetic force is generated by an applied OC

current and its induced magnetic fields. This is consistent with the

practical operations of LiMCA systems. However. it should be noted that

the model can be extended to cases where the electromagnetic force is

generated by an applied magnetic field or by both electric and magnetic

fields.

•
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The thesis is organized in the following sequence:

[n Chapter 2. a generalized mathematical model is developed 10

describe the motion of particles in currenl-carrying liquid melals flowing

through a cylindrical pipe. A numerical method is proposed to solve the

Navier-Stokes equations for fluid velocity while particle motions equations

incorporate particle inertia. drag .. added mass. history. electromagnetic and

fluid acceleration forces. A group of dimensionless numbers (Re. RH" k .. y)

is employed to represent the fluid velocity. electric current .. partie le size.

and particle density. The relative importance of the various force terms for

different operating conditions is discussed. The model was used to predict

the movement of spherical inclusions within the ESZ in LiMCA system.



The work in this chapter will be published in Metallurgical and Materials

Transactions.. vol. 3 1B .. April 2000.[1801

In Chapter 3 .. the mathematical model developed in Chapter 2 is

extended to describe the motion of variously shaped and oriented spheroids

entrained in liquid metals passing through an ESZ system. This is achieved

by introducing correction factors for drag.. added mass.. history.. and

electromagnetic force into the particle motion equations. The effects of

each dimensionless number ( Re. RH" k .. r) on the trajectories of particles of

different shape ( E) and orientation are discussed. The motion of spheroidal

inclusions through the ESZ of LiMCA system has been predicted based on

this model. The work in this chapter has been submiued to Metallurgical

and Materials Transactions B. [I8tl
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ln Chapter 4. the mathematical model developed in Chapter 2 is

modified to study the motion of particles in a water based LiMCA system ­

the APS Il system. A boundary-fitted grid is adopted to accommodate the

parabolic shaped orifice. The effects of particle size and density on the

trajectories of particles are discussed. The predicted transient times and

signal shapes are compared with the experimental measurements of Chris

Carozza[91 l . and the possibility of the particle discrimination is discussed.

The work in this chapter has been submiued to the Canadian Metallurgical

Quarterly. [lS11

ln Chapter 5. the mathematical model developed in Chapter 2 is

modified to study the motion of particles in aluminum. magnesium and

steel LiMCA systems. Boundary-fiued grids are adopted for the parabolic

shaped orifice used in the aluminum LiMCA system. and the cylindrical

shaped orifice with countersunk cones at the ESZ inlet in the magnesium

LiMCA system. The "conditioning current" operation is investigated in

terms of the effect of current surge on the fluid velocity. The effects of

particle conductivity.. density .. and size on the particle"s trajectories and the

possibility of particle discrimination are discussed for the aluminum
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liMCA system. The currently used probe rDr magnesium and steel LiMCA

are analyzed and deSign improvements are suggested. The work on

aluntinum LiMeA has been accepted for publication in IS Il
International. [183 J

ln Chapter 6.. the rnathematical model developed in Chapter 2 lS

tnodified tO design a new ESZ probe for the LiMCA system in order to

resolve the orifice bloCking problem. A boundarY-fiued grid is adopted for

the new probe. which comprises a contoured orifice and a co-axially built

cYlindrical extension. The effects of the electric current. orifice size.

orifice length. ori fice shape. extension length and radius. as weil as fluid

velocity. are investigated. New probes for magnesium and steel LiMCA

systems for detecting Particles below the detcction limit of conventional

probes are proposed. The work in tbis chapter has been accepted for

Publication in Metallurgical and Materials Transactions B in December
1999. [18~1

ln Chapter 7.. the general conclusions that can be drawn from the
present work are presented.

Appendix A shows schematical1y the configuration of OSP-based

LiMCA system. In APPendix B. the mathenatÏcal model construction and
validation are outl i ned.
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CHAPTER2

Numerical Studies of the Motion of Particles in Current-Carrying

Liquid Metals Flowing in a Circular Pipe

2.1 Introduction

The motion of particles ln current-carrying liquid metals constitutes

the basis for a number of electro-metallurgical processing operations.

Examples include the deposition of non-conductive oxide particles on the

inner walls of induction furnaces. [li the acceleration~ deceleration and

transverse motions of Iiquid metal droplets passing through Iiquid slag in

electro-slag smelting and welding operations.[11 the electromagnetic

separation l3AI and its application to the design of split tundish in

continuous casting to move the inclusions to the wall of the heating

system[5 1 and to conventional casting mold to move inclusions to the

boundary of the solidifying shell. 161 the filtration of non-metallic inclusions

by pumping the melt through a bundle of current-applied thin pipes in

aluminum scrap recycling. [11 as weil as the on-Iine Liquid Metal

Cleanliness Analyzer (LiMCA)lH.91 by measuring the voltage pulse

produced when a particle with different eiectricai conducti vity from that of

liquid merai passes through an Electric S-ensing Zone (ESZ). [lOI a small

orifice built in an electrically insulating probe. in the presence of an

electric current applied between an electrode outside and another inside the

sampling tube. Essentially. ail these processes invol ve the motion of

particles in current-carrying Iiquid metals in a circular pipe. Therefore. a

numerical study of the particle trajectory in current-carrying liquid metais

in a circular pipe is necessary both to the understanding of these processes

and to the corresponding engineering design. Especially. a numericai study

of the particle trajectory in a current-carrying liquid metal in a fioite length

circular tube will help LiMCA to realize particle discrimination due to the



faet that the height and shape of the small voltage pulse depend on the

size l 11.1 11 and also the trajeetory of the partieles .. I13 . I
-l 1 and possibly enable

LiMCA to register only the signais from harmful solid partieles.

Mueh effort has been devoted to study the motion of partieles in

eurrent-earrying liquids. Leenov and Kolin (15 ) derived the eleetromagnetie

force on a spherieal partiele whose electrieal conductivity is different from

that of the surrounding liquid. Shilova l Il studied the motion of non­

condueting partieles suspended in a stagnant eonducting liquid contained

within a cylindrical tube through which a uniform electric current flows

along the axis. He found that the pinch force generated by the electri~.

current and its induced magnetic field was directed along the radius

towards the center of the tube and was balanced by a radial pressure

gradient. resulting in an outwards radial motion of the particle towards the

tube wall. The study was later extended to the motion of conducting

particles within the same configurations. 12! The dynamic motion of

particles in a cylindrical MHD <magnetohydrodynamic) separator was

studied[ 16) by considering only the electromagnetic force and drag force in

the radial direction. The trajectories of particles in a current-carrying

liquid metal in an infinite long vertical pipe were investigated(5) under the

assumptions of small particle Reynolds number and negligible particle

inertia with a fully developed Poiseuille flow. In this study the vertical

velocity of the particle was calculated by superimposition of the terminal

Stokes velocity on the metal velocity. while the radial velocity was derived

by balancing the electromagnetic force and the Stokes drag force. These

studies only considered the electromagnetic force and the Stokes drag

force. In reality. a more complete consideration of the hydrodynamie force

terms are needed for the calculation of partiele motion in conventional

hydrodynamics. These forces include the particle inertia.. drag .. buoyaney ..

gravity and added mass .. as weil as fluid acceleration and history forces. (17)

The importance of the added mass and Basset bistory terms in determining

•
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the particle trajectory in a stagnant current-carrying liquid was also

confirmed by Korovin.[llJl

[n this chapter. a generalized mathematical model was developed for

the motion of particles in current-carrying liquid metals entering a circular

pipe under laminar fiow conditions. The Navier-Stokes equations were

sol ved for predicting the flow field. whi le particle trajectories were

obtained by solving the equations for motion of the particle that include the

force terms associated with conventional hydrodynamics. together with the

electromagnetic force generated by the applied current. The entrance region

was included to extend the model to pipe of finite length. Wall effects of

the pipe inner surface on the particle trajectory were also considered. The

model developed in this work has been applied to the LiMCA system to

evaluate the latter·s performance.

•
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2.2 Mathematical Model and Numerical Methods

The present study considered the trajectories of particles entrained

within a homogeneously conducting current-carrying liquid flowing into a

circular pipe. Two-dimensional simulation in a cylindrical coordinate

system was employed since the applied electric currents are sufficiently

strong as to confine any particle motion to the plane containing the mass

center of the particle and the axis of the pipe in applications such as

particle separation and the operation of LiMCA. The problem can be

schematically represented in Figure 2.1. where D is the diameter of the

pipe. " 0 is the inlet flow velocity which is assumed to be uniform, Jo is the

electric current density at the inlet, and d is the radius of the particle

which is centered at (xI" Yp), where x and y are the respective axial and

radial coordinates .

2.2.1 The Flow Field in the Pipe
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x
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L

Figure 2.1 - The schematic representation of a particle tlowing in a current-carrying

liquid in a circular pipe.

The liquid metal IS assumed incompressible and has constant

properties. and the flow is considered laminar and steady. Under these

assumptions. the problem may be stated by writing the Navier-Stokes

equations with the Lorentz or electromagnetic force F( Ft' FI') constituting

the body force as follows:

- V-- Vp V l - 1 F-
lle u=--+v, -11+-

P, PI

(2.1 )

(2.2)

where li(lI. v) is the fluid velocity vector. p is the pressure. P f and v f are

the density and kinematic viscosity of the fluid. F. the Lorentz force, is

defined by the following equation:

• (2.3 )



where J is the electric current density. 8 is the self-induced magnetic

field in the pipe. Maxwell's equations need to be solved for the

electromagnetic field. (n the present work. J is obtained through the

Laplace equation:
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d~rp 1 a drp
-+--(v-)=o
dx~ y dy - dy

(2.4)

where ~ is the electrical potential. The current density can be calculated

from Ohm 's law which is described in equations (2.5) and (2.6) since the

secondary current induced by the convective motion of the liquid metal is

negligible. [19[

atp
J =-(7-( .. dx

arp
J =-(7-

\ t' dy

(2.5)

(2.6)

where a.. is the electrical conductivity and is 4.132x 106 n-1m-1 for

aluminum.

The self-induced magnetic field is derived from Ampere's law with Po

as the magnetic permeabil ity of free space (Po = 4JrX 10-7 Wb! A - m):

(2.7)

•
where 8 is the azimuthal co-ordinate in cylindrical coordinate system.

Since it is more convenient to work. with dimensionless variables. the

following non-dimensional quantities are introduced:
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yy. =-
R

"l' =- P• =~p-
2 '

P/"0

where R = D is the radius of the pipe. With these dimensionless quantities,
2

the vector forms of the conservation equations (2.1) and (2.2) can be

rewritten as equations (2.8) - (2.10). in dimensionless form. using

cylindrical coordinates (the asterisk has been omitted):

ail + av +~=o
ax ay )'

dU au dp 1 ëfu a!lI 1 dU
lI-+v-=--+-(-+-+--)+R F

dx dY dX Re ax! d)'! y d)' Il l

av av dp 1 ë}!v a!", 1 av v
lI-+V- =--+-(-,+-,+----,)+RIlF,

dX ay dY Re dX- d)'- y dy )'-

(2.8 )

(2.9)

(2.10)

•

lIoR R _ Po1/'R!
where Re =-- is the fluid Reynolds number and H - ,is the

v! P,"o-

magnetic pressure number.

The boundary conditions applying to the above equations are zero-slip

along and across and zt:ro electric current flux across the insulating wall.

At the inflow boundary, the fluid velocity and electric current density are

assumed to be uni form. At the outflow boundary, the electrical potential is

assumed to be constant across the pipe, while the exit fluid velocity

gradient is taken to be zero and corrections are made in the numerical

calculations to match the mass inflow rate and thereby respect continuity.
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2.2.2 The Equation of Motion of the Partie/es

51

In conventional hydrodynamics. the motion of particles has been

investigated extensively. Basset[!OI studied the unsteady creeping motion of

a sphere in a stagnant incompressible viseous fluid. and found that besides

the Stokesian drag on a particle for steady translational motion 61CJ.l,aüp (t)

(where l'p(t) representing the instantaneous particle veloeity. and a = d • the
2

radius of the particle). there are two other force terms that result from

unsteady motions. One is the added mass term which derives from

acceleration of liquid surrounding an accelerating particle. The volume of

the added mass of the surrounding fluid is equal to one-half of the particle

volume. The other is the Basset history force term due to the transient

formation of a boundary layer near the particle surface. This force term is

expressed as the time integral of the particle acceleration weighted by

(t - r)1/1. where (1 - f) is the time elapsed since the past acceleration. For

high Reynolds number motions of particle in a fluid which is also in motion

itself. a widely used equation is proposed as[!ll:

dûpl., 1_ - 1- - 1 d (û - üp ) Dû
mp-- =-CDJtJJrLrp, u-up (u -u,,)+-m, +m/-

dt 2 2 dt Dt

1 J'!fr d(tï-tÏp)/dr -
+6a (1CP,P,) .,., dr+(mp-m,)g

o (1- 't) -

(2.1 1)

•

where tïp<up.vp) and ü(u. v) represent the instantaneous velocity of the

particle and the undisturbed fluid velocity at the center of the partiele tbat

would apply in the absence of that particle. C lbrJ represents the drag

coefficient from the steady standard drag curve[221 based on the partie le

_ ptlü-üpld
Reynolds number Rel' - • m p is the particle mass and ml is the

P,



fluid mass displaced by the particle and Pt is the dynamic viscosity of the

fluid. Auton[!31 pointed out that the added mass term should be

1 Dt; dlÏp d
-m (----). where - is used to denote a time derivative following a
2 1 Dt dt dt

moving particle. and D a time derivative following a fluid element.
Dt

•
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As to the motion of particle in a current-carrying liquid metal. the

electromagnetic force on the particle ll81 has to be included. Therefore. in

this study. the prediction of the trajectory of a non-conducting. rigid.

spherical particle was based on the following equation. written in vector

form:

dûp _ 1 1 1_ - 1 - - 1 Dü düp Dü
PpVp-- --CDfrJ11'L1 P, ,. -llp(lI-lIp)+-P,Vp(----)+ P,Vp-+

dt 2 2 Dt dt Dt

1 1/1J'd(Ü-IÎp )/dr _ 3 -
6a UCP,P,) l'" dr+(m p -m, )g--VpF

o (t - t) - 4

(2.12)

•

where Pp and VI' are the density and volume of the particle. and F

represents the electromagnetic force per unit volume of the fluid at the

position of the particle.

ft should be noted that Co,rJ for a particle in a current-carrying liquid

metal depends not only on the particle Reynolds number. but also on the

magnetic pressure number RH. l!~1 For a non-conducting particle. C O:JrJ can

increase significantly with RH owing to a slight shift forward of the

separation point of the boundary layer making for a larger wake length and

is larger than tbat of no-current situation. In this paper. ail tbe studies were

carried out with RH < 1. the effect of RH on CCh,J couId be neglected.

Equation (2.12) can be rewritten in dimensionless form as equations

(2.13) and (2.14) for particle motion in a horizontal pipe (omiuing the



asterisks for convenience) by introducing four more non-dimensional

variables:•
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• Uof • "or
t =- and r =-R· R

For axial (x) motion:

du p ( 3 1_ - 1 3 du du
- =--([-CD"" U -up (u-up)+-(u-+v-) +
dt r + _ 8k 2 dx dy

2

9 1 I/~Jr d(u -up)/dt 3
-(--) l'" dr--RflFr )
2k Jr Re 0 (t - t) - 4

For radial ( .\" ) motion:

dvp 1 3 1 1 3 dv av-=--[-C iï-iï (v-v )+-(lf-+V-)+
dl r+.!. 8k DuJ l' p 2 dx ê1)-

2

9 ( 1Pfr d(v-\'p)/dr 3
-(--) - l'" dr--RIIF, +(1- r)Fr]
2k Jr Re 0 (t - t) - 4

(2.13)

(2. 14)

•

where Re and Ru are the respective fluid Reynolds number and magne tic

gR
pressure number as in the dimensionless Navier-Stokes equations. Fr =-~

uo-

is the Froude number. r= Pp is the particle - fluid density ratio, and k =~
Pt R

is the blockage ratio .

2.2.3 Wall Effects



The presence of a solid surface in the vicinity of a moving particle

will affect the drag force. In this study, the axial drag force was

approximated using the equation developed by Fayon and Happel:[ 25
1

•
MOTION OF SPHERICAL PARTICLES IN A CIRCULAR PIPE 54

(2. 15)

where Co- is the drag coefficient in the absence of the wall. and W is

gi ven by Haberman and Sayre:[211

w= 1-0.75857k
s

1- 2.1050k + 2.0865k:; - 1.7068k s + O.72603k b

(2.16)

•

The wall effects in the radial direction can be estimated by using the

tabulated correction factor for the drag force on a solid particle moving

perpendicular to a plane wall. l161 The correction factor is a function of the

ratio of the distance of the particle center from the wall to the particle

radius. and linear interpolation is employed to obtain the factor for the

ratio in question.

2.2.4 Nlimericai Methods

The conservation equations for mass and momentum with the boundary

conditions were sol ved using the finite volume approach and a collocated

arrangement of variables.[!71 The SIMPLE (Semi-lmplicit-Method for

Pressure-Linked Equations) algorithm was employed for the calculation of

the velocity field. (18) Grids of variable spacing were used to enhance the

accuracy of the calculation. i.e., a finer spacing was adopted near the wall

and inflow boundary and a coarser grid further away. Central differences

were used to approximate both convection and diffusion fluxes. The

iterative procedure was continued until the sum of the absolute values of



the residuals in ail control volumes normalized by the inlet flow momentum

flux in calculating the fluid velocity or by inlet flow mass in calculating

the fi uid pressure field fell to the order of 10-5
• For the calculation of the

electromagnetic field. the continuity of the electric current was cbecked~

along with an analysis of the residuals. so as to ensure tbat the amount of

electric current entering into the system matched the amount of current

leaving.

The solution of the fluid flow equations provides the hydrodynamic

conditions for the calculation of the motion of particle. The fluid velocity

at the instantaneous center of the particle was obtained by bi-linear

interpolation of the grid values. At t=O~ the particle flows into the pipe at

the same velocity as the fluid at a certain radial position. The equation of

particle motion was solved by employing a fourth-order Runge-Kutta

method. The history integral needed special attention because of the

singular point at the upper integration timit. It is evaluated through the

following expression:[~ql
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r V ~ Ù M "-1 Ùf dl"= f dl"=-L[ 1-1 +
o fU - T) 0 f(t - l") 6 ,=1 f<nJ1l- (i -1)&)

1(U~_1 +( 1 ) + V, ]+ O.9J1l [U"_I + 2(U"_1 +U")
!(n& - (i - 0.5)&) f(n& - i&) 6 !(&) !(0.55&)

+ Ù" ] + 0.1& (8~ V" 4 V" ]
!(O.l~) 2 3 f(O.OSJ1l) 3 f(O.I&)

(2.17)

55

. h U· =d(û -üp )WH
dl"

f(t - l") =(t - l")I/:!. & is the dimensionless lime step

•
whose value is set as 0.001 to maiotain the accuracy of the calculation.
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2.3 ResuIts and Discussion

S6

•

Equations (2.13) and (2.14) show that the motion of particle is

determined by five non-dimensional parameters: Re. RH' y. k. and Fr.

Among them. Re and RH are related to the flow field. In practical

operations involving intensive electric current density such as in the

LiMCA system. Fr is four orders smaller than RH' Fr is related to the

buoyancy force term (1- y)Fr. while RH to the electromagnetic force terrn

-~RHF\ as shown in equation (2.14). Compared to the electrornagnetic
4

force. which increases linearly with radial distance from the axis in the

pipe. the buoyancy force is negligibly srnall and can be ignored provided

the particle density is not very high compared to liquid density and its

initial position is not very close to the axis of the pipe. Under such

circumstances. the particle trajectory can be taken as symmetric with

respect to the axis of the pipe. and calculations performed on the positive

initial particle positions.

An effective method to study the effects of Re, RH' Y and k on the

motion of particles is to examine a parameter while holding the others

constant. In this study. the effects of y and k were investigated in the

same flow field by keeping Re and RH constant. In practical operations.

the flow field is controlled by the fluid velocity "0 and the applied electric

current 1. In the computation. the velocity "0 is represented by Reynolds

number Re. while the electric current 1 IS contained in the magnetic

pressure number RH. The effect of RH on the motion of particles is

considered by keeping Re. y and k constant .. while the effect of Re can be

{'
revealed by holding y and k constant .. and maintaining Re! RH =P'';o., ­

trpi

constant so as to neutralize the effect of the inertial force .. leaving electric



current 1 fixed for a specifie moIten metal. In this study. Rel RH was taken

as 8.55x 10". which represents an electric current of 30 amperes flowing

through a circular pipe containing molten aluminum. The particle is

considered to have reached the wall when its center is one radius from the

wall. The initial position of the particle flowing into the pipe was set at

(xo. Yo) = (O. 0.3) for most of the simulalions. except in the study of the

effect of the initial position where yo varies from 0.1 to 0.6.
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2.3./ The Effect of RH

The effect of magnetic pressure number RH on the particle trajectory

is shown in Figure 2.2. ft can he seen that at the same axial position x p • a

0.70 ~-----------------.,..---,

0.60

0.50

Yp

0.40

0.30 +-_I!!!ê:====::::::---~

0.20 +--,-~~....L-.L.~-+-'-"""'-"......L.....f.....&-.l.....&-.llo.....f--"l.......I.-~t--L-~.L....+-""""""""""+-&-'

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Xp

Figure 2.2 - The effect of RH on the panicle trajectory. Re = 500. r = 1.0. k = 0.3.

particle moves further away from the axis of the pipe as the magnetic

pressure number increases. This effect can be understood by examining the



relative importance of the force terms on the right hand sides of the

equations of motion (2.13) and (2.14). As an example. the variations of

forces in the axial.. x and radial. y directions during the motion of a

particle with a blockage ratio k of 0.3 whose relative density with the fluid

is r =1.0. are shown in Figures 2.3 and 2.4. respecti vely. for the case

Re = 500 and RH = 0.4 shown in Fig. 2.2. It cao be seen from both figures
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Figure 2.3 - Force tenns in the axial direction. Re =500. RH =0.4. r= 1.0. k =0.3.

(a) Electromagnetic force (virtually zero); (b) Auid acceleration force:

(c) History force: (d) Drag force.

that the fluid acceleration forces (Fig. 2.3( b) and Fig. 2.4( b» are

significant in the entrance region of the pipe. and diminish as tbe flow

develops downstream. The electromagnetic force in the radial direction

(Fig. 2.4(a» is the dominant force term and tbis drives the particle towards

the pipe walL [n the axial direction (Fig. 2.3(a». by contrast,. tbis force is

zero. The drag force (Fig. 2.3(d» and the history force (Fig. 2.3(c» are



seen to be relatively small in the axial direction. due to the fact that the

particle follows the f1uid velocity closely. However. both forces (Fig.

2.4(d) and (c» become important in the radial direction. Il is interesting to

see that the history force is even higher than the drag force at the entrance

because the relati ve velocity between the particle and the f1uid f10w is

small while the relative acceleration is large.
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Figure 2.4 - Force terms in the radial direction. Re = 500. RH =0.4. y= 1.0. k =0.3.

(a) Electromagnetic force: (b) Auid acceleration force: (c) History force:

(b) Drag force.

•

The effect of increasing RH is to increase the electromagnetic force in

the radial direction. As a consequence. particles move faster towards the

wall at higher RH. It is also noted in Fig. 2.2 tbat at small RH. immediately

after entering the pipe. the particle actually acquires a negative radial

velocity and moves a linle towards the center before moving to the wall.

This is related to the fluid acceleration term (Fig. 2.4(b» whicb is stronger



than the electromagnetic force (Fig. 2.4(a» in the entrance region in radial

direction. As RH increases. the phenomenon becomes less obvious. and

eventually the particle moves directly towards the wall at a magnetic

pressure number RH of 0.8.
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2.3.2 The Effect of Re

The effect of the fluid flow velocity is characterized by Re. The effect

of Re on the particle trajectory is shown in Figure 2.5. It can he seen that

0.70 -r-----~--~---.....,...---~-_,

0.61

0.52

0.43

0.34

0.25 +-'-..............L..f......L.....I......l.....i~~ .........+--'-~....I..o+~...........-+-"'~-'--lf--l-L.......&..-y

0.00 4.00 8.00 12.00 16.00 20.00 24.00 28.00

Figure 2.5 - The effect of Re on the panicle trajectory. y= 1.0. k = 0.3.

the axial distance traversed before the particle touches the wall increases

with an increase in fIuid Reynolds number. The axial distance traversed for

Re = 900 is more than two times longer than that for Re =300. The

explanation for this is that as Re becomes larger. the fluid acceleration

term becomes stronger and its action is feh by the particle further



downstream. The increase in the fluid acceleration force in tbe radial

direction is responsible for the increase in the initial negative velocity.

driving particles closer towards the central axis of the pipe before moving

to the wall. As explained in Fig. 2.3. the particle follows the fluid flow

closely in the axial direction. Therefore. increasing Re will dramatically

increase the axial distance traveled by the particle before it reaches the

wall.
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2.3.3 The Effect of r

The inertia of the particle is reflected in its dimensionless density

ratio. y. ft is found that the density only slightly affects the particle

motion in the axial direction due to the fact that the particle constantly

adjusts to the fluid velocity through the drag force on the particle.

However. in the radial direction. it makes big difference. The effect of y

on the particle trajectory is illustrated in Figure 2.6. A particle with a

relati ve density ratio of zero ( r=0) represents the gas bubble in the liquid

metai. and assumes a finite acceleration due to the added mass effect. A

higher density particle. for example. y = 2.0. accelerates slower than one of

lower density in the radial direction .. and thus moves longer distance in

axial direction before reaching the wall.

2.3.4 The Effect of Blockage Ratio k

The particle size relative to the tube can be characterized by the

dimensionless blockage ratio. k. The effect of k on the particle axial

distance when reaching the wall is shown in Figure 2.7 for two different

densities: r=0 and r= 1.5. These ratios approximate the density of a micro

bubble and an Ah03 particle in a molten aluminum melt. Il can be seen tbat



the larger k. the shorter the axial distance traveled before reaching the

wall. This can be explained by the fact that the electromagnetic force in the

radial direction. which is proportional to the third order of k. increases the

acceleration of the particle with increases in k. ft is also noted from Fig.

