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PREFACE

This thesis entitled “Removal of Inclusions from Liquid Aluminium using
Electromagnetically Modified Filtration,” is submitted to the Norwegian University
of Science and Technology (NTNU) in partial fulfilment of the requirements for the
academic degree of Philosophiae Doctor. This doctoral thesis is the result of 3 years
of work carried out at NTNU from January 2010 until November 2012, on the topic
of filtration of liquid aluminium using Ceramic Foam Filters (CFFs) with the
simultaneous application of electromagnetic fields. The experimental program was
carried out through the Department of Materials Science and Engineering, at the
laboratory of SINTEF Materials and Chemistry in Trondheim.

This work was conducted and funded as part of the RIRA (Remelting and Inclusion
Refining of Aluminium) project funded by the Norwegian Research Council (NRC) -
BIP Project No. 179947/140. The industrial partners involved in the project were:
Hydro Aluminium AS, SAPA Heat Transfer AB, Alcoa Norway ANS, Norwegian
University of Science and Technology (NTNU) and SINTEF Materials and
Chemistry. The funding granted by the industrial partners and the NRC is gratefully
acknowledged.

Professor Ragnhild E. Aune at the Department of Materials Science and Engineering
was the principle supervisor for the work. Prof. EM Jon Arne Bakken was the co-
supervisor. Dr. Shahid Ahktar has also made a significant contribution to the
direction of this work.

Results have been reported via presentations, conference and journal articles
published or submitted as the work progressed. A US patent application for
equipment and methods related to the electromagnetic priming of CFFs was also
filed. These documents are included in the body of this thesis in either the form in
which they were submitted or published.

This thesis consists of four main parts:
Part I: Electromagnetic