2.7 that the density effect becomes larger when particles are bigger.
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2.3.5 The Effect of tire Entry Point to the Pipe

The trajectory of the particle flowing into a current-carrying cylindrical

pipe from different radial co-ordinate positions is shown in Figure 2.8 for

Re=700 and RH = 0.8. An important feature in immediate vicinity of the

entrance region. where the axial velocity is uniform. is that the radial

velocity increases with increasing radial distance with respect to the pipe

axis from 0.1 to 0.5. This is due to the electromagnetic force. which

increases linearly with the radial coordinate. However. near the wall. the

radial velocity becomes lower ( )'0 = 0.6). which results from a dominating

increase of the fluid acceleration force over the electromagnetic force. It is

also shown in Fig. 2.8 that the radial velocity decreases as the particle

moves close to the wall. This can be attributed to an increase in the drag

force in the radial direction. resulting from wall effects.

2.3.6 The Application of the Mode/ to LiMCA System

A basic requirement of the LiMCA system to measure the melt

cleanliness accurately is that aIl particles flowing into the ESZ should pass

through. rather than depositing on the sidewalls. The practical operating

condition of the LiMCA system operating in the aluminum industry

employs electric currents of 60 amperes passing through a 300,um diameter

orifice. The average fluid velocity is 4 mis. and the effective ESZ length is
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Figure 2.6 - The effect of yon the particle trajectory. Re =100. RH = 0.8. k =0.3.
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Figure 2.1 - The effect of k on the particle axial distance upon reaching the wall for

different density panicles. Re = 100.. RH =0.8.
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Figure 2.8 - The effect of entry point )*0 on the panicle trajectory. y= 1.0. RH =0.8.

Re =700. k =0.3.
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0.3 mm. I .
101 If we take the particle distribution at the inlet to be uniform for

ail particle sizes. the simulations can be carried out for r=0 and r=1.6

representing micro bubbles and Ah03 inclusions within the aluminum melt.

The predicted pass-through fraction for particle sizes ranging from 20 J1m

to 240 J1m is shown in Figure 2.9. It is seen that the percentage of particles

passing through the orifice decreases with increasing particle sizes. This

tendency is more dramatic for the gas bubbles versus the solid particles.

More than 90 percent of solid inclusions with sizes up to 75 JJ.m and around

79 percent of solid inclusions even with sizes up to 240 J1m successfully

pass through the ESZ without grazing the sidewalls. This proves that

LiMCA system can be used in liquid aluminum despite contradictory

conclusions of previous analyses. [311 Meanwhile. it is also noted that the

relative percentage of micro bubbles that pass through the orifice is high.



especially for small size bubbles. For practical applications. micro bubbles

need to be distinguished from the solid particles because the cleanliness of

the melt is evaluated based on the number and size distribution of solid

particles which are evidently more harmful compared with the gas bubbles.
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Figure 2.9 - Predicted pass-through fraction for different size panicles flowing into the

ESZ of LiMCA in molten aluminum.

1.4 Conclusions

•

A mathematical model has been developed for the motion of particles

in current-carrying liquid metals f10wing in a circular pipe. The fluid field

was obtained by sol ving the Navier-Stokes equations. and the trajectories

of particles by equations for the motion of particles. These iovolve

transient motion and incorporate the drag force. the added mass force. the

fluid acceleration force. the history force and the electromagnetic force 00

the particle. The results show that the particle trajectories are affected by



the magnetic pressure number RH' the Reynolds number Re. the blockage

ratio k and the particle-fluid density ratio r through the relative

importance of those force terms. In the axial direction. the particles follow

the fluid velocity closely. and move further down the axis of the tube

before reaching the wall with increasing in fluid velocity (Re). In the

radial direction. the electromagnetic force increases with the distance from

the axis. the electric current (Ru). and the size (k) of the particle. The

competition between the electromagnetic force and the radial fluid

acceleration force in the entrance region first causes particle rnovement

towards the center prior to a subsequent outward motion to the wall. at low

electric currents (Iow Ru) and directly towards the wall for large currents

(high R,,). The low inertia (r) of bubbles allows them to move more

rapidly towards the wall than heavier particles. The radial velocity of

inclusion rnovement close to the sidewalls will decrease due to the wall

effects. Finally. the model was applied to the LiMCA system under the

operational conditions in aluminum industries. and the results show that

more than 90 % of solid inclusions of size 75 J.l.rn and about 79 % of the

solid inclusions of size 240 J.lm go through a 300 J.l.m diameter ESZ. These

results confirm from a theoretical standpoint that the LiMCA system can be

used in aluminum industries.
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• CHAPTER3

Numerieal Studies of the Motion of Spberoidal Partieles Flowiog

with Liquid Meta1s through an Electric ~DSingZone (ESZ)

ln Chapter 2. a model for particle motion in current-carrying liquid

metals has been developed based on spherical particles. However. irregular

shaped particles. reasonably approximated as spheroids with different

aspect ratios. exist commonly in many materials processing processes. ln

this chapter. the model developed in Chapter 2 is generalized to describe

the motion of spheroidal particles.

3.1 Introduction

The electric sensing zone technique[ 1] is a method of determining the

number and size of particles suspended in a conducting medium by passing

them through a small ori fice on either side of which is immersed an

electrode. A constant current is applied between the two electrodes. When a

non-conducting particle passes through the orifice. the resistance is

changed. gi ving rise to a voltage pulse signal. The principle is shown

schematically in Figure 3.1 for a spherical particle passing through the ESZ

along the central axis of the orifice. where [ is the constant current applied.

Pr is the electrical resistivity of the fluid. and A and L are the cross

sectional area and the length of the orifice. respectively. RI is the

resistance of the orifice without a particle. and M is the resistance

increase when a particle goes through the orifice. For a particle of diameter

d which is far less than the orifice diameter D. Ml is given by:[:!1

•
(3.1 )



This expression shows that the resistive pulse is proportional to the particle

volume. If d is not small compared to D. M should be modified as

equation (3.2) by a factor f(d/ D) :(3)

•
MOTION OF SPHEROIDAL PARTICLES IN ESZ

(3.2)
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where f(d/ D) was obtained according to the numerical results of Symthe[ol)

in analyzing an ideal fluid flow around a sphere in a circular tube.

VI~V~
1

---.. d-e-.-·---.·__·.--.-
ta

Figure 3.1 - Schematic representation of ESZ principle of panicle size measurement.•
10 t



In addition to the volume dependence. the amplitude of the resistance

change also depends on the shape,[SI orientation[6.7] and radial position[8) of

the particle inside the orifice. Taking the effects of shape and orientation

into account. the resistance change can be expressed as:(6)
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(3.3)

where Vp is the particle volume. V is the ori fice volume. and Spis the

3
shape factor of the particle. which is for a sphere. For a general ellipsoid

2

of revolution. Spis gi ven by:

(3.4)

•

where SPII 15 the shape factor for the case of the electric field directed

parallel to the symmetric axis of the ellipsoid. Sp. is the corresponding

factor for the perpendicular orientation. and a is the angle between the

axis of symmetry and the electric field. For a prolate ellipsoid with a ratio

of the dimension of the symmetric axis to equatorial diameter E =2.0. the

shape factors are Sp = 1.7 and Sp =1.2. [7) This means that. a prolate
~ 1/

ellipsoid with its axis of symmetry parallel to the axis of the orifice will be

measured as a sphere whose volume is only 80 percent of the true value

when ignoring the shape and orientation effects. In the perpendicular

orientation. its volume will be overestimated by 13 percent. The radial

position of the particle inside the orifice also affects the measurement. (8)

According to the theoretical predictions of Smythe. (8J a spherical particle

of dlD =0.2. moving very close to the orifice wall. will be evaluated as a

sphere 30 percent more in volume than the same sphere moving along the



orifice axis. This position-dependent response has been confirmed by

experiments[9.IOJ although it seems that the results are less drastic than that

suggested by the numerical calculations. As such. numerical simulations

revealing the relationship between the particle trajectory and its shape and

orientation will facilitate the accurate measurement of particles by the ESZ

technique. Furtbermore. it was noticed that the amplitude-time history of a

pulse reflects the characteristics of the particle motion through an electric

sensing zone. (9) Since these signais are unique to indi vidual particles of

di fferent sizes. shapes. orientations. and densities. a numerical study of the

particle trajectories in an ESZ will also help realize particle discrimination.

Many theoretical and experimental studies have been carried out on

the electrical and hydrodynamic factors involved during the passage of a

suspended particle in an aqueous eletrolyte medium through an ESZ[6.7.IO­

I~l. A common feature of ail these studies is the assumption that the path

followed by the particle does not depend on the electric. but rather the

hydrodynamic field. This is because the electric currents applied in these

aqueous systems are very weak. usually in the order of microamperes to

milliamperes as a result of the high electrical resistivity of the electrolyte.

However. the passage of a particle through an ESZ in a liquid metal

system. such as in the case of LiMCA systems.[ 15.161 is quite different. The

beavy current invol ved ( - 20 - 60 A) gi ves rise to strong radial

electromagnetic force. This force accelerates particles towards the inner

sidewall of the ESZ. In Chapter 2. the study on the motion of spherical

particles in cürrent-carrying liquid metals flowing in a circular pipe has

confirmed the strong dependence of particle trajectories on both the

hydrodynamic and the electric fields. A study of particle trajectory will

help to determine if ail particles to be measured can pass through the ESZ

without being collected on the inner wall of the orifice. a basic requirement

for the operation of LiMCA system to molten metals. besides the

•

•
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enhancement of the accuracy of particle size measurement and particle

discrimination.•
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[n this chapter~ the general mathematical model that has been

developed in Chapter 2 was extended to describe the motion of spheroidal

particles of different shapes and orientations entrained within liquid metals

flowing through an ESZ. The Navier-Stokes equations were solved for

predicting the flow field~ while particle trajectories were obtained by

solving the equations for the motion of spheroidal particles that included

the particle inertia. drag. buoyancy~ gravity and added mass. fluid

acceleration and history forces. as weil as the electromagnetic forces

generated by the applied current. Particle shape and orientation were taken

into account through the correction factors to these force terms. The effects

of ESZ sidewall proximity in modifying the trajectories of spheroidal

particles were also considered. Finally ~ the model developed in this work

was applied to the ESZ of the LiMCA system~ now in worldwide use within

the aluminum industry. in order to evaluate its performance under actual

operational conditions.

3.2 Mathematic:al Mode. and Numeric:al Methods

The present study considered the trajectories of spherodial particles of

different shapes and orientations entrained within a homogeneously

conducting liquid Metal flowing througb an ESZ. Previous work indicated

tbat the convergent entrance flow of the ESZ orients the oblate and prolate

spheroidal particles. As a result~ an oblate ellipsoid enters the orifice with

its axis of symmetry perpendicular to the orifice axis.161 while a prolate

ellipsoid assumes its symmetric axis parallel to the orifice axis when

entering the orifice near the center line~ but orients its axis of symmetry

perpendicular to the orifice axis[71 when traversing near the orifice wall.

The rotation of the particle in the ESZ was neglected due to the fact tbat. in

the core region of the orifice. the velocity is so uniform tbat the rotation



resulting from the shear of the flow is negligible. Furthermore. near the

inner wall of the orifice. the high pressure gradient generated from the

applied electric current would prevent the rotation of a prolate spheroid

whose axis of symmetry is perpendicular to the orifice axis. A two­

dimensional simulation in a cylindrical coordinate system was employed

since the electromagnetic force is sufficiently strong as to confine any

particle motion to the plane containing the mass center of the particle and

the axis of the orifice. The shape and orientation of the spheroidal particles

and the coordinate system used in this study are shown schematically in

Figure 3.2. where D and L are the respective diameter and length of the
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Figure 3.2 - Schemaùc representation of the system used in the computation. (a) An

oblate with its symmetric axis perpendicuIar to the axis of the ESZ; (b) A

•
sphere; (c) A prolate with its symmetric axis perpendicuIar to the axis of the

ESZ; (d) A prolate with its symmetric axis parallel to the axis of the ESZ.



orifice .. ua is the inlet flow velocity .. and Jo is the electric current density.•
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The center of particle is located at (xp" Yp)' where x and y are the

respective axial and radial coordinates. The symmetric axis dimension of

the spheroidal particle is 2b .. and the dimension normal to the axis of

symmetry. the equatorial diameter. is 2a. The aspect ratio bla of the

particle is denoted by E which is less than 1 for an oblate and larger than

for a prolate ellipsoid. A sphere is a special case .. where E equals to 1.

3.2. J The Flow Field in the ESZ

The mathematical model for the fluid flow and electromagnetic fields

are the same as those used in Chapter 2. which was described in 2.2.1. and

will not be detailed here.

3.1.2 The Equation of Motion for Spheroidal Partie/es

As described in Chapter 2. in conventional hydrodynamics. high

Reynolds number motions of a spherical particle in a fluid which is also in

motion itself can be represented by an equation which was given by

Berlemont. Desjonqueres and Gouesbet. [171 Non-spherical particles are

more difficult to consider than spherical ones because of the influence of

particle orientation and the lack of a single unambiguous dimension upon

which to base dimensionless parameters. Based on the studies by

Loewenberg[ 181 and Lawrence and Weibaum. (19] the following equation is

proposed for the motion of a spheroidal particle along its principal axes

which is generalized from the equation for spheres:
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düp 1 D 1_ - 1- - .t Dù düp Düm -=-R CAp u-u (u-u )+M"m (---)+m -
p dt 2 D P, pp, Dt dt ' Dt

1. I/1.S1d(Ü-üp )/dr -
+6Ba (1q,L/p,) Ir' dr+(mp -m,)g

o (t - r) -

(3.5)
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where üp{up.v,,) and ü(u. v) represent the instantaneous velocity of the

particle and the undisturbed fluid velocity at the center of the particle that

would apply in the absence of that particle . CD represents the drag

coefficient from the steady standard drag curve[101 for a sphere with the

particle Reynolds number based on the equatorial diameter of a spheroidal

2p Iii -ü la
ellipsoid. Re p = f p. Ap is the cross-sectional area of the spheroidal

P,

particle projected on a plane perpendicular to the direction of motion.

whose value is n:a 2 or 1tab depending on whether the particle motion is

parallel or perpendicular to the axis of symmetry of the particle. m p is the

particle mass. m r is the fluid mass displaced by the particle. and P, is the

dynamic viscosity of the fluid. RD • •\1'" and B are the respective correction

factors for drag force. added mass and history force terms. and are

functions of particle shape and orientation. For the motion of particle

relative to the fluid fIow parallel or perpendicular to the axis of symmetry

of the spheroid. these factors can be expressed as follows for oblate

( E < 1). spherical ( E =1) and prolate ( E> 1) particles: [18(

•
M'''=1/

.Jl- E Z
- Ecos-1 E .

E 1.Jt- El - E cos-1 E .
E<l

E=I (3.6)
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.JE 2 -1 - Ecosh -1 E .
= -

E~.JE~ -1- Ecosh- I E"

1 ." :!B" =--(1+MII ) III
61CE

l " :!B, =-(1+M ) /,
- 61rE --

where

., E:! 1
1 -., _C':! [ - - h -1 1 ] .

/1 - ~I.C:. , li" COS - - .,'O
(1- E-) - E 1- E-

8K
=-

3

K E~ _1 1 2 - E:'
1 =--,[ " "1" cosh - - ., ]:
- E- (1- E- ).• - E 1- E-

8K
=

3

E>l

E< 1

E= 1

E> 1

E< 1

E= 1

(3.7)

(3.8)

(3.9)
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E~ _IlE'! - 2= Jr[ ., ?o(' cos - + " ] : E > 1
(E- -1)" - E E- -1

For particle motion at low Reynolds number Re p' the drag force correction

factor RD may be expressed in terms of M;::

•
(3.10)

(3.11 )



while at high Reynolds number Re p. RD has a very complex dependence on

E and was obtained numerically. [21. 12)

As to the motion of spheroidal particles in an ESZ. the

electromagnetic force on the particle has to be included. Therefore. in this

study. the prediction of the trajectory of a non-conducting. rigid.

spheroidal particle was based on the following equation. written in vector

form:
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(3.12)

where Pp and Vp are the density and volume of the particle. and F

represents the electromagnetic force per unit volume of tluid at the

position of the particle. E'''' is the correction factor for the electromagnetic

force which accounts for the disturbance of the uniform electric current

distribution by the presence of the particle. This disturbance is reflected in

the electrical shape factor Sp of a spheroidal partie le. The values of SP for

the case of an electric field directed parallel to the axis of symmetry of

spheroidal particle. SPI/' and for the perpendicular orientation. SP.l. are

gi ven as a function of the aspect ratio E. (6) A bigher electric shape factor.

which means stronger disturbance to the electromagnetic field by the

particle. corresponds to lower electromagnetic force correction factor E M
•

ln the case of a sphere. SPII and SP.l.. are equal and both bave the value of

E':: and E': can be obtained approximately by keeping the product of SPII•
3

2
E,7 and E;' are ~ for a sphere.l231 For a generaJ spheroidaJ particle,



and E:: or SPl. and E~ equal to the corresponding value of a sphere which

is 9. This approximation results in an error of 12.5 % in the extreme
8
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situation of E ~ 00. where E;~' and SPli should be 1.

From Chapter 2. the numerical results of the motion of spherical

particles in a current-carrying liquid metal f10wing through a cylindrical

pipe show that the particles follow the f1uid flow closely in the axial

direction. [n this study. it is consequently assumed that. at any instant. the

axial velocity of a spheroidal particle flowing within an ESZ is equal to the

undisturbed fluid flow velocity in the axial direction at the instantaneous

center of that particle. The radial velocity. however. needs to be obtained

according to equation (3.12). When a spheroidal particle flows into the ESZ

with its axis of symmetry parallel to the orifice axis. the radial motion may

be expressed as:

(3.13)

While in the case of a spheroidal particle flowing ioto the ESZ with its axis

of symmetry perpendicular to the orifice axis. the radial motion may be

expressed as:

•
(3.14)



Equations (3.13) and (3.14) can be written in dimensionless form as

equations (3.15) and (3.16) (omitting the asterisks for convenience) by

introducing three more non-dimensional variables:
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v p
• Uol d. uor

1 =-. an r =-
R R

For spheroidal particle with its symmetric axis parallel to the ESZ axis:

dv 1 3 D 1 1 av av
-_1" = " [-R, CD v-v (v-Vp)+(M~+l)(u-+v-)+
dt y + M ~ Sk - p - ax ()y

98 l "J' d(v-v )/dr
-_.:. (__)1/- P ., dr- E;~ R F~ + (1- y) Fr]
2k Ir Re 0 Cl- r) 1/- H

(3.15)

For spheroidal particle with its symmetric axis perpendicular to the ESZ

axis:

dl,' 1 3 D 1 1 av av
-_1" = [--R C \/-v (v-v )+(M A +1)(u-+v-)+
dt y + M,: 8kE 1/ D pp" aol ()y

98 l "J' d{v-v >/dr
--"(--)1/. p dr-E·~ R F +(l-y>Fr]
2k Ir Re 0 (t - r)I/:! - 11 \

(3.16)

•

where Re and RH are the respective fluid Reynolds number and magne tic

gR
pressure number as in the dimensionless Navier-Stokes equations. Fr =-,

uo-

is the Froude number. r = Pp is the particle - fluid density ratio. and k =!!..
~ R

is the blockage ratio .. and E =b is the aspect ratio of the spheroid.
a
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3.2.3 Wall Effects

81

•

The presence of a solid surface in the vicinity of a moving particle

will affect the drag force. [n [his study .. the wall effects in the radial

direction for a spheroidal particle was estimated by using the correction

factor for a sphere(1-l1 with the same cross-sectional area projected along

the radial direction. The correction factor is a function of the ratio of the

distance of the partie le center from the wall to the particle radius .. and

linear interpolation is employed to obtain the factor for the ratio in

question.

3.2.4 NlImerica! Methods

The conservation equations for mass and momentum with the boundary

conditions. and Equations (3.15) and (3.16) for the motion of spheroidal

particles were solved using the same methods as described in 2.2.4.

3.3 Results and Discussion

Equations (3.15) and (3.16) describe the radial motion of a spheroidal

particle when its symmetric axis is parallel or perpendicular to the axis of

the ESZ'O respectively. These equations show that the motion of a

spheroidal particle is also affected by the particle shape and orientation

besides the five non-dimensional parameters .. Re .. RH" y. k'O and Fr .. which

have been considered for the trajectories of a sphere in Chapter 2. Non­

dimensional parameters Re and RH are related to the flow field, Fr is

related to the buoyancy force term (1- r>Fr . while RH to the

electromagnetic force term - E'" RHF\" as shown in Equations (3.15) and

(3.16). In practical operations employing intensive electric current density

such as in the ESZ of LiMCA system.. Fr is four orders smaller tban RH'



Compared to the electromagnetic force on a particle.. which increases

linearly with the radial distance from the central transverse axis of the

ESZ" the buoyancy force is negligibly small and can be ignored .. provided

the particle density is not very high and its initial position is not very close

to the axis of the ESZ. Under such circumstances" the particle trajectory

can be taken as symmetric with respect to the axis of the ESZ" and

calculations are performed only on the positi ve initial particle positions.

ln this chapter" the effects of Re" RH" Y and k on the motion of

spheroidal particles were investigated on volume-equivalent oblate (E < 1)"

sphere ( E =1)" and prolate (E > 1) of different orientations" since the ESZ

method measures the volume of particles. The effects of y and k were

investigated in the same flow field by keeping Re and RH constant. [n

practical operations. the flow field is controlled by the fluid velocity "0"
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•

and the applied electric current /. In the computalion. the velocity Llo is

represented by the Reynolds number Re. while the electric current 1 is

contained in the magnetic pressure number RII • The effect of RH on the

motion of particles is considered by keeping Re. y and k constant. while

the effect of Re can be revealed by holding y and k constant. and

/'
maintaining Re 1 RH =P,~o .. - constant so as to neutralize the effect of the

lC-Pi

inertial force. leaving electric current / fixed for a specifie molten Metal.

In this study" Re 1 RH was taken as 8.55x 10~" which represents an electric

current of 30 amperes flowing through a 300 pm diameter ESZ containing

molten aluminum. The particle is considered to have reached the wall when

ilS center is an equatorial radius or halfaxis of symmetry away from the

inner wall of the ESZ for particle with symmetric axis parallel or

perpendicular to the axis of the ESZ.. respectively. The initial position of

the particle flowing into the ESZ was set at dimensionless coordinates



( .l'o ' Yo) = (O, 0.3) for most of the simulations, except in the study of the

effect of k where Yo = 0.1 and in the study of the initial position where Yo

varies from 0.1 to 0.6.
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3.3. J The Effect of RH

The effect of magnetic pressure number RH on the trajectory of a

spheroidal particle is shown in Figure 3.3. Il can be seen from Figure 3.3

that as the magnetic pressure number RH increases. the particles move

further away from the axis of the ESZ at the same axial position :Cp for a

sphere (Figure 3.3(b». an oblate (Figure 3.3{a», a prolate with its

symmetric axis perpendicular to the axis of the ESZ (Figure 3.3(c» and a

prolate with its symmetric axis parallel to the axis of the ESZ (Figure

3.3{d».

10.00 12.008.006.00

Xp

(a) Oblate ( E =0.5 )

4.002.00

(a) oblate

O.SO

0.70

0.60

Yp 0.50

0.40

0.30

0.20

0.00

•
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•
Xp

(c) Prolate (E =2.0) with its symmetric axis perpendicular to the axis orthe ESZ
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(d) prolate
(parallel)

0.35

0.45

0.55

0.75 ...,......-----------------------~

0.65
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Xp

(d) Prolate ( E = 2.0) with its symmetric axis parallel to the axis of the ESZ

Figure 3.3 - The effect of RH on the trajectories of spheroidai particles of different shape

and orientation~ Re =500. Y =1.0. panicle volume is equivaient to that of a

sphere of k = 0.3 .

•

The effect of RH on particle trajectories can be understood by

examining the relative importance of the force terms on the right side of

the equations of motion (3.15) and (3.16). noting that the fluid acceleration

forces in these equations contain the contribution from the added mass M ....

As an example. the variations of forces in the radial direction during the

motion of spheroidal particles of volume equivalent to a sphere of k = 0.3.

whose particle-fluid density ratios are r=1.0. are shown in Figure 3.4 for

the case Re =500 and RH =0.8. ft cao be seeo that the force terms have

sorne common features irrespective of the particle shape and orientation.

The fluid acceleration forces (Figure 3.4(a» are sigoificant in the entrance



region of the ESZ. and diminish as the f10w develops downstream. The

electromagnetic forces are the dominant force term and dri ve the particles

towards the sidewalls of the ESZ. Furthermore. it can be seen from Figure

3 .4( b) that the history force is even higher than the drag force at the

entrance because the relative velocity between the particle and the fluid

f10w is small while the relative acceleration is large.

The effect of increasing RH is to increase the electromagnetic force in

the radial direction. As a consequence. particles move faster towards the

wall at higher RH. Il is also noted that at small RH' for example RH =0.2.

immediately after entering the ESZ. the particles in ail cases actually
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•
(a) Electromagnetic and fluid acceleration forces (i) oblate (E = 0.5 ). (ii) sphere

( E = 1.0 ). (iii) prolate ( E = 2.0 ) with its symmetric axis perpendicular to the axis of

the ESZ. (iv) prolate ( E =2.0) with its symmetric axis parallel to the axis of the ESZ
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1.00 1.50 2.00 2.50 3.00 3.50
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(b)
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history
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-0.01
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If -0.07

-0.09
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(b) Drag and history forces (i) oblate ( E =0.5).. (ii) sphere ( E =1.0). (iii) prolate

( E =2.0) with its symmetric axis perpendicular to the axis of the ESZ. (iv) prolate

( E =2.0 ) with its symmetric axis parallel to the axis of the ESZ

Figure 3.4 - Force terms in the radial direction on spheroidal panicles of different shape

and orientation in a flow field of Re =500 and RH =0.8 with a particle­

fluid density ratio of r=[.0 .. panicle volume is equivalent to that of a

sphere of k =0.3 .

•

acquire a negati ve radial velocity and move a little towards the center

before moving to the wall. This is related to the fluid acceleration terms

which are stronger than the electromagnetic forces in the entrance region in

radial direction. As RH increases .. the phenomenon becomes less obvious ..

and eventually the particles move directly towards the wall al a magnetic

pressure number RH of 0.8.



Although the effect of RH on the particle trajectories and the force

characteristics are similar for particles of different shapes and orientations.

the absolute trajectory in each situation is different. This is clearly

demonstrated in Figure 3.5. which shows the trajectories of particles of

different aspect ratio E and orientation in a flow field of Re = 500 and

RH =0.8. When the particle traverses within the ESZ with its symmetric

axis perpendicular to the axis of the ESZ. the lower E. the closer it travels
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0.52 ~---------------------,
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Figure 3.5 - Comparison of the trajectories of spheroidal particles of different shape and

orientation in a tlow field of Re =500 and RH =0.8 with a panicle-fluid

density ratio of r= 1.0. panicle volume is equivalent to that of a sphere of

k =0.3. (i) Oblate ( E =0.2 ). (H) obalte ( E =0.5 ). (ili) sphere ( E = 1.0 ).

(iv) prolate ( E = 2.0) with its symmetric axis perpendicular to the axis of

the ESZ. (v) prolate ( E = 3.0) with its symmetric axis perpendicuJar to the

axis of the ESZ. (vi) prolate (E =2.0) with its symmetric axis parallel to the

axis of the ESZ. (vü) prolate (E =3.0) with its symmetric axis parallel to

the axis of the ESZ.



near the central axis of the ESZ. For example .. an oblate of E =0.5 (Figure

3 .5(ii» moves more than twice the distance in the radial direction of that of

an oblate of E=0.2 (Figure 3.5(i» at x p =4.00 .. while a sphere of E=1.0

(Figure 3.5(iii) traverses about three times the distance of that of E =0.2

oblate at the same axial distance. As E increases to greater than 1.. that is ..

the particles are prolate. the shape effect becomes less dramatic. For

example .. the prolate of E = 2.0 moves only 10% more distance in the radial

direction than that of a sphere at :Cp =4.00. While for particles of E=2.0

and E = 3.0. the trajectories overlap each other. Figure 3.5(iv) shows tbat

particle orientation also has effects on particle trajectory. although not very

strong. Tbe prolate of E =2.0 travelling with its symmetric axis

perpendicular to the axis of the ESZ moves 8% further to the wall at

:Cp =4.00 than those particles travelling with its axis of symmetry parallei

to the ESZ axis.

The effects of shape and orientation on the particle trajectories result

from the dependence of the correction factors E M
.. M·". RD and B on the

particle shape and orientation. This dependence is reflected in Figure 3.6

for particles with relative density of r= 1.0. When the spheroidal particle

traverses with its symmetric axis perpendicular to the axis of ESZ ..

increasing E will decrease bath E': and MI; (Figure 3.6(a» .. corresponding

to the decreases in electromagnetic forces and fluid acceleration forces

shawn in Figure 3.4(a). However.. the ratio E': I<M,; + 1.0). where 1.0

denotes the case of particle relative density r= 1.0. increases with E. This

increase is dramatic for oblate .. and tends to be stabilized as E increases

beyond 2.0. From Equation (3.15) .. it can be seen that increasing the ratio

of E': I(M;: + 1.0) will give higher acceleration to the spheroidal particle in

the radial direction. The strong dependence of the ratio E:( j(M I: + 1.0) on

•

•
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E for oblate particles contribuees to the increased radial distance traveled

by the oblate of 0.2. 0.5 and sphere. while tbe relatively stable value of the

ratio on E for spberical and prolate particles results in the slight difference

in the particle trajectories from E =1.0 to E =3.0. As to the orientation

effect. the insert in Figure 3.6(a) sbows tbat tbe ratios E~ /<M,: + 1.0) and

E;~ /(M ~ + 1.0) are very close. resulting in nearly the same particle

trajectories. The drag coefficients for a particle travelling with its axis

ParaIleI or perpendicular to the axis of the ESZ which are .!RDC andk ~ D

_l-R/~CD' respectively. are shown in Figure 3.6(b). and the history force
k.E
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correction factors B are shown in Figure 3.6(c). These two figures show
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•
(a) Correcùon factors for electromagnetic ( E': ). added mass forces (M ,: ) and the

ratio E': / (M ,: + 1.0) . The insen is a comparison of the ratio E:: / (M ,: + 1.0) for a

prolate witb symmetric axis perpendicular or parallel to the axis of the ESZ
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Figure 3.6 - Effect of panicle shape and orientation on correction factors for added

mass. electromagnetic. drag and history forces. (b) Correction factors of

drag force (i) oblate (E = 0.5). (ü) sphere (E = 1.0 >. (üi) prolate (E =2.0)

with symmetric axis perpendicular to the axis of the ESZ (iv) prolate

(E =2.0) witb symmetric axis parallel [0 the axis of the ESZ; (c) Ratio of

correction factor of history force to panicle blockage ratio ( BIk ).



that both the drag coefficient and history correction factor for a prolate

with its symmetric axis parallel to the axis of the ESZ (dashed lines) are

higher than the corresponding values of a prolate particle with its

symmetric axis perpendicular to the axis of the ESZ. It is these two factors

that give more resistance to the movement towards the wall for particles

with symmetric axes parallel to the axis of the ESZ. resulting in

trajectories relatively close to the ESZ axis.

•
MOTION OF SPHEROIDAL PARTICLES IN ESZ 92

3.3.2 The Effect of Re

The effect of the fluid flow velocity is characterized by Re. The effect

of Re on the trajectories of particles of different shape and orientation is

shown in Figure 3.7. Il can be seen that the axial distance traversed before

a spheroidal particle touches the wall increases with increasing fluid

Reynolds number Re. irrespective of its shape and orientation. For

example. the axial distance traversed by an oblate of E =0.5 for Re =900 is

(a) Oblate ( E =0.5 )

40.00

(a) oblate
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0.80 .......-------.,...----r-----.......---- -~
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(c) Prolate ( E = 2.0 ) with its symmetric axis perpendicular to the axis of the ESZ
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(d) prolate
(parallel)
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(d) Prolate ( E = 2.0 ) with its symmetric axis parallel to the axis of the ESZ

Figure 3.7 - The effect of Re on the trajectories of spheroidal panicles of different

shape and orientation. y = 1.0. panicle volume is equivalent to that of

a sphere of k =0.3 .

•

more than three Bmes the distance of that for Re =300. [n the same way.

the distance traveled by a sphere and a prolate with its symmetric axis

perpendicular or parallel to the axis of the ESZ increases three times as Re

increases from 300 to 900. This can be explained considering that the fIuid

velocity in the axial direction at any position inside the ESZ becomes

higher as Re becomes larger. giving rise to a higher axial velocity of the

particle. Since the particle follows the fluid fIow velocity at any instant.

this will result in a further distance in the axial direction. Moreover•

increasing Re increases the fluid acceleration force in radial direction.



which is responsible for the increase in the initial negative velocity.

driving particles closer towards the central axis of the ESZ before moving

to the wall. This also helps to increase the traversed axial distance.

Although the dependence of particle trajectories of different shape and

orientation on the fluid Reynolds number Re is similar. an oblate moves

longer distance in the axial direction than a sphere or a prolate at the same

Re. Furthermore. a prolate traverses further ln the axial direction with its

symmetric axis parallei than perpendicular to the axis of the ESZ. The

reason is that the ratio E~ j<M,: + 1.0) becomes larger when the shape of the

particle changes from oblate through sphere to prolate. making the

enhancements in electromagnetic effecls larger lhan the increase in added

mass effect. giving rise to a higher radial acceleration towards the wall. As

to the effect of orientation of prolate particles. the bigger drag force on the

prolate particle with its symmetric axis parallei to the axis of the ESZ gives

stronger resistance to the particle moving to the wall. and thus a longer

axial distance. The contribution of the electromagnetic effect and the added

mass effect to the trajectories of prolate particles with its symmetric axis

parallel or perpendicular to the axis of the ESZ is nearly equaI. because

the ratios E;"! /<M ~ + 1.0) and E~ /<M;: + 1.0) are comparable.
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3.3.3 The Effect of y

The inertia of the particlc is reflected in ilS dimensionless density

ratio y. The effect of y on the trajectories of spheroidal panic les of

different shape and orientation is illustrated in Figure 3.8. It can be seen

that a higher density particle. for example. r = 2.0. moves longer distance

in axial direction before reaching the waiL irrespective of the particle

shape and orientation. On the other hand. it can also be seen from Fig. 3.8

that the increase in the traversed axial distance with the panicle relative



density y becomes stronger as the aspect ratio of the particle E increases

when the particle travels with its symmetric axis perpendicular to the axis

of ESZ. For instance. when y increases from 0 to 2.0. the axial distance

traversed by the oblate of E =0.5 increases 15%. by sphere nearly 40%.

while by prolate of E = 2.0 more than 80%. Compared to the prolate

travelling with its symmetric axis perpendicular to the axis of the ESZ. the

increase in the axial distance with y is less pronounced when the prolate

orientation changes into being parallel with the axis of the ESZ. An

increase in axial distance of a bit more than 20% with y increasing from 0

to 2.0 is observed in Figure 3.8(d). The above phenomenon is related to the

added mass effect MA. Both the particle density y and the added mass M ,l

increase the inertia of the particle and the sum of these two constitutes the

denominator of the equations of motion (3.15) and (3.16). M I~ decreases

with E (Figure 3.6(a». leaving the effect of y stronger. For prolate. M~ is
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Figure 3.8 - The effeet of yon the trajeetories of spheroidal particles of different shape

and orientation in a flow field of Re =500 and RH =0.8 . particle volume is

equivalent to that of a sphere of k =0.3 .

larger than M,:. which explains the stronger effeet of y for prolate

particles traversing with their symmetric axes perpendicular rather than

parallel to the axis of the ESZ.

3.3.4 The Effect of Slockage Ratio k

•
In this study 9 the consideration of the trajeetories of spheroidal

particles of different shape and orientation was based on partieles with the

same volume as a sphere of blockage ratio k. The effeet of k on the axial

distance traversed by partie le before reaching the wall is shown in Figure



3.9 in a flow field of Re =700 and RH =0.8. It can be seen from Figure 3.9

that the larger k. the shorter the axial distance traveled by the particle

before reaching the wall. and this holds true for oblates. spheres and

prolates of different orientations. This can be explained by the fact that the

electromagnetic force in the radial direction. which is proportional to the

third order of k. increases the acceleration of the particle with increase in

k. Il is also noted from Figure 3.9 tbat for particles of the same volume. an

oblate traverses further in the axial direction before reaching the wall than

a sphere or a prolate. and this difference increases with particle size k. On

the other hand. a prolate traverses longer distance in the axial direction

with its symmetric axis parallel than perpendicular to the axis of the ESZ.
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Figure 3.9 - The effect of k on the axial distance traversed by spheroidal panicles of

different shape and orientation upon reaching the wall in a flow field of

Re =500 and RH =0.8 with a particle-fluid density ratio of r= 1.0 .



This is due to the fact that the decrease in the added mass effect surpasses

the decrease of the electromagnetic effect as E increases from 0 to more

than 1. resulting in a higher radial acceleration towards the wall as the

particle shape changes from oblate through sphere to prolate. On the other

hand. the bigger drag force on the prolate partie le with ilS symmetric axis

parallel to the axis of the ESZ gives stronger resistance to the particle

moving to the wall. gi ving rise to a longer axial distance.

•
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3.3.5 The Effect of the Entry Point to the ESZ

The trajectories of the particles of different shape and orientation

flowing into the ESZ from different radial coordinate positions in a fluid

field of Re =700 and RH = 0.8 are shown in Figure 3.10. An important

common feature in the immediate vicinity of the entrance region. where
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Figure 3.10 - The effect of entry point .vo on the trajectories of spheroidal panicles of

different shape and orientation in flow field of Re =500 and Rif =0.8

with a panicle-fluid density ratio of r =1.0 . panicle volume is equivalent

to (hat of a sphere of k =0.2 .

•

the axial velocity is uniform~ is that the radial velocity increases with

increasing radial distance with respect to the ESZ axis. This is due to the

electromagnetic force~ which increases linearly with the radial coordinate.

However. near the waIl~ the radial velocities become lower~ which results

from a dominating increase of the f1uid acceleration force over the

electromagnetic force. From Figure 3.10 it is also noted that when flowing

into the ESZ from the same initial position~ an oblate moves a longer



distance in the axial direction than does a sphere. which also moves further

than a prolate. A prolate traverses further in the axial direction when its

symmetric axis is parallel rather than perpendicular to the axis of the ESZ.

As discussed before. this can be attributed to the dominating increase in the

added mass effect over the electromagnetic effect as E decreases.

Consequently. the inertia of the particle increases. and thus lowers the

radial acceleration. As to the prolate of different orientation. the relatively

higher drag force in the radial direction for the prolate traversing with its

symmetric axis parallel than perpendicular to the axis of the ESZ is the

main reason to keep it going further in the axial direction. Figure 3.IO(a) to

Figure 3.10(c) also show that the radial velocity decreases as the particle

moves closer to the wall. and that this decrease becomes less noticeable

when E increases from 0.5 to 2.0. This decrease in radial velocity is due to

an increase in drag force resulted from the wall effect. which becomes

weaker when the equatorial radius k of the particle of the same volume

decreases with E. For prolate with its symmetric axis parallel to the axis of

the ESZ (Figure 3. 1O( d» .. wall effects are stronger than that for a particle

with its symmetric axis perpendicular to the axis of the ESZ. This can be

attributed to the fact that the projected area in the radial direction is bigger

for a prolate traversing with its symmetric axis parallel than perpendicular

to the axis of the ESZ.

•
MOTION Of SPHEROIDAL PARTlCLES IN ESZ 103

•

3.3.6 The Application of the Model to LiMCA System in Aluminum

Industries

A basic requirement of the LiMCA system to measure the melt

cleanliness accurately is that ail inclusions flowing into the ESZ should

pass through it. rather than depositing on the sidewalls. The practical

operating condition of the LiMCA system operating in the aluminum

industry employs electric currents of 60 amperes passing through a 300 Il m



diameter orifice. The average fluid velocity is 4 rn/s. and the effective ESZ

length is 0.3 mm. [251 If we take the distribution of particles at the inlet to

be uniform. the simulation can be carried out for r=1.6 representing solid

inclusions of AhOJ within the aluminum melt (PI =2.368x 103 kg/m).

P, =1.63x 10-} Pa s). The predicted pass-through fraction for spheroidal

particles of different shape and orientation with volume equivalent to that

of a sphere of sizes ranging from 20 to 240 Il m is shown in Figure 3.11. Ir

can be seen that the percentage of particles passing through the orifice

decreases with increasing particle sizes. This tendency is dramatic

especially for prolate spheroids. An oblate has a lower pass-through

percentage than does a sphere when the particle size is smaller than 150

Il m. but a higher pass-through percentage when the particle size is
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beyond 150 IJ m. The pass-through percentage for spheres is higher than

that of a volume-equivalent prolate over the whole particle size range

studied. For prolate particles with sizes ranging from 20 IJ m to 180 IJ m ..

the pass-through fraction is very close when its symmetric axis is

perpendicular or parallel to the axis of the ESZ. Beyond 180 IJ m'O il is

physically impossible for a prolate to move with its symmetric axis

perpendicular to the axis of the ESZ.

From the study on the trajectories of spheroidal particles of different

shape and orientation .. it is known that a prolate with its symmetric axis

perpendicular to the axis of the ESZ moves faster towards the wall than a

sphere'O and much faster than an oblate. Correspondingly'O it seems that

oblate particles should have higher pass-through percentage than those of

spheres and much higher than those of prolates. In fact'O in the LiMCA

system.. an oblate does not have a higher predicted pass-through percentage

than that of a sphere. This is because the half symmetric axis of an oblate

is smaller than the radius of a sphere with equivalent volume. allowing a

number of oblates to flow into the ESZ with an entry position very close to

the wall. increasing the percentage of oblates being collected by the wall.

On the other hand. from our previous studies'O it is known that under the

same condition. a prolate reaches the wall faster with its symmetric axis

perpendicular than parallel to the axis of the ESZ. However. this does not

result in large difference in the pass-through percentage of prolate particles

with both orientations. The reason is that a prolate with its symmetric axis

parallel to the axis of the ESZ has the opportunity of flowing into the ESZ

from entry points that are so close to the wall. Those particles are easy to

be collected on the inner wall. resulting in nearly the same pass-through

percentage for both orientations.

Figure 3.11 sbows tbat more than 80 percent of spheroidal particles

with sizes up to 100 Jl m and around 75 percent even with sizes up to 240

Jl m cao successfully pass through the ESZ without grazing the sidewalls.

•

•
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These fundamental analyses confirm that LiMCA type systems can be used

to detect inclusions in liquid aluminum.. despite contradictory conclusions

of previous analyses. (16)
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3.4 Conclusions

A mathematicaI model has been deveIoped to describe the motion of

spheroidaI particles of different shapes and orientations flowing with liquid

metaIs through an ESZ. The fluid velocity field was obtained by solving the

Navier-Stokes equations. and the trajectories of particles were calculated

using equations of motion for particles. These incorporate the drag .. added

mass. history. electromagnetic and fluid acceleration forces. The effects of

particle shape and orientation were taken into account by including the

correction factors for drag RD. added mass l'J·-t. history B.. and

electromagnetic force E M
• The results based on the motion of volume­

equivalent spheroidal inclusions of different shapes and orientations show

that the trajectories are affected by the magnetic pressure number RH' the

Reynolds number Re. the blockage ratio k. the particle-fluid density ratio

y. In the axial direction. the spheroidal particles follow the fluid velocity.

and move further axially before reaching the wall as the fluid velocity ( Re)

increases. In the radial direction. the outwardly directed electromagnetic

force on the non-conducting spheoridal inclusions increases with radial

distance from the axis. witb increasing electric current (RH). and with

increasing size ( k ) of particle. The competition between the

electromagnetic force and the radial fluid acceleration force in the entrance

region results in particle movement towards the central axis before moving

towards the wall for small electric CUITent (low RH)" but directly towards

the wall for large current (higb RH). Spheroidal particles with symmetric

axes perpendicular to the transverse axis of the ESZ travel faster towards

the sidewall as the particle aspect ratio (E) increases. The dominating



increase in the added mass (MA) force over the increase in the

electromagnetic force (EM
) with decreasing E makes this effect much

stronger for oblate (E < 1) than for prolate (E > 1) spheroids. The stronger

drag force (RD) on a prolate inclusion with its symmetric axis parallel to

the axis of the ESZ makes it move slower towards the wall than for a

prolate spheroidal inclusion with its axis of symmetry perpendicular to the

axis of the ESZ. Low inertia (low y) spheroidal particles move faster

towards a sidewall than do heavier particles. This effect becomes much

stronger for a prolate traversing with its axis perpendicular rather than

parallel to the axis of the ESZ. owing to its smaller added mass (M A).

while the effect of y is stronger for a prolate than an oblate spheroid

traversing with its symmetric axis perpendicular to the axis of the ESZ.

owing to the decrease in the added mass effect (M A) as E increases. The

radial velocity of the particle movement as it approaches the wall is

predicted to decrease due to the wall effects. Finally. the model was

applied to the LiMCA system under the operational conditions in aluminum

industries. and the results show that more than 80% of spheroidal

inclusions of size 100 Il m and about 75% of the spheroidal inclusions of

size 240 Il m go through a 300 Il m diameter ESZ. These results confirm

from a theoretical standpoint that the LiMCA system can be used in

aluminum industries.
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CHAPTER4

Particle Discrimination in Water Based LiMCA System

The LiMCA system using a parabolic shaped ESZ probe bas been

successfully used in aluminum industries for on-line inclusion monitoring.

However. microbubbles and salt droplets generated in degassing procedures

gi ve rise to signais. which need to be distinguisbed from solid. potentially

harmful inclusions. A water based LiMCA system (APS Il) was used to

physically model and study the possibility of particle (inclusion)

discrimination. Experiments' 1J showed tbat particles of different pbysical

properties induced different shaped signais. These observations warrant

theoretical analysis. In this chapter. the model developed in Chapter 2 is

modified to describe the motion of particles of different physical properties

flowing within a parabolic shaped ESZ in the APS Il system. The

mathematical model's predictions are compared with experimentai results.

4.1 Introduction

The presence of non-metallic inclusions in metais often leads to

impaired mechanical properties such as a reduction in fatigue strength .. and

processing problems such as tear-offs in deep drawing and increased

breakage rates in wire drawing operations. Similarly. inclusions cause a

variety of surface defects in rolled or extruded products.

Prior to the development of the LiMCA systeml!J at McGill University

in the early 1980·s. it was not possible to measure inclusions. in situ. in

liquid metals. Compared witb other techniques. such as sedimentation.

filtration and metallography. which require considerable amounts of labor

and time. LiMCA has the advantage of providing not only the information

of volume concentration but also of size distribution of inclusions rapidly

and accurately.



LiMCA is based on the Electric ~ensing Zone (ESZ) principle~[31 in

wbich a constant current is maintained across two electrodes tbat are

separated by an insulating sampling tube. A small orifice built in the tube

wall allows liquid to flow into. and out of the sampling tube. When a non­

conducting particle passes through the sensing zone orifice. the resistance

is changed. giving rise to a voltage pulse signal. The principle is shown

schematically in Figure 4.1 for a spherical particle passing through a

parabolic shaped ESZ along the central axis of the orifice.
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Figure 4.1 - Schematic representation of ESZ principle for panicle size measurement.



As described in Chapter 3. the transient change in resistance. MAIl'

caused by the introduction of a small non-conducting particle into an

orifice is given by:[~]

•
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(4.1 )

where Pr is the electrical resistivity of the liquid. d and D are the

respective diameter of the particle and the orifice. By applying an electric

current 1. the transient pulse voltage can be expressed as:

(4.2)

If d is not small compared to D. M ..vJ is increased through distortion

of the electric field flowing around the spherical inclusion and needs to be

modified by a factor j(dID) in equation (4.1 ).[5 1 resulting in a ~V.vJ:

(4.3 )

•

j(dlD) was obtained according to the numerical results of S mythe[61 in

analyzing an ideal fluid flow around a sphere in a circular tube.

According to Equation (4.3) .. every particle registers a pulse when

passing through ESZ orifice. and particles of the same size but of different

type give rise to voltage pulses of the same height. disallowing the LiMCA

technology from discriminating between hard deleterious solid particles.

liquid droplets and harmless microbubbles. However. in the metallurgical

industry .. it would be very useful for the LiMCA system to be able to

discriminate between hard solid particles. liquid droplets and gaseous



bubbles given the opaque nature of the system .. the difficulty of analyzing

inclusion types in real lime and the different roles played by these different

kinds of inclusions in affecting final materials properties. For example ..

microbubbles and microdroplets of salt generated in proprietary degassing

units in molten aluminum (e.g. SNIF. ALPUR) are often counted by the

LiMCA system as inclusions. leading to an over-estimate in the number of

harmful inclusions within a melt. In order to achieve particle

discrimination.. in McGill the LiMCA system was upgraded with Digital

~ignal Processing (DSP) technology (7) so as to extract more information

from the particle signaIs measured besides pulse height. With DSP .. each

pulse is characterized not only by peak height. but six other parameters

(start slope. end slope. time to reach the maximum voltage. total signal

duration .. start time and end time of each pulse).

ln this chapter. the feasibility of particle discrimination was studied in

water based LiMCA system. The mathematical model developed in Chapter

2 was modified to study the dynamic processes that would be experienced

by different kinds of particles passing through the ESZ. The dynamic

trajectories of partie les.. together with an Ohmie model of the ESZ. [81

whieh correlates ESZ resistance change with particle position inside the

ESZ. were used to predict the transit times and signal shapes for different

kinds of particles (i.e. dense inclusions vs gas bubbles) through the ESZ.

Experimental data obtained in water based LiMCA system[ 11 with DSP

teehnology were used to test against the numerical predictions.
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4.2 Theory

The present study considered the dynamic motions of particles

entrained within water flowing through the ESZ. and corresponding change

in resistance of the ESZ.. during their transient. A two dimensional

simulation using a cylindrical coordinate system was employed.. as shown

in Figure 4.1. There .. the position of the inclusion (spherical particle) is



designated as (."Cp' Y p)' where ."C and y are the respective axial and radial•
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coordinates.

4.2.1 Flow Field in the ESZ

The liquid was assumed incompressible. to have constant properties.

and the entry flow into the ESZ to be laminar and steady. This is in keeping

with practical operating conditions for the APS Il system. for which the

Reynolds number based on the diameter of the orifice is below 1800. Under

these assumptions. the problem may he stated by writing the continuity and

Navier-Stokes equations as follows:

- V-- Vp V'-lie u=--+v, -u
P,

(4.4)

(4.5)

•

where lÏ(u.v) is the fluid velocity vector. p is pressure. P, and v, are

density and kinematic viscosity of the fluid. respectively. Unlike liquid

metal system. the Lorentz force. F~. is much smaller than the pressure

force. due to the high electrical resistivity of water. and can be neglected.

The properties of water used in this study are listed in Table 4.1.

The computational domain for the flow field is shown in Figure 4.2.

The inlet boundary was taken to be a spherical cap centered at point C.

point of the cross intersection between the central axis and the conical

tangent to the ESZ wall at the edge E. The outlet boundary was taken to be

the minimum cross section (throat) of the orifice. The boundary condition

applied was zero-slip along the insulating ESZ wall. At the inflow

boundary. the fluid velocity was assumed to be normal to the entry

boundary and uniform. At the outflow boundary. the exit f1uid velocity
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Table 4.1 Physical propenies of water and particles used in the
panicle discrimination study

115

Water propenies:
Temperature (0 C)
Density (kg/m")
Electrical resistivity ({lm)
Viscosity (kg/ms)

Panicle propenies:
Microbubble of Ar

o

15
1000
30
l.l~x10-·;

Latex
1050

Silica
2650

Physical description Argon gas SaUd
(T=298k. P=1.013xlOSPa)

Salid

•

gradient was taken to be zero. Corrections were made in the numerical

calculalions to match the mass inflow and outflow rates. 50 as to respect

conti nuit y. Beyond the throat of the ESZ. jet flow was assumed. Thal îs.

the fluid flow ignores the walls and simply passes on through the exit side

Lantice

inlet

l
outlet

- -----------_.-._---_.._-----------_." - -------------------------------
C 0 ~

L

Figure 4.2 - The computational domain used in this study.



of the ESZ as an axial jet. at an axial velocity profile equal to that at the

throat.•
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4.2.2 The Eqtlat;on of Motion of Partie/es

Particle motion in the flow within the ESZ is complicated in that it is

not only related to the undisturbed ambient flow. but also to the

disturbance the particle causes to the flow. As described in Chapter 2. for

high Reynolds number motions of a spherical particle in a fluid which is

also in motion itself. a widely used equation was proposed by Auton et

al. l9 . lOJ :

dt,pl" 1_ - 1- - 1 Dü d" p Di;m --=-C ïrn-P li-li (li-li )+-m (----)+m -
p dt 2 D"d 1 p "2 1 Dt dt f Dt

, l''f'd(ti -tip )/dr
+6a-(lrp.,p,) - l'" dr

o (t - r) -

(4.6)

•

where LÏp (li p' \' p ) and ü(u. ".) respeeti vely represent the Înstantaneous

velocity of the particle and the undisturbed fluid velocity at the center of

the particle that would apply in the absence of that partie le. The

gravitational and buoyancy forces. as weil as the electromagnetie force can

be omitted as they are negligible in comparison with other body forces

acting on the particle flowing inside the ESZ. such as the fluid acceleration

force m, Dû. In this study. a microbubble is considered to behave as a
Dt

rigid spherical particle. and its motion is also represented by Equation

(4.6).

The presence of a solid surface in the vicinity of a moving particle

will affect its drag force. In this study. the axial drag force was

approximated using the equation developed by Fayon and Happel:( II J
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where. Re p is the particle Reynolds number. Co- is the drag coefficient in

the absence of the wall. and W is given by:(12)

w = I-O.75857k
s

1- 2.1050k + 2.0865k 3 - 1.7068k 5 + O.72603k ft

(4.8)

where k is the ratio of the diameter of the particle to that of the cross

section of ESZ at the center of the particle. The wall effects in the radial

direction can be estimated by using a tabulated correction factor for the

drag force on a solid particle moving perpendicular to a plane wall. l131 The

correction factor is a function of the ratio of the distance of the particle

center From the wall to the particle radius. and linear interpolation is

employed to obtain the factor for the ratio in question.

4.2.3 Ohm;c Model of ESZ

The electrical resistance of the ESZ without a particle inside is given

by Ohm's law:

R - f dT
ESZ - Pr A(x) (4.9)

•
where P r is the electrical resistivity of the fluid inside ESZ. A(x) is an

equipotential surface. and x is the axial distance with respect to the central

vertical plane of the ESZ as shown in Figure 4.1.

The equipotential surfaces can be obtained by solving Laplace

equation for electrical potential fI':
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The computational domain employed is the same as that for flow field and

shawn in Figure 4.2. The current deosity cao be calculated from Ohm's law

as described in Equations (4.11) and (4.12):

dqJ
JI =-a~-a

x

dqJ
J =-a-, l' dy

(4. 11)

(4.12)

where Gl' is the electrical conductivity of the liquid. which. for water. is

3.33x 10-1 n-1m- l .

The boundary conditions for calculating the electrical potential field

are constant potential across the central vertical plane of the ESZ. uniform

electric current density at the inflow boundary and zero electric current

flux across the insulating wall. The calculated electrical potential field

(Figure 4.14) shows that the equipotential surfaces inside the ESZ are quite

fiat. especially near the middle of the orifice where the minimum diameter

is reached. Therefore. the surface A(x) was chosen to be planar.

perpendicular to the axis of the orifice so as to simplify the computation.

When a non-conducting spherical particle is introduced into the orifice. the

generated res isti ve pulse is gi ven by:

•
(4.13 )



where R(x) and r(x) are the radii of the cross-section of the orifice and the

particle~ respectively. The numerical integration of Equation (4.13) was

performed, with respect to x coordinate, every 1pm according to:

•
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(4.14 )

•

where x p is the axial position of the particle of radius a. Based on Equation

(4.14). ESZ resistance variation with the position of a spherical particle of

different diameter inside the orifice can be obtained.

4.2.4 IVumer;cal Methods

ln this study. a non-orthogonal. boundary-fitted grid of variable

spacing was adopted to enhance the accuracy of the calculation (Figure

4.3). The conservation equations for mass and momentum with the

boundary conditions. and Equation (4.6) for the motion of particles were

Orifice

Figure 4.3 - Non-onhogona1~ boundary-fitted grid used in tbis study.



sol ved using the same methods as described in Chapter 2. The time step

used in solving particle motion equation. tY. is set as 10-5 ms to maiotaio

the accuracy of the calculation.
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4.3 Experiment

4.3./ Water Based LiMCA System -APS Il System

The APS II system[ 1~1 was designed as a robust industrial quality

amplifier which can measure the cleanliness of aqueous solutions as does

the LiMCA system used in molten metals. The probe used to model the

Metal based LiMCA probe was designed on a one-to-one scale to ensure

geometrical similarity. A schematic of the APS Il system·s experimental

setup is shown in Figure 4.4. The probe head essentially consists of an

Digital Audio Tape

DSPand D
windows software

--

~
1...

'~
.....,-

APS Il
signal amplifier

Probe

Pre.l~~
Vac.

•
Liquid system

Figure 4.4 - Scbematic experimental set up of APS fi system.



electrically insulating sampling tube and two electrodes. The inner

electrode is fixed to the interior. while the outer electrode is connected

directly to the tube surrounding the orifice. By alternate use of modera te

vacuum and pressure. aqueous samples are aspirated into. and then

exhausted from. the sampling tube through the orifice. i.e .• the electric

sensing zone. To minimize noise generation. two Venturi tubes were

connected ln parallel to generate the vacuum. Probe vacuum could be

controlled by increasing or decreasing the flow rate of air through the

Venturi tubes. which in turn determined the sampling flow rate.

Compressed gas was used to cycle pressure inside the probe tube. The APS

Il system amplifier maintains a constant potential across the orifice. When

a particle passes through the ESZ. the voltage signal is amplified by the

APS li system. and then simultaneously senl to the oscilloscope and DAT

(Digital Audio Tape). The oscilloscope was used to display the signais and

the DAT recorder was used to record the incoming signais. The recorded

data on the DAT tape were subsequenlly senl to the computer which

digilized and analyzed the signais using a custom designed DSP program

which passed the processed information onto a windows based soflware

program "MetalWindowsTM ... [n the DSP analysis slep. se ven characteristic

paramelers were generaled for every signal. These comprised pulse height.

pulse width. start slope. end slope. lime 10 pulse peak. start lime and end

time (Figure 4.5). Il is noted thal ail these parameters are dependent on

the two noise thresholds set. i.e .. NO[SEHI and NO[SELO. which mark

the margins of the noise band of the signal. The noise band reflecls the

operational conditions and determines the minimum size of the particles

that the system can detect under such conditions.
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•
4.3.2 Particle Discrimination Test



ln the particle discrimination tests9 orifices with a size of 270pm and

320pm were used. The shape of the orifices were parabolic and couId be

represented as:

•
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(4.15)

where R is the radius of the circular orifice 9S throat 9 and x and y are the

axial and radial coordinates9 respectivelY9 in millimeter. The wall

Voltage
Peak height

NOlSEHI

o

NOISELO

Peak time

Peak width

Stan lime End lime

Noise band

Time

•

Figure 4.5 - The peak parameters generated by DSP in LiMCA system.

thickness of the sampling tube L,mfiu. was 1.2 mm (Figure 4.2). The orifice

currents used were 30pAmps and 36pAmps. while the noise thresholds were

± 2mV and ± 15mV for 270pm and 320pm diameter orifices9 respectively.

The effect of liquid acceleration on the relative velocity of the particles

was studied by changing the flow rate of liquid through the orifice9 which



was regulated by applying different levels of vacuum: IOOmm Hg. 150mm Hg

and 250mm Hg. While the flow rate of fluid through the orifice was

changed. particles of the same size. but of varying density were measured

to determine the effect of particle density on the time needed to pass

through the orifice and the shapes of the signaIs. Particies tested included

latex. silica and microbubbles of argon. Their physical properties are also

listed in Table 4.1. High purity argon gas was used to generate the

microbubbles. which were injected into water using a fine glass needle. The

diameter of the argon bubble was controlled by adjusting the pressure drop

across the needle.[11
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4.4 ResuUs and Discussion

4.4./ Flllid Flo""

Hydrodynamic experiments were used to determine the discharge

coefficient for the APS Il ori fice as this gi ves an indication of flow energy

losses across the orifice. When fluid flows through a converging-diverging

nozzle. the mean velocity attained at the throat of the nozzle without

energy losses can he determined from the following expression derived

from the Bernoulli equation:

(4.16 )

•
where ~ is the differential pressure applied by the vacuum (Pa ). Pt is the

fIuid density (kglm3
). g is the gravitational acceleration (mIs!.). and âh is

the difference in the f1uid levels outside and inside the tube (m). To

calculate the discharge coefficient. the flow rate of water passing through

the orifice was measured and compared with theoretical calculations based



on Equation (4. 16). The differences were reflected in the correction

factors~ or discharge coefficients~ for each probe and are listed in Table

4.2. The measured velocity was used to set the inlet boundary conditions in

numerical computation of fluid flow fields within the orifice. The predicted

flow fields for 270J.l1n orifice with u'" =5.63m/sand 320pm orifice with

•
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•

LI". = 7.5ml sare shown in Figures 4.6(a) and 4.7(a). The axial and radial

velocity component profiles at three differenl positions inside the ESZ for

these two probes are illustrated in Figures 4.6(b) and 4.6(c)~ 4.7(b) and

4. 7(c). respectively. Il can be seen that the axial velocity is very uniform at

each cross section along the ESZ. while the radial velocity. which is

negative. has a maximum near the wall and damps out towards the central

axis al each cross section. Moreover. the axial velocity at the throat of the

ESZ is much higher than the radial velocity. proving that it is reasonable to

assume that beyond the throal of the orifice. the jet flow has only axial

velocity and the same velocity profile as that at the throat. The above

arguments aiso hold for the other two 270pm probes with LI", = 4.5m/sand

u", =7.4m/s. respectively.

Table 4.2 Discharge coefficient for the probes used in particle discrimination study

Orifice size DifferentiaI Measured Measured Theoretical Discharge
vacuum f10w rate orifice velocity orifice velocity coefficient

(pm) (mmHg) (mUs) u m (mis) u"'_on (mis)

270 100 0.258 4.50 5.26 0.86

270 150 0.322 5.63 6.40 0.88

270 250 0.424 7.40 8.22 0.90

320 250 0.603 7.50 8.22 0.91
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(a) Velocity vectors

(b) Axial velocity profiles
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- ....- =6.370+03 mmls

-------.........-

Axial velocity

= 6.370+03 mmls
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Radial velocity

= 1.150+03 mm/s

(c) Radial velocity profiles

Figure 4.6 - Velocity vectors and the axial and radial velocity profiles al the cross

sections of xlL = 0 . - 0.15 • and - 0.3 in an ESZ of 270pm with

U". =5.63 mis .

(a) Velocity vectors

= 8.330+03 mmls-
..... ......

........... "
...... "'"...... " ...........- ....... "'"

~"""-...----.....-­~ ---- ----.
- --- --- =----..-;-';;;;;;~-----------~--- -------....-.

...

•



•
PARTICLE DISCRIMINATION IN APS U SYSTEM

(b) Axial velocity profiles

(c) Radial velocity profiles

127

Axiat velocity

= 8.330+03 mmls

Radial velocity

= 1.680+03 mmls

•
Figure 4.7 - Velocity vectors and the axial and radial velocity profiles al the cross

sections of xlL =0 ~ - 0.1 5 ~ and - 0.3 in an ESZ of 320pm with

UIJt = 7.5 mis .
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4.4.2 Particle Motion

128

Once the fluid flow field within the ESZ is known. Equation (4.6) cao

be sol ved to predict the motions of particles of different densities and

sizes.

4.4.2. J Effect of particle density

The effect of particle density on the motion of particles was studied

for 60pm diameter particles with three different densities of O. 1.0Sx 10.1

and 2.65xlOJ kg/m-1
• respectively. The results are shown in Figure 4.8 for

particles flowing through along the central axis of a 270pm diameter

orifice at a velocity of Ulft =4.5m/s. Il can be seen from Figure 4.8 that

particles with higher density are predicted to take longer to pass through

4.003.002.00

tumIL
1.00

- Partide densatylfluid density =2.65

- - - Particle densltyJ1luld denst1y = 1_05

. .• .. Parbde densltyJ1lUld density = 0

0.25

-0.25

-0.50 +-=-..................~_+--Io--'---'"--'~+_ .......-'--.....&............._+_---I..--Io--l-~

0.00

....
"""tL 0.00
x

Figure 4.8 - Effect of panicle density on the motion of panicles in an ESZ of

270pm with U III =4.5m/s .

0.50 .,....----------------:-----.....,...-----,

•



the ESZ. This phenomenon is the result of the strongly accelerative flow

within the converging region of the ESZ. This induces different relative

velocities for particles of different densities. Figure 4.9 shows the axial

velocity and the relative axial velocity corresponding to the particle

motions shown in Figure 4.8. During the whole process of particle motion

throllgh the E5Z. bubbles travel faster (Figure 4.90» than particles which

are slightly denser than fluid (Figure 4.9(ii» and much faster than particles

which are mllch denser than the fluid (Figure 4.9(iii». In the converging

region of the ESZ (.'Cp / L '5: 0). particles of a11 densilies accelerate. white

beyond the throat. velocities converge to match the fluid's velocity.
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~:a•ca.:a 0.60-Ê
~ 0.30:a

0.00

-0.30
.Q.SO -0.25

(i)
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•

Figure 4.9 - Effect of panicle density on the axial velocity and relative axial velocityof

panicles inside an ESZ of 270pm with u". = 4.5m/s. (i) Axial velocity.

p p/ Pt =0; (ii) Axial velocity. Pp/PI =1.05; (iii) Axial velocity.

Pp / P f = 2.65 ; (iv) Relative axial velocity. Pp / p! = 0 ; (v) Relative axial

velocity. Pp / Pf = 1.05; (vi) Relative axial velocity. Pp / Pf =2.65 .



Uplu". ~ 1.00. The positive value of the relative velocity for bubbles

(Figure 4.9(iv» implies that the bubbles move faster than the fluid. For

heavy partie les (Figure 4.9( vi». on the other hand. the relati ve velocity is

negative. which means the particles move slower than the fluid. Particles

which are slightly denser than fluid (Figure 4.9( v» follow the fluid flow

closely. resulting in a very small relative velocity.
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4.4.2.2 Effect of particle si:e

The effect of particle size on the motion of particles was studied for

particles of 60pm and lOOpm diameter. The particles flow along the central

axis of a 270pm orifice with u". = 4.5m/s. This particle size effect was

studied for bubbles of Pp =Okgjm 1 and for denser particles of

Pp =2.65xl0~ kglm~. The simulation results are shown in Figure 4.10.

Again. heavy particles (Figure 4.10(ii» take longer to pass through the

orifice than do the bubbles (Figure 4.(00». However. the size effects are

different for bubbles and dense particles. When the density of the particle

is higher than that of the fluid. the larger the particle. the longer il takes to

flow out of the E5Z. By contrast. when the density of the particle is smaller

than that of the fluid. the larger the particle. the shorter it takes to flow out

of the E5Z. This phenomenon is related to the different partie le size

dependence of the relati ve velocity developed inside the ESZ for bubbles

and dense particles. Figure 4.11 shows the axial veJocity and the relative

axial velocity for bubbles (Pp =Okgjm 3
) and particles

( Pp =2.65x 10J kg/m 3
) with a size of 60pm and lOOpm. respectively. For

bubbles. axial velocity of size lOOpm is larger than that of size 60pm

(Figure 4.11 (i». and correspondingly larger bubbles assume larger positive

relative velocity. outpacing furtber the fluid flow than the smaller bubbles

(Figure 4.11 (Hi». On the contrary. larger dense particles move slower than
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Figure 4.10 - Effect of panicle size on the motion of panicles in an ESZ of 270pm with

LI", =4.5m/s. (i)p,,/p, =0: Oi) p,,/p, =2.65.

•

smaller ones (Figure 4.11 (ii». and consequently have larger negati ve

relative velocities. lagging further behind the fluid flow (Figure 4.11(iv».

A simple qualitative analysis of the magnitude of the relative velocity

developed in the converging region of the ESZ for particles of different

sizes and densities can be carried out using the theory developed by

Brennen. [15) who considers a steady fluid flow in a converging nozzle

characterized by a velocity u'" and a typicai dimension /. A particle in this

flow will experience a typical fluid acceleration of u;,/l for a typical time

given by l/u",. and hence develops a velocity L'R relative to the fluid. When

p u/fa
the particle Reynolds number f «L UR/U", is given by:

JI,
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(4.17)

1

~
' 1m - 1 a-

Il, I/u = 1- P _(_)1
R '" V.!. 1P, P C 1

D

(4.18 )
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Figure 4.11 - Effect of panicle size on the axial velocity and relative axial velocity of

particles inside an ESZ of 270pm with u'" =4.5m/s . (i) Axial velocity.

Pp / Pf =0 ; (H) Axial velocity. Pp / Pf =2.65; (iii) Relative axial

velocity. Pp / Pf =0; (iv) Relative axial velocity. Pp / PI =2.65 .



The qualitative estimation of the relative velocity of the particles from

Equations (4.17) and (4.18) is compared with the numerical simulations.

and the results are shown in Figure 4.12. The agreement between these two

methods is considered reasonable.
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Figure ·t 12 - Comparison of the relative velocity for particles of different size and

density obtained by Brenen's theory and numericaJ simulation.

(i) pp/Pt =0; (ii) pp/p, = LOS; (iii) PP/P, = 2.65.

4.4.2.3 Effect of entry point

•

When particles flow into the ESZ from positions other than the central

axis. they develop not only a relative axial velocity but also relative radial

velocity to the fluide Figure 4.13 shows the axial and radial components of

the velocity (Figure 4.13(a» and relative velocity (Figure 4.13(b» for

particles of size 60pm with density of Okg/m 3 and 2.65 x 103 kg/m 3
• flowing

into the ESZ from a radial position of Yo!R =1.0. Generally speaking. the

velocity and relative velocity in the radial direction are much smaller than



their axial counterparts. Particles with density lower than that of the fluid

lead the fluid flow not only in the axial direction~ but also in the radial

direction (Figures 4.13b(i) and 4.13b(iii». On the other hand~ particles

with density higher than that of the fluid lag behind the fluid flow in both

directions (Figures 4.13b(ii) and 4.13b(iv». Apparently ~ particles of

density Okglm 3 take shorter time to flow out of the orifice than those of

density 2.6Sx 103 kg / m3
•
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4.4.3 Parric/e DiscrimiflQrion in APS Il System

As discussed before~ particle discrimination in LiMCA system seems

feasihle thanks to DSP technology. For every transient pulse generated

when a particle passes through the ESZ~ seven parameters are used to

1.50

(a)

1.20 Axial veloclty

0.90
E

$
ë 0.60

~
~

0.30
(iii)

Radial veloclty

0.00

(iv)

-0.30
·0.50 -0.25 0.00 0.25 0.50

XJI-

(a) Axial and radial velocity (i) Axial velocity~ p plPf =0; (ii) Axial velocity~

Pp / Pf =2.65; (iii) Radial velocity~ Pp / Pf =0; (vi) Radial velocity~

p p / Pl =2.65
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(b) Relative axial and radiaI velocity (i) Relative axial velocity. PI' / P, =0 ~ (ii) Relative

axial velocity. PpjP, =2.65: (iii) Relative radial velocity. pp/p, =0:

(iv) Relative radial velocity. Pp j P, = 2.65

Figure 4.13 - Axial and radiaI components of velocity and relative velocity of particles

tlowing into an ESZ of 270Jlm with LI", =4.5m/s from entry point of

yo/R =1.0.

•

characterize the pulse (Figure 4.5). These parameters are related to the

motion of the particle. which depends on the physical properties of the

particle and the fluid flow conditions within the ESZ. as discussed in the

previous section. Figure 4.5 also shows tbat the transienl lime of the

particles flowing through the ESZ in LiMCA system is not the time the

particle takes to traverse the physical length of the ESZ. but rather the lime

it takes to pass through the region where the pulse height generated by the

particle is higher than the threshold. Therefore. in the following. a



numerical study of particle discrimination was carried out by relating the

ESZ resistance change using the Ohmic model (Equation (4.14» to the

motion of the particle inside the ESZ. The calculation of the ESZ resistance

according to Equation (4.9) needs the equipotential surface A(x). shown in

Figure 4.14 for an ESZ of 270pm with 1 = 30,uA in water. to be determined.
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Contour values:
A O.OOE+OO
B 4.16E-01
C 8.33E-01o 1.25E+OO
E 1.67E+OO
F 2.08E+OO
G 2.SOE+oO
H 2.91E+OO
1 3.33E+OO
J 3.75E+OO
K 4.16E+OO
L 4.58E+OO-,-.--

J K L

•

Figure ".l~ - Electricai potential (volt) distribution inside an ESZ of 270pm with

electric current 1 =30,uA .

ft is seen that the equipotential surfaces are quite fiat. especially near

the central region of the E5Z. Thus. ta simplify the computations. the

surface .4( x) was chosen to he planar. perpendicular to the axis of the

ori fice. Figure -+.15 shows the variation in ESZ resistance as particles of

different diameter pass through orifices of 270pm (Figure 4.15(a)) and

320pm (Figure ".IS( b». ft can be seen from Figure 4.15 that larger

particles reach the noise threshold resistance further away from the orifice

center than do smaller particles. Therefore. smaller particles travel shorter

distance when the transient time is measured by APS Il system. For

example. in the 320pm orifice. a particle of size lOO,um reaches the noise
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Figure 4.15 - ESZ resistance change with the position of particles of various diameter.

(a) 270pm orifice; (b) 320pm orifice.•



threshold of lSmV at 0.30Smm from the center of the orifice. while it is

O.102mm for a particle of 6Opm. Therefore. the transient time measured for

a particle of 60pm is the time it takes to travel 0.204mm near the center of

the orifice. while for a particle of lOOpm, it is the time to travel 0.61Omm .

To study the particle discrimination numerically. Equations (4.4) and

(4.5) for the fluid flow and Equation (4.6) for the motion of particles were

sol ved first for particles of varying density and size flowing through the

whole orifice. Then. the transient time (Figure 4.5) was obtained by

considering the noise threshold of the APS Il system. The studied

situations include a 270pm orifice with three different mean fluid velocity

of 4.Sm/s. 5.63m/s. and 7.4m/s. and a 320pm orifice with a mean fluid

velocity of 7.5n,/s. Predictions are shown in Figure 4.16. together with the

experimental results. 111

Il can be seen that the agreement between the experimental data and

the predictions calculated by the mathematical model was satisfactory.
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Figure 4.16 - Comparison of experimentally measured and numerically predicted

transient time versus panicle size. ( 0 , e, • measured. -- panicles

flowing into the ESZ along central axis. - panicles flowing into

the ESZ near wall).

•

Bubbles were found to have shorter transient limes than solid particles of

the same size. which can be explained by the different relative velocity

developed when they move through the ESZ.. as shown in Figure 4.9.

Bubbles. which lead the f1uid flow. travel faster than the latex

microspheres which are slightly denser than the fluid and follow the f1uid

flow closely. Silica particles are much denser than the fluid and tbus lag

behind the fluid flow when traveling inside the ESZ. resulting in lower

velocity and longer transient time tban both latex microspheres and

bubbles.



It is aise noted from Figure 4.16 that larger particies have longer

transient times than smaller ones of the same density. This is easy to

explain for solid particles. As shown in Figure 4.11, for solid particles, the

larger the size, the lower the velocity. On the contrary, for bubbles, the

larger the size. the higher the velocity. It seems that larger bubbles should

have lower transient times than smaller bubbles. In fact, the transient times

of larger bubbles. which were measured in APS Il system. are longer than

smaller bubbles. because Iarger bubbles reach the threshold much further

away from the orifice center, resulting in a longer distance to travel.

Comparing Figures 4.16(a>. (b> and (c), it can be seen that the overall

transient time decreases as the fluid flow velocity inside the orifice

increases. On the other hand, the difference in transient times for bubbles,

latex microspheres and silica particles becomes more significant as particle

size increases, improving the discrimination between particles of different

densities. This is in accordance with Figure 4.12, which shows that relative

particle motion decreases with decreasing particle diameter.

Also shown in Figure 4.16 are the transient time versus particle sile

for bubbles. latex microspheres and silica particles flowing into the ESZ

from near wall positions (solid lines). The dashed lines are the results for

particles flowing into the ESZ along the central axis. The difference

between these two situations is not significant. especially for bubbles and

small solid particles.

Besides the transient time. based on which particle discrimination can

be carried out. pulse shape is also of characteristics for different particles.

Figure 4.17 shows the signal shapes of a typical bubble and silica particle

generated in APS II system. The dotted lines correspond to the predictions

of the numerical simulations. Again, satisfactory agreement was achieved.

The bubble, which has a Iower density, undergoing acceleration as il

approaches the center of the converging E5Z, arriving more rapidly than

the silica particle of higber density and inenia, which. accelerates more

slowly.

•
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Figure 4.17 - Comparison of experimentally observed and numerically predicted panicle

signal shapes generated by different panicles using the APS Il system.

4.5 Conclusions

•

A mathematical model has been developed to describe the motion of

particles in a water based LiMCA system - APS Il system. The fluid field

was obtained by solving the Navier-Stokes equations. and the trajectories

of particles by equations for the motion of particles. These invol ve

transient motion and incorporate the drag force. the added mass force. the

fluid acceleration force. and the history force. The results show that the

motion of the particles inside the parabolic shaped orifice are affected by

particle density and particle size. Bubbles lead the f1uid fIow and travel

faster than do latex microspheres which are slightly denser than the fluid

and follow the fluid f10w closely. Silica particles which are mucb denser

than the fluid lag behind the flow and travel slower than latex

microspheres. and much slower than bubbles. The relative velocity



decreases with decreasing diameter of particles of the same density. The

transient times of bubbles. latex microspheres and silica particles of

different sizes in the APS II system were studied experimentally and

theoretically by considering the noise voltage threshold of the ESZ.

satisfactory agreement was achieved between the prediction and the

experimentai data. The results show that larger particles have longer

transient times than do smaller ones. The transient times of hubbles are

shorter than those of latex spheres. and much shorter than those of silica

particles of the same size. and the differenee of transient time is more

pronounced for larger partieles. The results prove that particle

discrimination in water based LiMCA system is realizable.
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CHAPTER5

LiMCA in Molten A1uminum, Magnesium and Steel

[n contrast ta the APS Il system. much stronger OC currents ( 20-60A)

are applied in molten metal LiMCA systems. such as in aluminum.

magnesium. and steel LiMCA systems. For molten aluminum. the LiMCA

probe and operating procedures. including the conditioning operation. are

well established. Efforts are now being devoted to study the possibility of

particle discrimination and to extend this possibility to other applications.

such as monitoring grain refining TiB! additions which are more

conductive than molten aluminum. On the other hand. for moIten

Magnesium and steel LiMCA systems. probes are still being developed and

operation procedures are not yet established. A theoretical understanding of

particle motion in the ESZ will facilitate the further development of

LiMCA systems for molten metals. [n this chapter. the particle motion and

conditioning effect in aluminum LiMCA are studied employing the model

used in Chapter 4 for the APS [[ system while accounting for the effect of

the strong OC current. Subsequently. probes and operating conditions

presently used in magnesium and steel LiMCA systems are analyzed. and

design improvement are suggested.

5.1 LiMCA in Molten Aluminum

5.l.l Introduction

One of the major concerns within aluminum industry is Metal

cleanliness. This relates to the number and size distribution of nonmetallic

inclusions suspended within a mell. Inclusions whose diameter exceed

15pm in aluminum alloys are considered potentially detrimental. Their

presence within a solidified product cao lead to various types of defects



which. in tum. can increase breakage or rejection rates. For example. the

production of beverage can bodies is very sensitive to the presence of any

inclusions within the can walls. whose dimensions are in the order of SO,um

thick. Harder. larger inclusions (- 60,um) can cause the Metal to tear during

deep drawing or the can to perforate when its content is pressurized.

Prior to the development of the LiMCA system[ 1.11 at McGill

University in the early 1980·s. it was not possible to measure inclusions. in

situ. ln liquid metals. Compared with other techniques. such as

sedimentation. filtration and metallography. which require considerable

amounts of labor and time. the LiMCA method has the advantage of

providing not only information on the volume concentration of inclusions.

but also on the size distribution of inclusions immediately and

quantitatively. LiMCA has now been successfully used in quality and

process control operations by leading aluminum companies. such as Alcan.

Alusuisse. Alcoa. Reynolds and Pechiney.

The LiMC A technique is based on the Electric S.ensing Zone (ESZ)

principle. [J 1 in which a constant current is maintained between two

electrodes that are separated physically by an electrically insulating

sampling tube. A 300,um orifice withio the non-conductive tube wall allows

molten aluminum to flow ioto. and out of. the tube in a cyclic manner. This

cycling sequence is controlled poeumatically by a differential pressure

control system. When a non-conductive particle passes through the 300,um

orifice. the resistance within the ESZ rises. causing a voltage pulse.

Since every particle registers a pulse wben passing througb the ESZ.

aod non-conducti ve particles of the same size but of different type gi ve rise

to voltage pulses of the same magnitude. it bas previously been impossible

to discriminate between different types of inclusions within a melt. In the

aluminum industry. proprietary degassing units generate microbubbles and

microdroplets of salt in molten aIuminum. Tbese microbubbIes and

microdroplets interfere with the LiMCA probe and ilS inclusion counts. In

•
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practice. microbubbles are relatively harmless compared to hard solid

inclusions. and one therefore needs to distinguish one from the other in

terms of a metal quality control point of view. In order to attempt particle

discrimination. the analogue LiMCA system was updated with Digital

~ignal Processing (DSP) technology to determine whether more

information could be extracted from particle signaIs besides pulse height.

Using the McGill DSp.[~1 each pulse was characterized by not only the peak

height. but six other pulse paramelers (start slope. end slope. lime to

maximum voltage. total signal duration .. start time and end time). The

studies in Chapter 4 using an aqueous based ESZ system confirmed lhat

inclusions of different density could be discriminated on the bases of

differently shaped voilage transients generated during their passage

through the electric sensing zone. The possibility of inclusion

discrimination using DSP technology for molten aluminum remains to be

addressed.

Besides monitoring the quality of liquid metals in terms of the number

and size distribution of non-conductive extraneous inclusions. the LiMCA

technology has also been extended 10 the analysis of grain refining

additions of titanium diboride {TiB:d in aluminum silicon casting alloys. [51

Negative voltage pulses were observed using TiB~ grain refiners containing

less than 2% Ti. since TiB! is more conductive electrically than molten

aluminum. For monitoring these more conducting particles .. a relationship

between the electrical conductivity of a particle and its induced signal

needs to be defined.

Furthermore. the successful operation of LiMCA system depends on a

procedure termed conditioning.[61 which involves passing a 200 -300

Amperes electric current through the orifice for about 300 ms before taking

a new sample when inflow rates decrease., or when voltage baseline

instabilities are observed. In practice. the application of this high current.,

compared to the 60 Amperes working current.. usually stabilizes the

•
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baseline of the signal, presumably by removing any obstructions to molten

aluminum f10wing through the orifice. The mechanism for this conditioning

effect was a key to LiMCA's successful implementation in melts of

aluminum but still needs to be clarified.

In section 5.1, the ESZ principle was described to predict the

magnitude of resistive pulses generated by particles of arbitrary

conductivity passing through the orifice. The mathematical model

developed in Chapter 4 was modified by taking into account the

electromagnetic force in order to study f1uid f10w within the ESZ and the

dynamic motions experienced by particles of different conductivity, size

and density in aluminum LiMCA. The mechanism of the conditioning

operation was discussed based on the effect of electric current on the f1uid

flow within the ESZ. The dynamic processes of non-conductive particles.

together with an Ohmic model of the ESZ, (7) which correlates ESZ

resistance change with particle position inside the ESZ. were used to

predict the transient times and signal shapes for microbubbles and solid

particles in molten aluminum. Based on these predictions. the feasibility

for particle discrimination via DSP technology is discussed.

•
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5. /.2 Mathematical Model and Numerical Methods

The present study considered the dynamic motions of particles

entrained within molten aluminum flowing through the electric sensing

zone. and corresponding changes in electrical resistance within the ESZ.

Two dimensional simulation using a cylindrical coordinate system was

employed. As shown in Figure 5.1.. the position of the particle is designated

as (xp ' Yp)' where x and y are the respective axial and radial coordinates.

The properties of molten aluminum and particles used in this study as weil

as typical operating conditions for the LiMCA system in molten aluminum

are given in Table 5.1.
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Figure 5.1 - ComputationaI domain employed for aIuminum LiMCA.

Table 5.1 PhysicaI propenies of liquid aIuminum and particles used in
[his study as weil as typical operating conditions of LiMCA
in molten aIuminum

Liquid aluminum:
Temperature (0 C)
Density ckg/m.\)
Electrical resistivity Cnrn)
Viscosity (kg/ms)

700
2.368xlo-~

O.25xI0-6
1.63xI0·_\

Panicles:

Density <kglm-\)
Electrical resistivity(nm)

Microbubble
o

Non-eonductive

TiB!
4.5xl<Y
0.09x10-{)

Alumina
3.8xl<Y

Non-eonductive

•
Typical operating conditions:
Orifice size (mm) 0.3
Coefficient of the polynomial representing parabolic orifice 2.15
Electric corrent (Ampere) 60
Pre-amplifier gain 1000
Noise threshold set (1.1V) ± 15
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5.1.2.1 Electric Sensing Zone (ESZ) principle

150

LiMCA is based on the electric sensing zone principle. Tbe central

theoretical problem of the principle is determining the resistance change of

the ESZ by the insertion of an inclusion inside.

Maxwell[SI showed tbat the resistance of the ESZ with an inclusion

ins ide is gi ven by:

R- f dx
- P~tf A(x)

(5.1 )

where A(x) is the area of the cross-section of the ESZ and P~tf is the

effecti ve electrical resistivitY of a compound conducting media. The media

is composed of one continuous material of resistivity P~ and sparsely

distributed spherical inclusions of resistivity p~ . When the particles are
"

sufficiently scattered so that the distance between each other is large

enough so as to not disturb the course of the surrounding current. then P~rJ

can be expressed as:

(5.2)

where / is the volume fraction of inclusions contained within the ESZ.

ln a cylindrical orifice used in the theoretical pulse calculation. the

resistance of the ESZ without the introduction of inclusion is given by :

•
R = 4p~L

1 !rD! (5.3 )



where D and Lare the diameter and length of the ESZ. respectively.

If an inclusion of diameter d is introduced. then the volume fraction

of this inclusion to the ESZ volume is:
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(5.4)

The resistance of the ESZ with a small inclusion within it is given by:

4P..ff L
R.,= .,

- Jd)-

Thus. the change in resistance

(5.5 )

(5.6)

is determined by the dimensions of the orifice. the size of the particle. and

the electrical resistivity of both the particle and the liquid media.

5./.2././ Non-c:onductive particle (p »p)
"1' ..

For a non-conductive inclusion. the expression for P..t/ can be

approximated as: l9J

(5.7)

•
Expanded into a power series. Equation (5.7) becomes
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3 3,
P =p (1+-/+-/-+ ...)

ed e 2 2
(5.8)

Since / is very small. present calculations only consider the first two

terms and ignore the higher order ones. Substituting Equations (5.4) into

(5.8) and then into Equation <5.6):

<5.9)

This expression is used in the Coulter Couter[3 1 for aqueous system and the

LiMCA[6 1 for liquid metal system for non-conducting particle measurement.

5. J.2. /.2 Perfectl.... condllcting particle ( Prl' «Pr)

For a perfectly conducting particle. the expression for Prd can be

approximated as:

<5.10)

Expanded ioto a power series. Equation <5.10) becomes

Ignoring higher order terms. Equations (5.11) is substituted into Equation

<5.6):

•

(5.11)

(S.12)



Il can be seen that the voltage pulse generated by a perfectly conducting

particle is negative. opposite to that of a non-conductive particle. and has a

peak resistive beight two times that of a non-conductive particle of the

same size.
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5./.2./.3 TiB! particle in molten aluminum

ln accordance with the procedure used in deriving the resistance

change of the ESZ with a non-conductive or perfectly conducting particle

inside. the change in the resistance of ESZ in molten aluminum with a TiB 2

particle inside can he obtained. for the properties shown in Table 5.1. as

follows:

3" 4p d·
l

M. =_~ r! )

TrS: 43 ( 1CD~ (5.13)

•

ft is seen that the voltage pulse should be negative because TiB;! is more

conductive than molten aluminum. and that the height of the voltage peak

should be about three fourths of that for a non-conductive particle of the

same size.

5./.2.2 The flo",,' field in the ESZ

ln order to predict the flow behavior of molten aluminum entering the

converging section of a typical sensing zone. the metal was taken to he

incompressible.. with constant properties. and the flow was considered

laminar and steady. in keeping with practical operating conditions. For

LiMCA systems. the orifice (ESZ) Reynolds number is about 1700 based on

orifice diameter. Given these assumptions. the problem may be stated by

the continuity and Navier-Stokes equations (2.1) and (2.2). Owing to the

high electrical current densities involved with LiMCA systems. the Lorentz



force F~(F~.• F~.) constituting a body force is important and needs inclusion

in the latter equation. The solution of Lorentz force is described as

Equations (2.3) - (2.7).

The computational domain is shown in Figure 5.1. The inlet boundary

was taken to be a spherical cap centered at point C. this being the

intersection of the central axis and the cone tangential to the ESZ wall at

the edge E. The outlet boundary for the flow of the fluid and electricity

was taken to be the central cross section (throat) of the orifice. The

boundary conditions applied were zero-slip along and zero electric current

flux across the insulating ESZ wall. At the inflow boundary. the fluid

velocity and the electric current density were taken to be both uniform and

normal to the spherical cap boundary. At the outflow boundary. the

electrical potential was assumed constant. and the exit fluid velocity

gradient zero. Iterati ve corrections were made in the numerical calculations

to match the mass outflow rate with the inflow rate. so as to respect

continuity. Beyond the throat of the ESZ. jet flow was assumed. that is. the

fluid tlow ignores the diverging sidewalls on the exit side of the ESZ. and

simply passes on through with an axial velocity distribution of the same as

thal al the throal.
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5. / .2.3 The equlllion of motion of partie/es

As described in Chapter 2. in conventional hydrodynamics. high

Reynolds number motions of a spherical particle in a fluid which is also in

motion itself can be represented by the following equation:[ 10.111

•
dû 1 1 D- dû D-

p C 't 1- - 1- - U p um --=- lt'a-p II-U (lI-U )+-m (----)+m -
p dt 2 rnlJ , p p 2 1 Dt dt f Dt

! 1/!f1d(Ü-üp)/dT _
+6a (lrJ,l,p,) lP dT+(mp -ml)g

o (t - r) -

(5.14)



where Üp (LI p' v p) and ii(lI. v) represent the respective instantaneous velocity

of the particle and the undisturbed fluid velocity at the center of the

particle that would apply in the absence of that particle.

As to the motion of an inclusion flowing with liquid aluminum through

the ESZ. the electromagnetic force on the particle l 12) has to be included.

Therefore. in this study. predictions on the trajectories of rigid. spherical

particles of arbitrary conductivity were made. based on the following

equation:
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diipl.. 1_ - 1- - 1 Dii dii p Dü
P V --=-C Jra-P II-II (li-li )+-P V (----)+P V -

p p dt 2 D.ud , P P 2' p Dt dt 'P Dt

:! JI:! ft d (lï - üp ) 1d r _ 3(1 - z) -
+ 6a (!CP, p! ) 1/ .. d r + Vp (Pp - P, )g - Vp F

o (t - r) - 4

155

(5.15)

•

where Pp and Vp are the density and volume of the particle. F represents

the eleetromagnetie force per unit volume of the f1uid at the position of the

30"..
partie le. Z = ,.. represents the dependence of the electromagnetic

(j~ + 20'..,.

force acting on a partiele of eleetrieal conductivity (0' ) and fluid
''l'

conducti vit Y (0'.. ). As such. Z is zero for non-condueti ve partieles. 3 for

perfectly conducting partieles and around l.77 for a TiB 2 inclusion in

molten aluminum. In this study. a mierobubble was considered to behave as

a rigid spherical particle. and its motion was also represented by Equation

(5.15).

The presence of a solid surface in the vieinity of a moving particle

will affect the drag force on the particle or inclusion. [n tbis study.. the

axial drag force wall efrect was approximated using the equation developed

by Fayon and Happet. l 13) while tbe wall effects in the radial direction were



estimated using tabulated correction factor for the drag force on a solid

particle moving perpendicular to a plane wall. [J-ll•
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5.1.2.4 Ohmic model of ESZ

The electrical resistance of the ESZ without a particle inside is given

by Ohm's law:

R - f~
ESZ - Pr A(x)

(5.16)

where Pr is the electrical resistivity of the fluid inside the ESZ. A(x) is an

equipotential surface. and x is the axial distance with respect to the central

vertical plane of the ESZ as shown in Figure 5.1.

The calculated electrical potential field (Figure 5.3(a» shows that the

equipotential surfaces inside the ESZ are quite fiat. especially near the

middle of the orifice where the minimum diameter is reached. Therefore.

the surfaces A(x) were chosen to be planar. perpendicular to the axis of the

orifice in order to simplify the computation. When a non-conductive

spherical particle is introduced into the orifice. the generated resisti ve

pulse is given by:

(5.17)

•

where R(x) and r(x) are the radii of the cross-section of the orifice and the

inclusion. respectively. The numerical integration of Equation (5.17) was

performed. with respect to x coordinate. every Ipm according to:



•
LiMCA IN MOLTEN ALUMINUM. MAGNESIUM AND STEEL IS7

(S.18)

•

where x, is the axial position of the particle. Based on Equation (S.18).

ESZ resistance variation with a spherical particle of different diameter

passing through the orifice can be obtained.

5.1.2.5 Numerical methods

As shown in Figure 5.2. a non-orthogonal. boundary-fitted grid of

variable spacing was adopted in tbis study to enbance the accuracy of the

calculation. The conservation equations for mass and momentum with the

Orifice

Figure 5.2 - Non-onhogonal.. boundary-fined grid used in this study.

boundary conditions. and Equation (5.15) for the motion of particles were

solved using the same methods as described In Chapter 2. The lime step



used in sol ving partie le motion equation. Ar. is set as 10-5 ms to maintain

the accuracy of the calculation.•
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5.1.3 Results and Discussion

5.1.3.1 Fluid flow and electromagnetic fields

The calculation of the fluid flow and electromagnetic fields inside the

E5Z for aluminum melts is based on probe dimensions. operating

conditions and the physical properties of the melt listed in Table 5.1. The

distributions of electrical potentiaL electric current density. self-induced

magnetic flux density. and specific electromagnetic force within the E5Z.

are shown in Figures 5.3(a) through 5.3(d). respecti,rely. As can be seen

from Figure 5 .3( a). the isopotential along the central cross section of the

orifice has ils highest value. where the current flow from the inner positive

electrode enters the throat of the E5Z. The electrical potential gradient is

very high near the throat of the orifice and drops gradually towards the

entrance or exit of the orifice. The voltage drop over the whole orifice is

approximate ly 0.105 volts. This potential distribution gi ves rise to the

electric current density shown in Figure 5.3<b). Corresponding to the

potential distribution. the current density is very high near the central

region of the orifice. and decreases with increasing distance from the

throat. The self-induced magnetic flux within the orifice (Figure 5.3(c))

increases from the central axis to the wall. The interaction of the electric

current and ils induced magnetic flux results in an electromagnetic force

whose distribution is shawn in Figure 5.3(d). It cao be seen that the

stronger electric current density and magnetic flux density near the throat

of the orifice give rise to much stronger electromagnetic forces there than

in the entrance or exit regions. The electromagnetic force is high near the

waIL but decreases with decreasing distance from the central axis .

becoming virtually and theoretically zero along the central axis. In this
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(d) Specifie electromagnetic force

Figure 5.3 - Distribution of eleetricai potential.. electrie eurrent density, self-induced

magnetic flux density.. and specifie eleclromagnetic force within a 300pm

orifice of aluminum LiMCA.



force field. particles suspended in molten aluminum that are electrically

non-conducti ve experience a force in the opposite direction. and are

squeezed out of the molten metaI. while particles that are electrically more

conductive than molten aluminum experience a force in the same direction.

and are pushed towards the central axis.

The predicted flow field for a 300pm orifice with a rnean fluid velocity

at the throat of U m = 4.0m/s is shown in Figure 5.4(a). Its axial and radial

velocity component profiles at three different positions within the ESZ are

illustrated in Figures 5.4(b) and 5.4(c). respectively. Il can be seen that the

axial velocity is very uniform at each section along the ESZ. while the

radial velocity. which is negative. has a maximum near the wall and damps

out towards the central axis at each cross section. Moreover. the axial

velocity at the throat of the ESZ is much higher than the radial velocity.

proving that it is reasonable to assume that beyond the throat of the orifice.

the jet flow has only axial velocity and the sarne velocity profile as that at

the throat.
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5./.3.2 Particle motion

Once the fluid fIow and the electromagnetic fields within the ESZ are

known. Equation (5.15) cao be solved to predict the motions of particles of

different conductivity. density and size.

5./.3.2./ Effect of particle conduct;v;ty

The effect of particle conductivity on the motion of particles was

studied for 6IJpm diameter particles with the same density as molteo

aluminum. Three electrical resistivities of p »p. p =0.09 x lO-6n",
r~ r r,

and Pr" «Pr were chosen. These represent non-conductive. TiB 2 and

perfectly conducting particles. respectively. The results are shown in
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(a) Velocity vectors
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= 4.630+03 mmls
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Radial velocity

- 1.270+03 mm/s

(c) Radial velocity profiles

Figure 5.4 - Velocity vectors and the axial and radial velocity profiles at the cross

sections of xlL',"fier =0 . - X. and - ~ in an ESZ of 300pm with

Ulft =4.0mls .
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Figure 5.5 for particles f10wing into the ESZ from an entry point of

Yo/R = 2.87. It can be seen that the more conductive the particle. the closer

the trajectory to the central axis. This phenomenon can be understood by

examining the effect of particle conductivity on the electromagnetic force.

Figure 5.6 shows the electromagnetic forces in the x (Figure 5.6(a» and y

directions (Figure 5.6(b» acting on the particles corresponding to Figure

5.5 as they travel inside the ESZ. Generally speaking. the electromagnetic

forces in the y direction are much stronger than those in the x direction. In

both directions, the electromagnetic forces on non-conductive panicle

(Figure 5.6a(i) and Figure 5 .6b(i» are in the opposite direction to those on

particles which are more conductive than molten aluminum (Figures

5 .6a( ii) and (iii>, Figures 5.6b( ii) and (iii». For conductive particles. the

electromagnetic force in the y direction is towards the central axis of the



orifice. and the more conductive the particle. the stronger the force. This is

the reason why a perfectly conductive particle (Figure 5.5(iii» moves

faster towards the central axis of the orifice than does the less conductive

particle (Figure S.5(ii)). In fact. before passing through the ESZ. the

perfectly conductive particle is predicted to have traversed the central axis.

Once across the central axis. the electromagnetic force in the y direction is

opposite to the partiele motion. therefore. the electromagnetie force on a

conducti ve particle tends to keep it moving along the central axis. On the

contrary. the electromagnetic force on a non-eonductive inclusion is

lowards the sidewall of the orifice. This explains the slower motion of the

non-conduetive partie le in the y direction (Figure 5.5(i» flowing in the

converging region of the ori fice and then turning to the ESZ wall after

moving beyond the throat of the orifice.
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Figure 5.5 - Effect of panicle eonduetivity on the motion of panicles.

(i) Non-conductive; (ü) Pr =O.09xl0-6Dm; (iü) Perfectconduetive.,
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(b) Radial component of electromagnetic force

Figure 5.6 - Electromagnetic force on particles of different conductivity.

(i) Non-conductive; (ü) Pr =0.09 X 10-6Cm ; (üi) Perfect conductive.,.



5./.3.2.2 Effect of particle density

The effect of particle density on the motion of particles was studied

for 60pm diameter particles with densities of Okg/m:' and 3.8x 103 kg/m 3
•

representing microbubbles and inclusions of alumina respectively. The

results are shown in Figure 5.7 for particles entering the ESZ from an entry

point of Yo/R = 2.0. It can be seen that particles with higher density take

longer to pass througb the ESZ. and this is true for both conductive and

non-conductive particles. Moreover. the difference in pass-through times is

not significant for particles of different conductivity but of the same

density. This phenomenon is the result of the fact that the fluid

acceleration force and the electromagnetic force in the converging region

of the ESZ induce different relative velocities for particles of different

densities. Figure 5.8 <Figure 5.8<a) for non-conductive. and 5.8(b> for

perfect conductive particles) shows the velocity and the relative velocity
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Figure 5.7 - Effect of particle density on the motion of panicles.

(i) pp/Pt =0; (ü) pp/Pt =1.6.
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(b) Perfeet conduetive panicles

Figure 5.8 - Effeet of panicle density on the velocity and relative velocity.

(i) Axial velocity; (ii) Radial velocity; (ili) Relative axial velocity;

(iv) Relative radial velocity.



corresponding to the particle motions shown in Figure 5.7. As expected.

during the whole process of particle motion through the ESZ. bubbles

travel faster (Figure 5.8a( i) and Figure 5 .8b( i» in the axial direction than

alumina particles. In the converging region of the ESZ (:Cp/LS:O), particles

of ail densities accelerate in the axial direction. while beyond the throat.

they try to follow the fluid flow. II p /lI,,, -+ 1.00. The positive value of the

relati ve axial velocity for bubbles implies that the bubbles move faster than

the fluid in this direction. For alumina particles. which are denser than the

aluminum melt. the relative axial velocity is negative. meaning that these

inclusions move slower than the fluid in this direction.

The situation in the axial direction which was discussed above is the

same as that in water based LiMCA system (Chapter 4). where the

electromagnetic force is negligibly small. The reason is that in the

aluminum LiMCA. the electromagnetic force in the axial direction is still

very small compared with the strong fluid acceleration force. However. in

the radial direction. the effect of the electromagnetic force is significant.

As shown in Figure 5.8a(iv). the non-conductive particles lag behind the

fluid flow in the radial direction for both bubbles and heavy alumina

particles. resulting from the towards-wall electromagnetic force in the

radial direction. However. particles which are more conductive than molten

aluminum lead the fluid flow in the radial direction. irrespective of the

density. because the eIectromagnetic force on conducti ve particles IS

towards the central axis of the orifice. Due to the difference in

electromagnetic force on particles of different conductivity. 000­

conducti ve partie les flow through the ESZ along the trajectories closer to

the wall than conductive particles. The axial fluid velocity near the wall is

slightly higber than that Rear the central axis (Figure 5.4(b», which is

responsibIe for the shorter time taken by non-conductive particles to fIow

through the ESZ.
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5./.3.2.3 Effect of particle size

The effect of inclusion size on the motion of particles was studied for

particles of 40pm and lOOpm diameter. This particle size effect was studied

for bath conductive and non-conductive particles of Okg/m 3 and

3.8xlO"' kg/m J
• The simulation results are shown in Figure 5.9. Again.

particles of higher density (Figure 5.9a(ii) for non-conductive. while

5.9b(ii) for perfect conducti ve) take longer time to flow through the ESZ

than those of lower density (Figure 5.9a(i) and 5.9b(i». However. the size

effects depend on the particle density. When the density of the particle is

higher than that of the fluid. the larger the particle. the longer it takes to

flow out of the E5Z. In contrast. when the density of the particle is smaller

than that of the fluid. the larger the particle. the shorter it takes to fIow out

of the E5Z. This phenomenon is related to the different particle size

dependence of the relative velocity developed inside the ESZ on the

particle density. For bubbles. the axial velocity of size IOOpm is larger than

that of size 40pm. and correspondingly larger bubbles assume larger
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Figure 5.9 - Effeet of panicle size on the motion of particles.

(i) Pp / P, =0: (in Pp / P, =1.6.

positive relative veloeity. proceeding the fluid flow more than smaller

bubbles. On the eontrary. larger denser partieles aeeelerale more slowly

than their smaller counterparts. and consequently acquire larger negative

relati ve velocities. lagging further behind the fluid flow.
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5./.3.1.4 Effect of electric Clirrent

The effeet of eleetric current on the motion of particles was studied

for non-conductive and conductive particles of size 60pm and the same

density as molten aluminum. The results for particles flowing from an entry

point of JoiR = 2.87 into an ESZ with 40 and 60 amperes electric currents

are sbown in Figure 5.10. Il is seen that the trajectories of the noo­

conductive particles become even closer to the ESZ wall. while those for

perfect conductive particles even closer to the central axis when the



electric current increases from 40 to 60 amperes. The reason is tbat

increasing the electric current increases the electromagnetic force on the

particles. Tbe radial electromagnetic force directs non-conductive particles

towards the ESZ sidewall. but towards the central axis for particles more

conductive to molten aluminum.
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5./.3.2.5 Effect offillid velocilY within the ESZ

The fluid velocity within the ESZ is characterized by the mean

velocity at the throat of the orifice. li".. The effect of u". on the motion of

particles was studied on non-conductive and perfect conductive particles of

size 60pm and same density as molten aluminum. The results for the

particles flowing into tbe ESZ from an entry point of Yo/R =2.0 are sbown

in Figure 5.11. It is seen tbat non-conducti ve particles flow througb the

tbroat of the orifice at positions closer to the ESZ wall. wbile perfectly



conductive particles move closer to the central axis when the fluid velocity

lIm decreases from 4m/s to 3m/s. This is due to the fact that particles take

longer time to pass through the orifice when the fluid velocity decreases.

leaving more time for the electromagnetic force (0 prove effect. At the

entrance region. regardless of the conductivitY of the particle. the

trajectories in the case of LI". =3m/sare closer to the ESZ wall due to the

decreased fluid acceleration force in the radial direction accompanying the

lower fluid velocity.
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5. J.3.2.6 Effecl of entry point

The effect of entry point on the motion of particles was studied for

non-conductive particles of size lOO,um and the same density as that of

molteo aluminum. The results for particles enteriog the ESZ from different

eotry points and flowing through without even grazing the sidewall are



shown in Figure 5.12. It is seen that the difference in the time taken by

particles flowing throllgh the physical length of the orifice. Lorific:.:. is

small. For example. when a non-conductive particle enters the ESZ from

an entry point of Yo/R =0.6. it takes tu". / L = 1.25 to flow through the

physical length of the orifice. and the time is still tu",/L =1.25

corresponding to an entry point of )'0/R =2.0. and tu",/L = 1.45 to an entry

point of Yo/R = 3.2. This is an important feature when discriminating

particle is based on the transient limes of signais.
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5./.3.2.7 Effect of orifice shape

Althollgh a11 the above discussion is based on the study of a parabolic

orifice with a polynomial coefficient of 2.15. it was round that except for

the difference in the absolllte value of velocity. relative velocity and

transient time. ail the rules hold for other parabolic orifices witb different



polynomial coefficients. Another difference is the passing-through

fractions of the particles flowing within orifices of different shapes. If a

non-conductive particle is considered to be collected by the ESZ wall when

it assumes a radial velocity towards the wall instead of towards the central

axis. and its center is a radius away from the wall. the calculated collection

coefficient for particles of size between 20 to 240pm is about 5% in a

parabolic orifice with a polynomial coefficient of 2.15 and it is around 8%

in a parabolic orifice with a corresponding polynomial coefficient of 1.0.
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5. J.3.3 Conditioning operation

The discovery of the conditioning operation. which applies a high

current of 200 -300 amperes. compared to a typical operating current of

60 amperes. through the orifice. is the key for the LiMCA system to

provide reliable readings when working in molten aluminum. Il is seen

from the previous section that sorne inclusions are collected on the ioner

wall of the ESZ. The build-up of the inclusions inside the ESZ will affect

the performance of the LiMCA system. The reason why the conditioning

operation can solve the problem can be derived by analyzing the fluid flow

field inside the ESZ when applying high currents.

Figure 5.13 shows the fluid flow inside the ESZ when a current of

250 amperes is applied during the conditioning operation. Compared to the

fluid flow at the typical operating condition of 60 amperes (Figure 5.4(a».

a large circulation is induced inside the ESZ. This circulation is generated

as a result of the high pressure established at the tbroat of the orifice by

the interaction of the strong electric current density and its self-induced

magnetic flux densi ty. Tbe negati ve pressure gradient along the central axis

of the orifice in the converging region moves the f1uid from the throat to

the entrance. A significant phenomenon accompanying the generated

circulation inside the orifice is tbat tbe fluid velocity near the wall



inereases dramatieaUy. In the case of 250 amperes eleetric current, the

maximum veloeity increases from 4.64m/s to 6. 15m/s . Based on this fact. it

seems reasonable to ascribe the working mechanism of the conditioning

operation to the high fluid velocity generated near the wall, which removes

the particles collected on the inner wall of the orifice, keeping LiMCA

system working reliably and stably.

- ....- = 6.151>-+03 mmls
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Figure 5.13 - Velocity vectors in the conditioning operation by applying electric currents

of 250 amperes.

5. J. 3.4 Particle discrimination

5. J. 3.4. J Discrimination of conductive and non-conduetive partieles

Conductive and non-conductive inclusions can be readily

discriminated from one another as they generate negative and positive peak

signais. respectively. The magnitudes of the signaIs. however. are different

for particles of the same size but of different conductivity. Figure 5.14

presents a plot of voltage pulse as a function of particle diameter under



typical operating conditions of LiMCA in aluminum (Table 5.1). where the

particles studied include non-conductive (Equation (5.9». perfect

conductive (Equation (5.12» and same conductive as TiB2 (Equation

(5.13». Il can be seen that the amplitude of the signais caused by perfectly

conductive particles is twice the height as that for non-conductive particles

of the same size. while the amplitude for TiB2 particles is predicted to be

only three fourths of that of non-conductive particles of the same size.

•
LiMCA IN MOLTEN ALUMINUM. MAGNESIUM AND STEEL 176

---_.-. __ ..
-..,.­_.. -._.-.-

"-'-".. -~'
-'4/*"--

70

"

""

".

6030 40 50
P.rtlcle .Ize CJ.l.m)

.....

20

- . - . Non-conduc:tive partide

-Ti~pa1tJCle

. . . .. Perfect conducttve paJ1ide

900

450

-> 0
~

••OS -450a-
I•-'0 -900>

-1350

-1800
10

Figure 5.14 - The voltage pulse in molten a1uminum as a function of the panicle

diameter.

•

5./.3.4.2 Discrimination of non-eonduetive partie/es of different density

As discussed before. particle discrimination in LiMCA system seems

feasihle thanks to DSP technology. For every transient pulse generated

when a particle passes through the ESZ. seven parameters are used to

cbaracterize the pulse as shown in Figure 4.5. These parameters are related

to the motion of the particle. which depends on the physical properties of

the particle and the fluid flow conditions within the ESZ. as discussed in



the previous section. Figure 4.5 also shows that the transient time of the

particle f10wing through the ESZ in LiMCA system is not the time the

particle takes to go through the physical length of the E5Z. but rather the

time it takes to go througb the region where the pulse height generated by

the particle is higher than the set thresholds. which marks the margins of

the band of signal. Therefore. the numerical study of particle

discrimination was carried out by relating the ESZ resistance change using

Ohmic model (Equation (5.18» to the motion of particle inside the E5Z.

Figure 5.15 shows the ESZ resistance variation as particles of different

diameter pass through an orifice of 300pm in molten aluminum under

typical operating conditions. Il can be seen that larger particles reach the

noise threshold resistance further away from the orifice center than do

smaller particles. Therefore. smaller particles travel shorter distances when

transient times are measured by the LiMCA system. For example. a lOO,um

particle reaches the noise threshold of 15mV at O.395mm from the center of

the orifice. while it is O.206mm for a particle of 40pm. Therefore. the

transient lime measured for a particle of 40pm is the time it takes to travel

OA12mm near the center of the orifice. while for a particle of lOOpm. it is

the time to travel O.79mm.

To study the particle discrimination numerically. Equations (2.1) and

(2.2) for the fluid flow and Equation (5.15) for the motion of particles were

sol ved first for microbubbles and alumina particles of varying size flowing

through the whole orifice. Since the effect of the entry point on the time

the particles take to go through the physical length of the orifice without

grazing the wall is very small (as shown in Figure 5.(2). an entry point of

JolR =2.0 was chosen for this study. Then. the transient time (Figure 4.5)

was obtained by considering the noise tbreshold of the LiMCA system.

wbich is usually set as ± 15mV . The results are shown in Figure 5.16.

It cao be seeo that bubbles have shorter transieot times tban do

alumina particles of the same size. which cao be explaioed by the different

•
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relative velocity developed when they move through the ESZ. as shown in

Figure 5.8(a). Hubbles. which lead the fluid flow in the axial direction.

travel faster than alumina particles. which are denser than the liquid

aluminum. and thus lag behind the fluid flow when traveling within the

ESZ.

•
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ft IS also noted from Figure 5.16 that larger particles have longer

transit times than smaller ones of the same density. This is easy to explain

for alumina particles. For alumina particles. the larger the size. the lower

the velocity. On the other hand. for bubbles. the larger the size. the higher

the velocity. ft seems that larger bubbles should have lower transient times

than smaller bubbles. However. because larger bubbles reach the threshold

much further away from the orifice center. resulting in longer distance to

travel. the transient time of larger bubbles appear larger than that of

smaller bubbles. Il was also found that the difference in transient times for

bubbles. and alumina particles becomes more significant as particle size

increases. improving the discrimination between particles of different

densities.

Besides the transient time. based on which particle discrimination can

be carried out. pulse shape is also of characteristics for different particles.

Figure 5.17 shows the predicted signal shapes for a microbubble and an

alumina particle of SOpm flowing into the ESZ from an entry point of

Yol R = 2.0. The bubble. which has a lower density. undergoing acceleration

as it approaches the center of the converging ESZ. arrives more rapidly

than the alumina particle of higher density and inertia. which accelerates

more slowly.

5.2 LiMCA in Molten Magnesium

5.2. J Introduction
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Figure 5.17 - Numerically predicted voltage pulse in aluminum LiMCA system.
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Historically. approximately 80% of primary Magnesium bas been

depleted in non-structural applications. [151 such as alloying with aluminum.

desulfurization of iron and production of ductile iron. More recently.

Magnesium has begun to gain acceptance in structural applications.

especially in the automotive industry. This is primarily due to the lightness

of Magnesium. which is one-third lighter than aluminum. three-fourths

lighter than zinc. and four-fifths lighter than steel. Magnesium also bas the

highest strength-to-weigbt ratio of any of the commonly used metals. The

fast growing applications of magnesium have led to the generation of a

large amount of Magnesium scraps. especially die-casting scraps. Due to

both economic and environmental concerns" recycling of tbese scraps is

imperatively demanded. In order to yield high-quality recycled magnesium"

the characteristics of inclusions in molten Magnesium have to he identified.

and techniques to evaluate the cleanliness of molten magnesium must be

developed. Compared with other inclusion assessment techniques" such as "



metallographic examination. filtration. optical technique. which are being

used also in aluminum and steel industries. the LiMCA system has distinct

features in terms of process control and quality assurance. Measurements

can be made available on-line very quickly at time intervals on the order of

one minute. This enables LiMCA to monitor metal cleanliness along a cast.

either as a function of process parameters. or as a function of lime.

[n an early study.(161 compacted silica (MASROCK™. a trade mark of

Harbison-Walker) tubes has been proved to be resistant to attack by liquid

magnesium. This is presumably attributed to an initial reaction of the

surface with the melt to form a relatively impervious corrosion product

layer. However. these porous MASROCK™ have tended to crack due to

thermal shock and residual stresses. and were found to have a failure rate

of about 28% depending on supplier. Recently. a reliable and robust

LiMCA probe.(171 Concentric Steel Tube frobe (CSTP). was developed and

tested in pure magnesium(18( and also in magnesium scrap melts.( 191 This

probe comprises two concentric steel tubes that are separated. and

electrically insuIated. one from the other by an annular gas space whose

integrity is maintained by a non-conductive boron-nitride ceramic disk

containing the ESZ. Extension springs are used to hold the boron-nitride

insert against the steel tubes. which are air-cooled. A schematic illustration

of the probe is shown in Figure 5.18.

Although the results are quite promising. severaI probIems warrant

further investigation. One problem encountered in applying CSTP in molten

magnesium is the relatively high background noise. which is usually 30­

50,uV in the laboratory experimental conditions. much higher than that

achieved in aluminum melts.. which is around IOpV. Another is the

practical need for larger size orifice to prevent blockage. For example. in

one of our studies.[19] orifice size ranging from 400pm to 495pm was found

necessary to avoid plugging. compared to the 300JDn orifice typically used

in molten aluminum. Larger orifice size and higber background noise ail

•

•
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increase the particle detection limit. In the following. the fluid flow and

particle motions within a cylindrical ESZ with a couotersunk inlet of the

CSTP will be studied. and the results are used to explain the existing

problems. A new design for the orifice is proposed.

•
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Figure 5.18 - Schematic of the CSTP for Magnesium LiMCA.

5.2.2 Fluid Flow and Particle Motions within an ESZ of the CSTP

•
The ESZ of CSTP is built inside the boron-nitride disk. A cross­

sectional view of the ESZ orifice is shown schematically in Figure 5.19.

where D and Lunficr are the diameter and length of the orifice. respectively.
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Figure 5.19 - Cross-section view of an ESZ built inside the BN disc for CSTP
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The calculation of fluid flow. electromagnetic fields and panicle motions

were based on the mathematical model and numerical methods described in

Section 5.1.2 for aluminum LiMCA. The physical properties of Magnesium

melt and the dimensions of the ESZ orifice and the countersunk at the inlet

of the ESZ orifice used in this study. as weil as the typical operati ng

conditions of Magnesium LiMCA are listed in Table 5.2.

Figure 5.20 shows the predicted fluid streamlines. Il can be seen that a

large recirculation zone is generated inside the countersunk region.

Considering the symmetry of the calculation domain. there is actually a

toroidal type of recirculation zone. which is symmetric with respect to the

central axis. The recirculation zone is generated as a result of the pressure

established by the strong electromagnetic pinch force inside the orifice.

This pressure becomes higher than the upstream pressure of the fluid inside

the countersunk region. Il seems reasonable to believe that the high

background noise in the CSTP was partially induced by this recirculation

zone .
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Table 5.2 Physical properties ofliquid magnesium and typical operating
conditions ofLiMCA in molten magnesium

184

Liquid magnesium:
Temperature (J C)
Density (kglm1
Electrical resistivity ('lm)
Viscosity (kglms)

700
l.S77xl&
0.28xl<r
l.23xIO-l

Typical operating conditions:
Orifice size 0 (mm)
Orifice length lamiez (mm)
Diameter of the opening of the counlersunk Oc.• (mm)
Mean tluid velocity in the cylindrical orifice (mis)
Electric current (Ampere)
Pre-amplifier gain
Noise threshold sel (J.lV)

0.3
0.3
13

4.0
60

1000
± 15

Contour values:
A -3.67E.04
B -2.93E.Q4
C -2.20E.04
o -1.47E-04
E -7.33E.QS
F 1.00E-20
G 2.10E.QS
H 4.20E.QS
1 6.31E.QS
J 8.41E.QS
K 1.05E.04
L 1.26E.a4

•
Figure 5.20 - Predicted streamlines in Magnesium LiMCA under typical

operating conditions.



The trajectory of a non-conductive particle flowing into the

countersunk region from an entry point of YolR = 2.0 is shown in Figure

5.21. It is noted that the partic le is entrained within the recirculation zone

and does not even flow into the orifice. During the operation. more

particles will flow into the probe. and sorne of them will also be entrained

within the recirculation zone. Il is believed that sorne of the small particles

entrained within the recirculation zone coalesce to become larger particles.

Sorne of the larger particles. under certain conditions. such as conditioning

operations or shaking of the probe. have a chance to escape from the

recirculation zone to be counted as larger parth:les or even block the

orifice if their sizes are larger than that of the orifice. This could explain

why much larger orifices are needed in practical operations.

•
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Figure 5.21 - Trajectory of a non-eonductive panicle tlowing into magnesium LiMCA

from an entry point of YolR =2.0 .
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5.2.3 A New Design of the ESZ for CSTP
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Based on the above discussions. a new design of the ESZ for the

CSTP. which is shown in Figure 5.22. is proposed to prevent the formation

of the recirculation zone at the in let countersunk region. An important

feature of this new probe is that the shape of the ESZ should be rounded.

ensuring that conditioning operations take into effect. Thus. the fluid flow

and the electromagnetic fields are similar to thase in aluminum LiMCA.

1

D~

•

Figure 5.22 - Proposed new design of ESZ for Magnesium LiMCA.

5.3 LiMCA in Molten Steel

5.3./ Introduction

Il is known that Many characteristics of a steel product cao be badly

compromised by the presence of inclusions. Thus. properties such as

ductility.. toughness. drawability. machinablity.. weldability. H.i.e.. and

fatigue strength. as weil as surface characteristics such as paintability.

pitting. corrosion and reflectivity. cao ail be critically affected by the

nature. size and spatial density of such inclusions. [201



Depending on tbe grades of the steel being produced. and attendant

processing operations. large inclusions. typically in the range of SOpm to

200pm diameter. can be formed and enter the cast producl. However. these

do not usually occur with sufficient frequency to be detected using

techniques such as automatic image analysis or computer-aided manual

image analysis.[11 1 owing to the square meters of surface that would need to

be sectioned and analyzed. A time consuming and mate rials costly method.

the slime dissolution technique. [11) is routinely performed to check the

existence of those inclusions by electrolytically dissol ving a sufficiently

large sample of steel (e.g. 10 kg) and extracting the residue.

Since the successful application of LiMCA to aluminum melts. much

efforts have been devoted to the development of LiMCA probes for liquid

steel. Earlier work[B) had concentrated on designing a sensor capable of

continuous use based on a composite boron-nitride/silica (fused quartz)

tube gi ven that the steel is properly deoxidized. In this case. the boron

nitride remained chemically stable while the quartz upper body. set out of

the mell. provided the visibility needed to control successive filling and

emptying operations. This design is prone to gas leak at the boron

nitride/silica sealing joint. and consequently was abandoned in favor of a

one-piece silica tube arrangement. supported by a graphite reinforcing

inner electrode as shown schematically in Figure 5.23. This new design was

demonstrated to be effective in preventing successi ve collapse and

expansion of the fused quartz tube during filling and emptying operations.

The probe being developed in Electro-Nite is based on this one-piece

design. where a cylindrical ESZ is used. Although it has been successful in

developing functional probes for liquid steel. sometimes the operations are

troubled by the relatively higb background noise. and furtbermore. it is

observed that the high background noise can not always be improved by

conditioning operations. In the following. the fluid flow under typical

•

•
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operating conditions and conditioning operations are studied for steel

LiMCA. A design for improving the conditioning effect is proposed.•
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Graphite
reinforcemenl

Slag
protector

Quanz
tube

•

Figure 5.23 - Schematic of the quanz tube arrangement for steel LiMCA.

5.3.2 Flo,,: Field

Physical properties of molten steel and typical operating conditions of

steel LiMCA are listed in Table 5.3. Fluid flow and electromagnetic fields

were studied based on the mathematical model and numerical methods
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Table 5.3 Physical propenies of liquid steel and typical
conditions of LiMCA in molten steel
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Liquid silicon-boron steel:
Temperature (0 C)
Density (kg/m-l )
Electrical resistivity (Dm)
Viscosity (kg/ms)

Typical operating conditions:
Orifice size (mm)
Orifice length (mm)
Electric current (Ampere)
Mean fluid velocity (mis)
Pre-amplifier gain
Noise threshold set (J.1V)

1350
7.0xl<Y
I.4OX 10-6
7.OXI0·3

0.3
1.0
20

2.77
1000

± 15

•

stated in section 5.1.2. The fluid flow within the ESZ during the typical

operating conditions Wilh 1 =20A electric currents. and conditioning

operation with 1 =200A electric current. are shown in Figure 5.24. ft is

seen that the maximum velocities are along the central axis for both cases.

although the maximum velocity is lower in conditioning operation than that

in typical operating condition. This is in contrast to the conditioning effect

in molten aluminum. where the formed recirculalion zone in the inlel

region upon current surge increases dramatically the fluid velocity near the

ESZ wall. removing the attached inclusions. ensuring stable and reliable

operations of the LiMCA system. It can be inferred that the ineffective

conditioning operation in steel LiMCA is the result of the cylindrical shape

of the ESZ. A parabolic shaped ESZ. similar to that used in aluminum

LiMCA, is suggested in the future development of the probe for steel

LiMCA .
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Figure 5.24 - Velocity vectors at typical operating condition (a) and conditioning

operation Cb).

5.4 Conclusions
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•

Mathematical models were developed for the motion of particles in

aluminum. magnesium. and steel LiMCA systems. The fluid field was

obtained by solving the Navier-Stokes equations. and the trajectories of

particles by equations for the motion of particles. In aluminum LiMCA

system. the study of the fluid flow during the conditioning operation

suggests that the dramatically increased fluid velocity near the wall helps

to clear the built-up of the inclusions. The motion of particles within the

parabolic shaped orifice was shown to be affected by particle conductivity•

density and size. Non-conductive particles pass through the ESZ along



trajectories closer to the wall. while particles that are more conductive than

the molten metal closer to the central axis. Bubbles lead the fluid flow in

the axial direction and travel faster than alumina particles which are denser

than the fluid and lag behind the flow. Larger particles have longer

transient times than smaller ones. The transient limes of bubbles are shorter

than those of alumina particles of the same size. and the difference of

transie nt time is more pronounced for larger particles. The results prove

from a theoretical standpoint that particles in molten aluminum are

distinguishable by LiMCA system. [n magnesium LiMCA system. a large

recirculation zone existing in the countersunk inlet region to the cylindrical

orifice under normal operation gives rise to high background noise. [raps

and coalesces particles and thus blocks the orifice. A rounded orifice which

eliminates the recirculation zone while keeping the conditioning effect is

proposed. In steel LiMCA system. the ineffective conditioning operation in

the cylindrical orifice is attributed to the lack of recirculation zone upon

current surge. Parabolic shaped orifice is suggested to improve the

conditioning effect.

•
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• CBAPTER6

On the Detection, and Selective Separation of Inclusions in

LiMCA Systems

The ESZ orifices of LiMCA systems widely used in aluminum

industry and being developed for moIten magnesium and steel have

diameters of around 300 to 400 J.1.m. corresponding to detection limits of 20

to ~O J.1.m. However. LiMCA systems with detection limits lower than 20

J.1.m are required to monitor small particles encountered as detrimental

inclusions in steel. as intermetallic compounds in magnesium. and as grain

refining additions (TiB!) in aluminum-silicon casting alloys. One way to

lower the detection limit is to reduce the orifice size. but the accompanying

problem is the probability of orifice blockage by large particles within the

melts. [n this chapter. the model developed in Chapter 2 is modified to

design new ESZ probes for molten magnesium and steel which can lower

their detection limit. while resolving the problem of orifice blockage.

6.1 Introduction

The LiMCA system is based on the ESZ or Coulter Counter

principle.( 1.11 As shown in section 3.1. the change in resistance ~J(~B caused

by the introduction of a non-conducting particle into an orifice is given

by:[JAJ

(6.1 )

•
where Pt: IS the electrical resistivity of the liquid. d and D are the

respective diameter of the particle and the orifice. and tCd/D) (5) is the

correction factor for the distortion of the current by the particle. Hy



•
DETECI10N AND SELECTIVE SEPARATION OF INCLUSIONS IN LiMCA 195

applying an electric current 1. the resistive pulse voltage can be expressed

as:

(6.2)

•

Presently. background electronic noise can be reduced to below 10,uV for

operations in most molten metals. allowing resistive voltage pulses above a

threshold value of 20,uV to be counted. Given this threshold voltage signal.

together with the diameter of the orifice. D. and the electric current

through the orifice. 1. the minimum particle size that can be delected with

a LiMCA probe is readily determined using Equation (6.2). Table 6.1 lists

the typical operaling conditions and detection limits for LiMCA systems

operating in various molten metals. It cao be seen that under normal

operations. the orifice size is usually 300,um. and the detection limit is

around 20pm .1 6
.
7

) In sorne circumstances. however. it is necessary to lower

the detection limir. For example. when applying the LiMCA technology to

analyze the effects of grain refining additions of titanium diboride (TiB!)

on aluminum-silicon casting alloy microstructures. the size of the clusters

of TiB! can range from 1 to 50 J.lIn .[K) In Magnesium melts. the sizes of

most intermetallic particles are less than 20pm. (9) In plain carbon steels.

alumina inclusions as small as lO,um have been reported to affect the

polishability of lens moulds used for forming plastics. (10) Theoretically.

lowering the particle detection limit can be realized by reducing the orifice

size. However. in practice. a small orifice is more prone to blocking when

there are the occasional large inclusions within the melts. Sometimes. even

a 20pm detection limit is not practicalill -UI because of the need to use

orifice of 4OO,um or even larger to allow passage of the larger inclusions .

The blockage problem has been studied and several probe designs have
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• Table 6.1 Operating conditions and detection limit in molten metaIs

AIuminum Magnesium Silicon-boron
[2] [6] Steel [7]

Temperature of
operation 700 700 1350

(oC)

Electrical resistivity 0.25 xl0~ 0.28 x 10.0 1.4 X 10-6

(Om>

Electric current 60 60 20
(A)

Orifice diameter 300 300 300
(J.Ull)

Pulse height detection 20 20 20
limit (J1V)

Panicle size detection 20 20 16.6
limit (J.Ull)

•

been proposed for determining the number and size of particles suspended

in an aqueous electrolyte medium. 1I~I Couter and Hagg ll51 and Hagg l161

suggested that two or more tubes with different apertures be used when the

particle size distribution is too wide to be covered by a single aperture.

Baccarini l17
] proposed a removable orifice. and Bader an expandable

orifice.! I!~I to surmount plugging of the aperture by larger particles. IITRI

patented a more sophisticated system.119J consisting of a trumpet-sbaped

orifice fitted with a micromesh screen of size equal to 40% of the orifice

cross-section of a downstream flow straightener. {10]
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The application of an ESZ or LiMCA probe to liquid metals is quite

different from that of CouIter Counter type ESZ systems for aqueous

electrolytes. The hostile thermal and chemical environments make the

adoption of removable or expandable orifices impractical. while the

sophisticated IITRI probe is not only very expensive to build~ but is also

troubled by screen blockage which usually occurs after just one minute

sampling under normal operating conditions.

ln this chapter. a new design of probe for the LiMCA system is

proposed to tackle blocking problems associated with small orifices needed

for lowering particle detection limits. The mathematical model developed

in Chapter 2 for describing the motion of particles in liquid metals was

generalized for optimizing the probe's design. The new design allows for

the separation of larger particles from smaller ones. sa that ideally. only

those particles which are much smaller than the orifice size. pass through

the E5Z.

6.2 Rasis for the Development of a Smart-Probe

The passage of a particle through an ESZ in a molten metal system is

quite different from that in an aqueous electrolyte. The heavy currents

( - 20 - 6OA) in LiMCA gi ve rise to a strong radial electromagnetic force.

This force accelerates non-conducting particles towards the sidewall of the

ESZ. In Chapter 2. the study on the motion of spherical particles in

current-carrying liquid metals flowing through a circular pipe has

confirmed the dependence of the trajectories of particles on both

hydrodynamic and electric fields. particle sizes. and the physical properties

of the fluid and particles. Il was shown that larger size particles. or

particles with lower densities~ will reach the sidewall faster than smaller.

heavier particles. Based 00 this facto a new probe~ termed a "smart-probe" •

contaioing a contoured orifice with a co-axially built cylindrical exteosion~
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is proposed. The "smart-probe" system and its working principle for the

separation of particles of different sizes are shown schematically in Figure

6. 1. There D and H represent the diameter of the orifice and the radius of

the extension. L"rlfra and LI! represent the lengths of the orifice and of the

extension. while dl and d z are the respective diameter of the smaller and

larger particles. The model developed in Chapter 2 was used to determine

suitable dimensions for the extension. Under certain operational conditions.

particles of size dz• a size Iikely to block the orifice. will reach the wall of

the extension. while the smaller particles of size dl' which we wish to

count. pass through the orifice.

(nside
tube

1
+--

1

i ~

Figure 6.1 - Schematic representation of "sman-probetf and its particle separation

principle.
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6.3 Matbematical Mode. and Numerical Metbods

The present study investigated the parameters of "smart-probes" for

the LiMCA that can effect the separation of particles of different size or

density. This was accompl ished by considering the trajectories of particles

entrained in a homogeneously conducting liquid metal. flowing through an

orifice with a co-axially built cylindrical extension at the inlel. As shown

in Figure 6.1. electric current 1 flows into the ESZ from inside of the

sampling tube. while liquid metal from outside the extension tube. Uo is the

inlet flow velocity. which is assumed to be uni forrn. A two-dimensional

simulation using a cylindrical coordinate system was employed since the

applied electric currents are sufficiently strong as to confine any particle

motion to the plane containing the mass center of the particle and the axis

of the orifice. The position of the particle is designated in Figure 6.1 as

( xp ' Yp)' where x and y are the respective axial and radial coordinates.

6.3./ The Flo,,,' Field

The liquid metal was taken to be incompressible.. with constant

properties .. and the flow was considered to be laminar and steady. with a

Reynolds number ( ReD) of about 1700 (ReD is based on the diameter of the

orifice under normal operating conditions of LiMCA). Given these

assumptions. the problem May be stated by the continuity and Navier­

Stokes equations (2.1) and (2.2). with the solution of Lorentz or

electromagnetic force F ( Ft' F\) as Equations (2.3) - (2.7).

The boundary conditions for calculating the electromagnetic fields are

constant electrical potential at the central cross section. Le. the cross

section in the middle of the axially symmetric orifice. uniform electric

current density flowing out of the extension and zero electric current flux

across the insulating wall. The boundary conditions applying to the
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transport equations (2.1) and (2.2) are no-slip condition on the inner walls

of the extension and orifice. At the inflow boundary. the fluid velocity is

assumed to be uniform. while at the outflow boundary. the exit fluid

velocity gradient is taken to be zero and corrections are made in the

numerical calculations to match the mass inflow rate and thereby respect

conti nuity .

6.3.2 The Equation of Motion for Partie/es

As stated in Chapter 2. the trajectory of a non-conducting. rigid.

spherical particle flowing within a current-carrying liquid can be described

by the following equation. written in vector form:

dü,. 1 ~ 1_ - 1- - 1 DtÏ dtÏl' Dû
P V - =-C . ;ra-p li -u (u -LI )+-p V (---)+p V -+

P P dt 2 O.,J , l' P 2' p Dt dt ' P Dt
rd - - Id (6.3)

: Il: f (II - U l') T - 3 -
6a (lep,p,) Il'' dT+(Pp - P, )Vpg --VpF

o (t - Tl - ~

where Pp and VI' are the density and volume of the particle. and F

represents the electromagnetic force per unit volume of the f1uid at the

position of the particle.

6.3.3 Wall Effects

The presence of a solid surface in the vicinity of a moving particle

will affect the drag force. In this study. the axial drag force was

approximated using Equation (2.15).[21 1 while the wall effects in the radial

direction were estimated by using the tabulated correction factor for the

drag force on a solid particle moving perpendicular to a plane wall. [221
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6.3.4 Numerical Methods

A schematic representation of the computational domain and oon­

orthogonal. boundary-fitted grid used in this study is illustrated in Figure

6.2. Grids of variable spacing were adopted to enhance the accuracy of the

calculation. The conservation equations for mass and momentum with the

boundary conditions. and Equation (6.3) for the motion of particles were

solved using the same method as described in Chapter 2. ât is the time

step whose value is set as 10-f) s when the particle flows into the extension

and 10-11 s when the particle is near the wall or flows into the ESZ to

maintain the accuracy of the calculation.

Extension

. ,
.. "1 J •• 1

'f '" l "r 1 •• ;

" .. ,' .'.

Orifice

•

Figure 6.1 - Schematic representation of the domain and non-orthogonal.

boundary-fitted grid used in the computation.

6.4 Results and Discussion

6.4./ Parlicle Separation via Smart-Probes

Different from the conventional probe used in Most LiMCA systems

now in commercial operation. the "smart-probe" consists of a cylindrical
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extension built co-axially to the orifice. The extension serves to collect

particles which are either large enough to potentially block the orifice or

are unwanted such as micro-bubbles in aluminum melts. leaving only solid

particles needing measurement. to pass through the orifice. The

effectiveness of such separations within "smart-probe" depends on the

nature of the fluid flow and the electromagnetic fields within the extension

and orifice. Through a proper geometric combination of extension and

orifice. in conjunction with suitable operating conditions. predictions

suggest that the LiMCA system can provide appropriate fluid flow and

electromagnetic fields for such separations.

6.4. J. J Fillid flaw and electromagnetic fields

The calculation of the fluid flow and electromagnetic fields inside a

"smart-probe" for magnesium melts is based on probe dimensions.

operating conditions and the physical properties of the melt listed in Table

6.2. The distributions of electrical potential. electric current density. self­

induced magnetic flux density. and specifie electromagnetic force within

the melt. are shown in Figures 6.3(a) through 6.3(d>. respectively. As can

be seen from Figure 6.3(a). the isopotential along the central cross section

of the orifice has its highest value. where the current flow from the inner

positi ve electrode enters the throat of the ESZ. The e lectrical potential

gradient is very high inside the orifice. particularly near the wall. and

drops rapidly along the extension to a uniform value at around half the

length of the extension. The voltage drop over the whole probe is

approximately 0.10 volts. This potential distribution gives rise to the

electric current density shown in Figure 6.3(b). Corresponding to the

potential distribution .. the current density is very high within the orifice.

then decreases with increasing distance from the orifice. and eventually

becomes uniform inside the extension at the point where the potential

gradient starts to become uniform. The self-induced magnetic flux within
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the extension and orifice (Figure 6.3(c» increases from the central axis to

the waiL except in the transient region near the junction between the

Table 6.2 Probe dimensions. operating conditions and physical propenies
of molten magnesium used in the calculation

Dimensions of smart-probe:
Radius of the extension (mm)
Length of the extension (mm)
Diameter of the orifice (mm)
Length of the orifice (mm)
Coefficient of the polynomial representing parabolic orifice

Operating conditions:
Electric current (A)
Mean tluid velocity inside the orifice (mis)

Physical propenies of molten magnesium at 700 oC:
Density (kg/m3

)

Viscosity (Pa s)
Electrical resistivity ('lm)

0.4
1.0
0.3
0.3
2.15

60
4.0

1.577 X 10.\
1.23 x 10'-~

0.28 X 10-ô

•

orifice and the extension. ln this region. the magnetic flux density

increases adversely with the radial distance due to the weak axial electric

current density. which contributes to the generation of this azimuthal

magnetic flux densi ty. The interaction of the electric current and its

induced magnetic flux results in an electromagnetic force whose

distribution is shown in Figure 6.3( dl. Il can be seen that the stronger

electric current density and magnetic flux density within the orifice give

rise to a much stronger electromagnetic force inside the orifice than inside

the extension. The electromagnetic force is high near the wall. but

decreases with decreasing distance from the central axis. becoming

virtually and theoretically zero along the central axis. In this force field.

particles suspended in a molten metal that are electrically non-conducting

experience a force in the opposite direction. and are squeezed out from the
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liquid metal. Figure 6.4 illustrates the flow field (a) and the corresponding

streamlines (b) for this .. smart-probe". The flow velocity at the entrance

region of the extension is quite uniform and parallel. and relatively small

compared with that inside the orifice. A very small recirculation zone at

the corner of the extension connecting the outside wall of the orifice is

generated (as clearly shown in Figure 6.4(b)). and il is assumed that this

recirculation zone would not introduce extra background noise.

A o
c

B

(a) Electrical polential (volt)

------E =9.73D+02Almm*·2

Contour values:
A 9.26E~1
B 9.33~1
C 9.40~1o 9.47~1
E 9.53E*01
F 9.60E~1
G 9.67E~'
H 9.73E*01
1 9.80E-01
J 9.87~1
K 9.93E~1
L 1.00E+Oo

•
- ......----------_......
-+---------------~

(b) Eleclric current density
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•
J

K

L

Conteur vaJws:
A -7.66E-oe
B -7.00e-oe
C -fS.33E-oeo -5.8IE-oe
E -5.00E-oe
F ~.33E-oe
G -3.I7E-oe
H -3.00E-oe
1 -2.33E-oe
J -1.I7E-oe
K -1.00E-oe

li L -3.33E-oS
Des A

•

(c) Self-induced magnetie flux density (Weber/mm2
)

------E =7.78D-02N/mm**3

1 1

, 1

(d) Specifie eleetromagnetie force

Figure 6.3 - Distribution of the electrieal potential (a). electric current density (bl. self­

induced magnetie flux density (c). and specifie electromagnetie force (d)

for a "sman-probe" of 6OAJ300pm. H = 0.4 mm. ~ = 1.0 mm•

Lonfiu =0.3 mm. S = 2.15. and "1ft =4m/s.
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• - =4.620+03 mm1s

Contour valaas:
A 1.00E-07
B 7.89E-06
C 1.58E-oso 2.37E.QS
E 3.1SE-oS
F 3.94f:.OS
G 4.73E.QS
H S.52E-oS
1 6.31e-oS
J 7.1 De-oS

•

(a) Velocity vectors

(b) Sueamlines

Figure 6.4 - Predicted velocity vectors (a) and streamlines (b) for a "sman-probe" of

6OAI300!J1n. H =O.4mm. Lr =l.Omm. Lunjiu =O.3mm. S =2.15. and

U m =4mls.

6.4. J.2 Trajeetories of partie/es of differenl sizes and densilies

Ta separate particles. they must fol1ow different trajectories under the
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same fluid flow and electromagnetic fields. The study in Chapter 2 has

confirmed the difference of the motion of particles of different siles or

densities flowing with current-carrying liquid metals through a cylindrical

tube. The study found that larger particles reach the sidewall faster than do

smaller ones. that heavier particles travel further in the axial direction

before hitting the sidewall. than do those that are less dense. The predicted

trajectories of particles in the fluid flow and electromagnetic fields inside

the "smart-probe" are shown in Figure 6.5. As cao be seeo from Figure

6.S(a). the effect of particle sile on the particle trajectories is tremendous.

For particles flowing into the extension from two different entry positions

( Yo = l.OR and Jo = 1.3R. where R is the radius of the orifice). particles of

size d =4Spm. pass through the orifice. those of size d =(20pm reach the

3.00

Extension (a)

2.50-
~ (iv)- 2.00

•uc• 1.50-•:a
'ii
'1

1.00

œ
0.50 Orifice

0.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Axial dI"'nce (xpIR)

(a) Trajectories of panicles of different size (PP = Pt) (i) d = 45pm.

Yo =l.OR; (ii) d =45pm.. Jo = l.3R; (iii) d = 120pm.. Yo = l.OR;

(iv) d =120pm. Yo =1.3R; (v) d =300pm.. Jo =LOR;

(vi) d = 300pm.. Yo =13R
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• 3.00

Extension

2.50-
~ 2.00-•uc• 1.50-•:a
ii 1.00:a•œ

0.50

(b)

(V1)

OrifICe

7.006.005.004.003.002.001.00

0.00 +-'".......................t--'-~....I....i ....................A-+.....................'-+-.................-+-'..................................~~~

0.00

Axial distance (xJR)

(b) Trajectories of panicles of different density (i) Pp = O. d =35pm:

(ii) Pp =Pt. d =35pm: (iii) {Jp =IOp/.. d =35pm: (iv) PP =O.

d = l80pm: (v) Pp = p,~ d = l80pm: (vi) Pp = /Op,... d =l80pm

Figure 6.5 - The effect of particle size and density on the particle trajectories.

•

probe wall. and those of size d = 300pm hit the sidewall of the extension.

On the other hand. the effect of particle density on particle trajectories is

much smaIler. as can be seen from Figure 6.5(b). AlI particles of size

d = 35pm pass through the orifice even though their respective densities.

Pp =0. PI' =P, and PI' = lOp,. are very different. while particles of sile

d =l80pm aIl reach the wall of the tube or extension despite their different

densities. Particles of Pp =0. Pp =PI and Pp = lOp, represent bubbles.

inclusions or inclusion clusters which have the same density as liquid

metals. and particles which are much heavier than the molten metals.

respectively. For 180pm diameter particles. it is true that heavier particles

travel further in the axial direction. but they still move much faster in the
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radial direction than do 35pm diameter particles of zero (microbubble)

density. Il can also be seen from Figure 6.5(b) that 35pm diameter particles

move radially towards the wall of the extension faster with density Pp =0

than Pp =P, . and much faster than Pp =lOp 1 under the same

electromagnetic force. However. at the entrance to the orifice. strong

downward acceleration of the fluid forces the particles of Pp =0 towards

the central axis of the orifice faster than neutral density particles

( Pp = P,), and much faster than particles ten limes more dense ( Pp = tOp f ).

Further inside the orifice. the strong electromagnetic force again moves

zero density particles back towards the wall of the orifice. Il can he

concluded from Figure 6.5. that the "smart-probe" can be used to separate

differently sized particles. However. the present computations suggest that

it is ineffective in separating particles of different densities. despite claims

to the contrary. [:!31 [n the following. the design parameters for the "smart­

probe" will be discussed.

6.4.2 Design Parameters for Smart-Probe

Various design parameters were studied. including the electric current

II orifice size D arrangement. orifice length L"rlfla. orifice shape

(represented by the coefficient of the polynomial for parabolic orifice S).

extension length LI' and radius H. as well as mean fluid velocity through

the orifice ulft' u". was set at 4ml s for most simulations. apart from a study

on the effect of u
trI

itself.

6.4.2.1 Electric current 1/ orifice si:e D arrangement

The detection limit of LiMCA system is detennined by the

combination of the applied electric current 1 and orifice size D. In
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magnesium melts. 6OAI300,um. 4OA/275,um. 30A/256pm. and 20AI231pm

arrangements ail give a detection limit of 20pm diameter particle size. In

practical operations. orifice sizes greater than 400,um proved necessary to

prevent the orifice blockage. increasing the detection limit up to about

30pm for an applied electric current of 6OA. To keep the inclusion

detection limit to 20,um. a "smart-probe" could be designed which employs

a reduced orifice size. and at the same time. protects this small orifice from

blocking by using the cylindrical extension to collect larger particles onto

its walls before they can reach the orifice. For this purpose. the majority of

particles whose sizes range from 20pm to 30.um should pass through the

orifice to give an accurate measurement. while particles larger than 80

percent of the ori fice size need to be collected as far as possible. The effect

of the electric current II orifice size D arrangement on the pass-through

fraction of particles of different size is presented in Figure 6.6. In these

calculations. particles were assumed to have the same density as the Iiquid

magnesium. The length and radius of the extension were set at O.Smm and

O.3mm. respectively. The length of the orifice was O.3mm. and the

coefficient of the polynomial representing the parabolic shaped orifice S

was 2.15. This value was obtained by fitting the data from the micrograph

of a real orifice(:!~1 to the equation for a parabola ( y =Sx! + R). One can see

from Figure 6.6 that it is more effective in separating larger particles from

smaller ones to increase electric current than to decrease orifice size. Thus.

the pass-through fraction of particles of 30pm is lower than 60 percent for

an orifice with an Il D arrangement of 60A 1300pm . while the

corresponding value is about 75 percent for an orifice with an Il D

arrangement of 30A/256pm. The larger the particles. the faster tbey reach

the extension wall. resulting in a lower pass-through fraction. When

particle size increases up to 180pm. the pass-through fraction becomes

lower than 10 percent for ail studied Il D arrangements. It is also noted



DETECI10N AND SELECTIVE SEPARATION OF INCLUSIONS IN LiMCA 211

•
100

-.,. 80-~
.9-u 60!-~
al
~
0 40
~

~-•••• 20A.

0
0 40 80 120

~201231

.... 301256

-.-401275

.... 601300

160 200

•

P.rticle dl.meter (mlcrometer)

Figure 6.6 - The effect of electric current 1(ampere) 1orifice size 0 (pm)

arrangement on the pass-through fraction of panicles for

a "sm:ut-probe" of H =O.3mm. L~ = O.5mm.

L'm'k~ = O.3mm. S = 2.15. and lf", = 4m1s.

that the pass-through fraction for small particles in the "smart-probe'· is

lower than that for conventional probes. For example. a conventional

60A 1300pm ori fice gi ves a pass-through fraction of 95 percent for partic les

of size 35pm. while the corresponding fraction is only 50 percent for a

"smart-probe" with a 6OA/300pmorifice condition. This can be explained by

the fact that although these particles have not been caught by the extension

tube. and still have the chance to f10w into the orifice. these smaller

particles bave aiso been moved out radially towards the wall of the

extension as have the large particles. Therefore. more small particles f10w

into the orifice from near the wall rather than would be the case for a

conventional probe for which the radial distribution would be uniform.
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Because the size of these particles is much smaller than that of the orifice ..

the orifice will not be blocked. ln the following studies on the effect of

other design parameters of the "smart-probe". the 30A/256pm orifice

condition was adopted as the standard condition.

6.4.2.2 Orifice lenglh Lf,r'J-":~

The effect of orifice length LUT/lia on the pass-through fraction of

particles of different size is shown in Figure 6.7. The calculation was based

on H =O.4mm .. Lr =O.7mm. 5=2.15. As expected. the longer the orifice. the

lower the pass-through fraction for partieles larger (han 20pnl. The

difference between the pass-through fraction for Lonfia = O.5mm and LM,fia

=O.6mm is very small. although both are 2 to 4 percent lower than that

100

-- Lorifice=O.3mm- 80
~ ...... Lorifice=O.5mm-i ~ Lorifice=O.6mm
=u 60!-t-e 40•••:. 20

20040 80 120 160

Partie" dill..... (micrometer)

O+-".............................-'-t-"-........~.........."""+-.....................................+-'-...........................--+.........................................-i
o

•
Figure 6.7 - The effect of orifice length Lurlf;c~ on the pass-through fractions of panieles

for a "sman-probe" of 30A/256.um., H =O.4mm.. L~ =O.7mm.. S =2.15., and

Um = 4m1s.
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for Lflrlfïc:~ = O.3mm. On the other hand. more particles as small as 10,um

pass through the orifice of length O.6mm than that of length O.5mm. and

much more than that of length O.3mm. This can be explained by the fact

that the shorter vertical tube wall inside the extension associated with the

parabolic shaped orifice of the long orifice makes it easier for these small

particles to flow into the orifice.

6.4.2.3 Orifice shape S

The orifices currently used in magnesium and aluminum melts have

smooth entrance and exit. however. those in molten steel are cylindrical

( S =0). The streamlines for a "smart-probe" with cylindrical orifice are

shown in Figure 6.8(a). The dimensions of the extension are H = O.3mm. L~

= O.7mm. and the orifice length is L"r",a = O.3mm. It can be seen from

Figure 6.8(a) that there is a recirculation zone inside the orifice. which is

believed to introduce background noise during the operation of the LiMCA

system. This recirculation zone. which is absent for a cylindrical orifice

without extension or for a contoured orifice connected with an extension.

results from the strong downward velocity at the periphery of the sharp

entrance to the cylindrical orifice. The effect of orifice shape on the pass­

through fraction of particles of different sizes is illustrated in Figure

6.8( b). As can be seen from Figure 6.8(b). the shape of the orifice has Httle

effect as long as it bas smooth entrance to prevent the generation of a

recirculation zone inside the orifice.

6.4.2.4 Extension radius H

The effect of the radius of extension on the pass-through fraction of

particles of different sizes was studied for a "smart-probe" with L~ =

0_7mm. LvrtflC~ =0 .3mm. and S = 2.15. and the results are presented in
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Contaur vaJues:
A 1.00E-07
B 5.7~E-G&
C 1.15E-G5o 1.72E-G5
E 2.30E-G5
F 2.87E-05
G 3.~E-oS
H 4.02E-oS
1 ~.60E-OS
J 5.17E-05
K 5.20E-GS
L 5.23E-G5

(a)

100 ~--------------------...,

20016012080

~5=2.15

- - - - - - - - - - - - - - - - - - - - -~ 5=1.0 - - - - - - - - -

- - - - - - - . - - - - - - - - - - - - - - -op 5=3.5 - - - - - - - - -

40

O+- -"O-+-O """'-+ ....-...-+-O- -i

o

~ 80 - ---&:
.2-!-~
la
~e 40
~.,..
••t. 20

Partie" dia.,.ter (micrometer)

(b)

•
Figure 6.8 - (a) The streamlines for a "sman probe" with cylindrical orifice

(5=0). (b) the effect of orifice shape on the pass-through fraction of

panicles for a ··sman-probe" of 30A1'-S6JDn. H =O.3mm.

~ = O.7mm. Lon/iu = O.3mm. and u", = 4m1s.
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Figure 6.9. Generally speaking, the pass-through fraction for particles

larger than SOpm decreases as H increases, while that for particles smaller

[han SOpm increases with H. The reason is chat the axial velocity inside

[he extension decreases with an increase in H. when keeping Um constant

at 4ml s. The lower axial velocity gives larger particles a longer residence

time inside the extension. resulting in more particles being collected and a

lower pass-through fraction. On the other hand. as H increases. the radial

velocity lowards the central axis increases at the entrance to the orifice.

which gives smaller particles flowing into the orifice a stronger initial

radial velocity towards the axis of the orifice. and therefore an increased

pass-through fraction.

2001601208040
OL.-----------------------....J

o

tOO

--H=O.2mm- 80il --H=O.3mm-c ~H=O.4mm
0
~ --H=O.6mmu 60!-3:
al
~e 40

=•••:. 20

Partic" diameter (micrometer)

•

Figure 6.9 - The effect of extension radius H on the pass-through fraction of

panicles for a "sman-probe" of 30A/256pm. L~ = O.7mm.

Lonfic~ =O.3mm. S =2.15. and Um = 4m/s.
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6.4.2.5 Extension length L~

Figure 6.10 shows the effect of extension length L~ of a "smart-probe"

on the pass-through fraction of particles of di fferent sizes. The calculations

were based on H =O.3mm. Lor'fia = O.3mm. and S =2.15. As can be seen

from Figure 6.10. the pass-through fraction increases with smaller Le. For

particles of 20pm. the pass-through fraction increases from 75 percent up

to 82 percent as L~ decreases from l.Omm 10 O.5mm. The reason for this is

that the longer residence lime associated with the longer extension gi ves

particles more time to reach the wall. resulting in a lower pass-through

fraction.

--- Le=O.5mm

-.- Le::O.7mm

-.- Le=1.0mm

2001601208040

100

- 80i!-c
0=u 60•...-J:
CD
~e 40
J:
4;"••• 20ca.

0
0

Partiel. dlameter (mierometer)

•

Figure 6.10 - The effect of extension length L~ on the pass-through fraction of

panicles for a "sman-probe" of 30A/256,um. H = O.3mm.

Lonfic~ =O.3mm. S = 2.15. and Um =4m1s.

6.4.2.6 Mean fla id velocity ulft flowing through the orifice
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Figure 16.11 shows the predicted velocity field (figure 6.11 (a» and

streamlines (figure 6.11(b» for a Magnesium melt flowing witb a Mean

orifice fluid velocity of O.5ml s tbrough a "smart-probe" of H = O.3mm. L r =

O. 7 mm. L 0 "fi c ~ = O. 3 mm, and S =2.15. 1t can b e seen t bat a 1a r ge

." -, ,

- = 7.570+02 mmls

Contour values:
A -1.CME-06
B -6.96E-07
C -3.48E-07o 1.00E-20
E 9.23E-07
F 1.85E-oe
G 2.nE-os
H 3.69E-06
1 4.61E-06
J S.54E-06
K 6.46E-06

•

(a) Velocity vectors

(b) Streamlines

Figure 6.11 - The predicted velocity vectors (a) and sueamlines (b) for a "smatt-probe°'

of30A1256pm.. H =O.3mm..~ = O.7mm. L"nficr =O.3mm.. S =2.15, and

u". =O.5m/s.
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recirculation zone is generated inside the extension near the entrance to the

orifice. Considering the symmetry of the calculation domain. there is

actually a toroidal type of recirculation zone within the extension. that is

symmetric with respect to the central axis. In terms of a planar vertical

cross section through the cylinder's axis. two symmetric recirculation zones

are generated as a result of the pressure established by the strong

electromagnetic pinch force at the center of the orifice. This pressure

becomes higher than the upstream pressure of fluid inside the extension.

With increase in fluid flow velocity. the pressure at the upstream end

increases. so that this recirculation is finally suppressed once the negative

pressure gradient is absent. This was illustrated in Figure 6.4 for

li". = 4ml s. For the practical application of the "smart-probe". therefore. it

is necessary that the fluid flow velocity be sufficiently high to prevent the

formation of the recirculation zones. The effect of the Mean orifice velocity

on the pass-through fraction of particles of different sizes is shown in

Figure 6.12. from which it can be seen that the pass-through fraction

increases as the fIuid velocity increases due to the resulting shorter

residence time.

6.4.3 Smart-Probes for Magnesium and Steel LiMCA

As discussed in the former sections. an orifice size of at least 400pm

IS found (empirically> to be needed to prevent the blockage of LiMCA

system in typical magnesium melts. giving a particle detection limit of

30pm with 60A electric current. A "smart-probe" (denoted as SP

magnesium) of 30A1256pm. H =O.3mm. L~ = O.Smm. LlJrtli(.-~ = O.3mm. and

S =2.15 could reduce the detection limit to 20pm. The practical operation

of the LiMCA system in steel employs an electric current of 20 amperes

passing through a 300pm diameter orifice. Under tbis condition. the

particle detection limit is 16.6pm. The lower detection limit can be
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~um=2m1s - - - - ­

-"'um=3m1s

-a-um=4m1s

•
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- 80of.-c
0
;:
0 60•--~
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~.,
••• 20CL
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0 40 80 120 160 200

•

P.rtlcie dl.meter (mlcrometer)

Figure 6.12 - The effect of mean fluid velocity l'm on the pass-through fraction of

particles for a "smart-probe" of 30A/256pm. H =O.3mm. L~ =O.7mm.

L"nlïu = O.3mm. and S = 2.15.

achieved by designing a proper "smart-probe". One possible design which

lowers the detection limit from 16.6pm to IOpnl is a "smart-probe" (denoted

as SP steel) of 20AI200pm. H =O.2mm. L~ = O.75mm. Lon{ia = O.3mm. and

S =2.15. The pass-through fractions of particles of different sizes for the

above "smart-probes" for magnesium and steel LiMCA systems are shawn

in Figure 6.13. The densily and dynamic viscosity of steel used in the

computation are 7x10J kglmJ and 5xlO-3Pas. respectively. Il can be seen

from Figure 6.13 tbat the percentage of particles passing through the

orifice decreases dramatically with increasing particle sizes. More than 90

percent of inclusions with sizes up to 20pm for steel "smart-probe" (SP

steel) and around 75 percent of inclusions with sizes up to 30pm for

Magnesium "smart-probe" (SP Magnesium) could successfully pass through
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the orifice. Less than 10 percent of inclusions of size 180,um for SP

magnesium and only slightly above 2 percent of inclusions of this size for

SP steel pass through the orifice. This proves that smart-probe can be used

to detect small particles below the detection limit of the conventional

probe. Meanwhile. it is also noted that a relative percentage of particles

ranging from 30pm to 180pm were collected on the sidewalls. Therefore. to

measure the melt cleanliness accurately. "smart-probe" should be used in

conjunction with conventional probes to cover a wide range of particle

sizes.

100

- 80 ~ SP magnesium - - - - -of.-c "-SP steel
.2-u 60!-~
al
~

2 40
~

4f•••CL 20

0
0 40 80 120 160 200

P.rtlcle dl.meter (mlcrome.r)

•

Figure 6.13 - The predicted pass-through fraction in "smart-probe" for magnesium

(SP magnesium: 30A/2S6,um. H =0.3mm. L~ =O.Smm. L.mjiu =O.3mm.

S =2.15. and l'm =4m1s) and steel (SP steel: 20A/200pm.. H =0.2mm..

Lt! =O.7Smm. L.mrlCt! =0.3mm.. S =2.15.. and Um =4m/s).
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6.S Conclusions

A new design of the probe for the LiMCA system. which consists of a

contoured orifice and a co-axially built cylindrical extension. has been

proposed to tackle the blocking problem associated with small orifice

needed for lowering the detection limit. Large particles. which have the

potential to block the ori fice. can be separated from smaller ones and

collected onto the wall of the extension. A generalized mathematieal model

was developed for the motion of partieles entrained in liquid metals

flowing in this newly designed probe. The fluid field was obtained by

solving the Navier-Stokes equations. and the trajectories of partieles by

equations for the motion of particles. which involve transient motion and

incorporate the drag. the added mass. the fluid acceleration. the history and

the electromagnetie forces on the particle. The results showed that the

separation of larger from smaller particles are affected by the applied

electric current. orifice size. orifice length. orifice shape. extension length

and radius. as weIl as Mean fluid velocity through the orifice. Increasing

the electric current or decreasing orifice size lowers the pass-through

fraction of particles of ail sizes. Longer orifice gives rise to a lower pass­

through fraction. and this effeet diminishes as the length increases up to

O.5mm. The shape of the orifice has liule effect on the pass-through

fraction of the particles. but it is critical to have a smooth entrance to the

orifice to prevent the generation of recirculation zone inside the ori fice.

Increasing extension radius increases pass-through fraction of small

particles. but decreases that of large ones. Moreover. pass-through fraction

also increases with the decrease of extension length and the increase in

Mean f1uid veloeity through the orifice. The separation of particles of

different density with "smart-probe" can only be achieved when the

difference in density is dramatic. "Smart probes" for Magnesium and steel
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LiMCA are proposed for detecling particles below the detection limât of

conventional probes.
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CHAPTER7

Conclusions

ln this thesis. a mathematical model has been developed to describe

the motion of particles in current-carrying liquid metals encountered in

many electromagnetic materials processing operations. The model thus

developed has been applied to study fluid flow and particle trajectories in

LiMCA systems. including the water based LiMCA - APS Il system.

aluminum. magnesium. and steel LiMCA systems.

The model is concerned with the motion of particles in current­

carrying liquid metals in a cylindrical coordinate system. The fluid flow

was obtained by solving the Navier-Stokes equations. and particle

trajectories by sol ving equations for the motion of particles which

incorporate the drag. added mass. history. fluid acceleration and

electromagnetic force. with correction factors for particle shape and

orientation. Wall effects and flow conditions in the entrance region are

considered. Dimensionless numbers Re. Ru. y. and k are introduced to

represent the fluid velocity. electric current. particle density and particle

size. respecti vely. From this work. the following conclusions can be drawn:

• For non-conductive spherical particles flowing with current-carrying

liquid metals through a cylindrical pipe. the particle trajectories are

affected by the magnetic pressure number RH' the Reynolds number Re.

the blockage ratio k and the particle-fluid density ratio y according to

the relative importance of the associated force terms. [n the axial

direction. particles follow the f1uid velocity closely. and will move

further axially before reaching the wall as the fluid velocity (Re)

increases. [n the radial direction., the outwacdly directed electromagnetic

force on the pacticle increases with radial distance From the axis., witb



increasing current (RH)' and increasing size of the particle. The

competition between the electromagnetic force and the radial fluid

acceleration force in the entrance region results in particle movement

towards the central axis before moving towards the wall for small

electric current (low RH) and directly towards the wall for large current

(high RH)' The low inertia ('Y) bubbles move faster towards the wall

than do heavier particles. The radial velocity of the particle movement

as it approaches the wall is predicted to decrease due to wall effects.

•
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•

• For non-conductive spheroidal particles passing through a cylindrical

ESZ orifice. the effects of particle shape and orientation on the motion

of particles are taken into account by including correction factors. RD

for drag. M ..t for added mass. B for history. and E'" for

electromagnetic force. The movement of spheroidal particles are

affected by Re. RH. 'Y. k and the wall in the same way as they do for

non-conductive spherical particles. Spheroidal particles with symmetric

axes perpendicular to the transverse axis of the ESZ move faster

towards the sidewall as the particle aspect ratio (E) increases. The

dominating increase in the added mass (M") over the increase in the

electromagnetic force (E M
) with decreasing E makes this effect much

stronger for oblate (E < 1) than for prolate (E > 1) spheroids. The

stronger drag force (RD) on a prolate spheroid with ils symmetric axis

parallel to the axis of the ESZ makes it move slower towards lhe wall

than a prolate with its axis of symmetry perpendicular to the axis of the

ESZ. The effect of solid to liquid density ratio r is stronger for a

prolate traversing with its symmetric axis perpendicular rather than

parallel to the axis of the ESZ due to its smaller added mass (M..t). and

also stronger for prolate than for oblate spheroidal particles traversing

with their symmetric axes perpendicular to the axis of the ESZ owing to
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the decrease in added mass ( MA) as E increases.
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• For non-conductive particles flowing inta a parabolic ESZ orifice with

water. the motion of particles is affected by particle density and particle

Slze. Bubbles lead the fluid flow and travel faster than latex

microspheres which are slightly dt:nser than the fluid and follow the

fluid flow closely. Silica particles which are much denser than the fluid

lag behind the flow and travel slower than latex microspheres. and much

slower than bubbles. The relative velocity decreases with decreasing of

the diameter of particles of the same density. Larger particles

experience longer transit limes through an ESZ than do smaller ones.

The transient times of bubbles are shorter than those of latex spheres

and much shorter than those of silica particles of the same size. The

difference in transit times is more pronounced for larger particles.

consistent with experimental measurements. These findings confirm that

particle discrimination in water based LiMCA system is realizable.

•

• For particles flowing into a parabolic ESZ with molten aluminum. the

motion of particles inside the parabolic shaped orifice is affected by

particle conductivity. density and size. Non-conductive particles pass

through the ESZ along trajectories closer to the wall. while particles

that are more conductive than the molten Metal move closer towards the

central axis. Bubbles lead the fluid flow in the axial direction and travel

faster than alumina particles which are denser than the fluid and lag

behind the flow. Larger particles have longer transient times than do

smaller ones. The transient limes of bubbles are predicted to be shorter

than those of alumina particles of the same size. and the difference of

transient times is more pronounced for larger particles. proving tbat

particles in molten aluminum are distinguishable in LiMCA system. The

belpful "conditioning effectIf discovered by tbe inventors of the LiMCA



system for aluminum melts can be attributed to the dramatic increase in

fluid velocity near the wall of the parabolic orifice upon current surge.

together with a flow reversai. thereby clearing the build-up of

inclusions ahead and within the ESZ.
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•

For non-conductive particles f10wing with molten magnesium through a

cylindrical ESZ orifice with a countersunk conical inlet region. a large

recirculation zone is predicted to form in the countersunk region.

potentially leading to higher background electrical noise and orifice

blockage. A rounded ESZ probe orifice is proposed to eliminate the

recirculation zone while maintaining the advantages of conditioning

effect.

For non-conductive particles fIowing with molten steel through a

cylindrical ESZ. the ineffective conditioning operation can be plausibly

explained in terms of a little increase in fluid velocity near the wall

upon current surge. A parabolic orifice. similar to that used in aluminum

LiMCA operation is suggested lo improve the conditioning operation.

•

• To lower the detection limits of LiMCA systems while preventing

orifice blockage. ··smart-probes" for magnesium and steel LiMCA are

proposed. They consist of a contoured orifice and a co-axially built

cylindrical extension. Il is proposed that large particles which have the

potential to block the orifice can be separated from smaller ones and

collected onto the wall of this extension. allowing small particles to be

measured pass through the ESZ probe.

• The applicability of LiMCA systems for monitoring molten metal

cleanliness is proved theoretically based on the predicted pass-through

fractions of particles through the ESZ orifice.
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•

• Developed a mathematical model and the associated computer codes for

the motion of particles in current-carrying liquid metals.

• Studied in detail the effects of particle inertia and various force terms.

including drag. added mass. fluid acceleration. history and

electromagnetic force. on the motion of particles.

• Studied the effects of shape and orientation on the motion of spheroidal

particles in current-carrying liquid metals.

• Defined a correction factor E''''' for the electromagnetic force on

spheroidal particles of different shapes and orientation.

• Predicted the particle pass-through fractions. confirmed theoretically

the applicability of LiMCA systems for molten metals.

• Simulated the particle motion in water-based LiMCA - APS Il system.

predicted the transient time and shape of signais by combing Ohmic

model and the simulated particle motion. confirmed the possibility of

particle discrimination.

• Simulated the motion of particles in molten aluminum LiMCA system.

predicted the intrinsic difference in trajectories of conductive and non­

conductive particles. proved theoretically the possibility of particle

discrimination based on transient time and signal shape.

• Clarified the mechanism of conditioning operation in aluminum LiMCA.

• Identified the countersunk inlet region as a possible problem in

Magnesium LiMCA. proposed a new design of ESZ probe orifice.

• Explained the ineffective conditioning operation in steel LiMCA.

emphasized the importance of rounded shape of ESZ probe orifice.

• Proposed a new design for lowering detection limits of molten metal

LiMCA systems.
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Appendix A

Schematic Configuration of DSP-based LiMCA System
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Appendix B

Mathematical Model Construction and Validation

B.l Mathematical Model Construction

B.1.1 Assumptions

230

• Steady-state and laminar flow conditions.

• Liquid metal as incompressible Newtonian fluid.

• MHD approximation applicable.

• Effect of flow motion on electric current negligible.

• Constant physical properties of liquid metals. such as density. viscosity

and temperature.

• Non-deformable particles. droplets and bubbles.

8.1.1 Mathematical formulations

Navier-Stokes equations:

•

V.ü=O

- v-- Vp V"- 1-u. L1=--+V -u+-F
T

Pt Pt

Electromagnetic force:

Laplace equation for electrical potential:

(B.l)

(B.2)

(8.3)

(8.4)
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Electric current density and magnetic flux density:
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dqJ
J, =-(7r-a

x

dqJ
J =-(7-

y r dy (8.5)

(8.6)

Equation of motion of particles:

diipl.. 1_ - 1- - 1 Dïi diip Dii
P V -=-C Jra-p.II-1I (u-u )+-p V (---)+p V-

p P dt 2 Chili , P P 2' P Dt dt ' P Dt

~ I/~ft d(li -üp )/dl' _ 3(1- Z) -
+ 6a (1tf.l, P, ) Il'' d r + Vp (P p - P, )g - Vp Fr

o (t - r) - 4

B. 1.3 Boundary conditions

(8.7)

(8.8)

•

• Inlel: uniform normal fluid velocity and electric current density.

• Outlet: constant electrical potential and zero fluid velocity gradient.

• Wall: zero slip along and zero electric current flux across the insulating

wall.

• Symmetry plane: zero normal velocity component and electric current

density. zero normal gradient of velocity component parallel to the

symmetry plane.

8.1.4 Initial condition of particle motion

• Particles assuming the fluid velocity al inlel.

8.1.5 Numerical procedure



The conservation equations for mass (equation (B.l» and momentum

(equation (B.2»). and Laplace equation for electrical potential (equation

(B.4)) were discretized on non-orthogonal boundary fitted grids using the

finite volume approach and a collocated arrangement of variables. [1.21

The control volume and the notion used are shown in Figure B.l. Here
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y

j

i x.
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Figure B.l - The 20 control volume and the notion.

only the discretization on rtert face will be considered. the other faces being

treated in an analogous way. The mass flux can he expressed as:

where Stand S \ are the two components of a surface vector.

The convective flux of any transported quantity may now he evaluated

as follows:

•

.
F: = PC(SlU t +S"u,,)c

•
C~ =F~ f/J~

(8.9)

(B.IO)
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where (/JI! stands for the cell face mean value of the variable (/J.

The diffusion flux of (/J through the "e" cell face can be written as:

233

(B.ll)

The second term vanishes when the grid is orthogonal. and is smaH

compared to the first term if the grid non-orthogonality is not severe.

therefore. it is treated explicitly.

The source term is to be integrated over the cell volume ~V:

Sp = fspdV = (s. )p~V
~'

(B.12)

Summarizing the fluxes through aH faces of one CV results in an

algcbraic equation which links the value of the dependent variable at the

CV center with the neighboring values:

nb =E. W. N. S (B.13 )

The coefficients A/Ib contain contributions from the convection and

diffusion fluxes as defined by equations (B.I0) and (B. 11). The central

coefficient Ap cao be expressed as:

(B.14)

•
The discretized momentum equation at CV center may be written as:
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(B.15)
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where the pressure difference in the w-e direction has been taken out of the

Q - terrn and shown explicitly. The cell face value u; was obtained by

linear interpolation and expressed as:

where the overbar denotes linear interpolation.

Velocity and pressure corrections are introduced to enforce mass

conservation and linked by:

(8.17)

The continuity equation then reads:

(8.18)

•

where Sm =Fr- + F: + F~- + F:. which leads to an equation for the pressure

correction whicb bas the same forrn as equation (8.13). The solution

procedure is the same as that for the staggered variable arrangement wbich

has been described in detail by Patankar. [3]

Grids of variable spacing were used in tbis study to enhance tbe

accuracy of the calculation. i.e... a finer spacing was adopted near the waJl



and inflow boundary and a coarser grid furtber away. Central differences

were used to approximate both convection and diffusion fluxes. The

equations are solved sequentially using the strongly implicit procedure of

Stone.[4 1 which is based on the ILU (Incomplete Lower and Upper

Matrices )-decomposition. Pressure-velocity coupling is achieved via

SIMPLE (Semi-Implicit-Method for Pressure-Linked Equations)

algorithm. (3) The solution of the fluid flow equations provides the

hydrodynamic conditions for the calculation of the motion of particles. The

fluid velocity at the iostantaneous center of the partie le was obtained by bi­

lioear interpolation of the grid values. The equation of particle motion was

sol ved by employing a fourth-order Runge-Kutta method.

Another numerical method[51 that has beeo used to study particle

motion considered the particle as a moving boundary. The basic procedure

of this explicit-implicit scheme is as follows:

(i) Explicit updating. At each time step t•. the current position. velocity

and force of the particle are used to predict the new position and velocity at

the next time step t.... I.

(ii) Re-meshing and projection. For this new position. the

computational domain is remeshed. and the velocity field at ti is projected

onto the new mesh.

(ii il Navier-Stokes solution. On the new mesh. the pressure and

velocity field are solved using the velocity field at t. (after projection). The

explicitly updated particle velocity serves as the boundary condition on tbe

particle surface. Theo the force and moment on the particle are computed.

(i v) Implici t updating. The velocity of the particle is re-updated

implicitly using the force and moment at ti.l. If the new particle velocity is

different from the one obtained in (i). then go back to (Hi) and solve the N­

S equations using the new particle velocity as the boundary condition. This

process is repeated until satisfactory convergence is reached. Then go back

to (i) and advance in time.

•

•
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This scheme takes into account of the interactions between the

particle. fluid and wall directly. However. it is so computationally

expensive that only the motion of free fall particles in stagnant flow field

has been considered[5 J
• Therefore. it was not adopted in this study.
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B.2 Mathematical Validation

The problems defined below were chosen so as to include the Most

important features of the complex flows involved in this study and to test

for the solution methods developed in this thesis.

Case 1. Lid·driven cavity flow

Lid-driven cavity f10w has long served as a standard test case for

orthogonal or non-orthogonal boundary-fitted grids. The case studied here

is set up by inclining the side walls of the cavity to an angle of 45°. The

length of each side of the cavity L= 1. fluid density P, = 1 and lid velocity

lIL =1 were used in the calculations. The Reynolds number. defined using

the lid velocity. uL • and cavity length. L. was varied from 100 to 1000 by

changing the viscosity from 0.01 to 0.001.

By systematically refining the grid. grid-independent solutions were

obtained from 300 x 300 CV (control volume). One of the grids with 80 x

80 CV is shown in Figure B.2. Figure B.3 shows the streamlines for

Re= 100. [t can be seen that the main vortex fills almost the whole cavity.

The counter rotating vortex lies deep in the corner and is three orders of

magnitude weaker. The stream function values indicate the mass flux inside

the vortex. The maximum or minimum value in one vortex center defines

the total mass flow across any line connecting the vortex center with the

vortex boundary. For the two strongest vortices. these values. denoted as

"'mm (first vortex) and "'max (second vortex). were evaluated on aIl grids.



Figure 8.4 shows the convergence of 'l'max and 'l'min towards the grid­

independent values as the grid was refined.•
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Figure B.2- Non-orthogonal. boundary-fitted grid used in Iid-driven cavity tlow.
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Figure B.3 - Predicted streamlines for 300 x 300 CV al Re= 100.

ln aIl the studies in thesis. tests were performed first so as to choose a

grid field which was sufficiently fine to render f10w field computations

independent of grid size. In most cases. even finer grids were used for

obtaining an accurate particle lrajectory.
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• Figure 8.4 -Variation of (a) minimum and (b) maximum stream function values

at Re:100 as a function of control volume Dumber.
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Case 2. Laminar flow around a circular cylinder in a channel
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The numerical method developed in this thesis was further tested on

more complicated boundary fitted grids. The problem was described as

follows.

At inlet of the channel. a parabolic velocity profile is prescribed:

6uo ~
u =-[( y - v )L - ( v - y r]

t L! . . p •• p (8.9 & 8.10)

•

where Uo is the mean velocity. L = 4.ld is the channel height and y p = -2d

is the y coordinate of the bouom wall. and the origin of the coordinate

system is set at the center of the particle of diameter d. The axis of the

cylinder is not on the horizontal symmetry plane of the channel so the f10w

is slightly asymmetric.

Steady flow at a Reynolds number of Re = 20. based on the mean

velocity in the channel and cylinder diameter. was considered. Calculations

were performed on systematically refined non-orthogonal. boundary-fitted

grids. One grid of 208 x 16 CV is shown in Figure 8.5. The forces on the

cylinder were quantities of primary interest.

Figure B.S - Non-onhogonal. boundary-fined grid used in laminar flow around a

circular cylinder in a channel.



If the configuration was fully symmetric. the steady flow would yield

zero lift force on the cylinder. There is a small lift force due to the

asymmetry. as the flow rate (and therefore the pressure) is different above

and below the cylinder. The drag coefficient is defined as:

•
APPENDlX

(8.11)
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where FI is the x component of the force exerted by the fluid on the

cylinder. This force is calculated by integrating the pressure and shear

force over the cylinder surface. The grid-independent solutions on the drag

coefficient were obtained from 416 x 32 CV. and the results was shown in

Figure 8.6.
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~ 5.56

5.55

5.54
o 10000 20000 30000
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•
Figure 8.6 - Drag coefficient for the 2D tlow around a cylinder in a channel as a

function of control volume number.
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Case 3. Ballistics of a spherical projectile
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To evaluate the numerical method developed for particle motion.

comparison is made between the particle trajectories obtained from present

study and previous work.

It is weil known that in small-scale motions. a projectile traces out a

parabola when shooting upward in a direction not perpendicular to the

earth's surface. Previous studies on the motion of a projectile in a stagnant

viscous fluid included added mass. gravity • buoyancy. and drag force. as

weil as particle inertia. 161 ln this thesis. the drag coefficient Co was

estimated as follows:[71

1] = -0.881 +O.82w-0.OSw~

Re < 0.01

0.01 < Re::;; 20

20 < Re::;; 260

CD = 3/16 + 24/Re

10 [CD Re
glo 24

C Re
10glQ[ D -1] =-o.7133+0.630Sw

24

i.e .. CD = 24 (1 +0.1935 Reo6.m~]
R~

<B.(2)

260 < Re::;; 1500

where w= loglo Re.

loglo Co = 1.6435-1.1242w+0.1558w~

•

The trajectory of a steel bail of d=O.OSm in air with an initial speed of

50m/s at an elevation angle of 30 degree was studied. The results were

shown in Figure B.6 with the predictions from previous study.[61 Il cao be

seen that the very good agreement was achieved. By neglecting the added

mass. buoyancy and drag force. the predictions were compared with the



analytical expression for ballistics of projectile in vacuum. and again

agreement was achieved. [6(•
APPENDIX
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•

Figure B.7 - Trajectory of a steel ball in air. - this study. • [6].

Case 4. Particle trajectory in an electric dust collector

A dust preclpllator consists of a pair of oppositely charged plates

between which dust-Iaden gases flow. The minimum length of precipitator

is taken to be the length where the smallest particle present will reach the

bottom plate just before it has a chance to be swept out of the channel.

Assume that the flow between the two plates is laminar. and the particle

velocity in axial direction is the same as the fluid velocity in this direction.

Assume further that the Stokes drag on the sphere as weil as the gravity

force acting on the particle as it is accelerated in the vertical direction can

be neglected. Under these assumptions. the minimum lengtb in terms of the

charge of the particle. e. the electric field strength. E.. the pressure



difference between the inlet and outlet .. LJp. the particle mass. mp ' and the

gas viscosity. P" is given as:(8)
•
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(B.13)
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Assuming the values of e. E. -dp. ffl p ' Rand P, are 1 in SI unit. The

numerical prediction of partïcle's trajectory was shown in Figure B.8.

Compared with the analytical result from equation (8.13). which is

O.730296743m, the predicted result is O.730296787m. It can he seen that

the good agreement was achieved.

1.5 ~-----------------------,

0.5

~ 0

-0.5

·1

-1.5
0 0.1 0.2 0.3 0.4

Xp

0.5 0.6 0.7 0.8

•

Figure 8.8 - Predicted particle trajectory inside an electric dust precipitator.
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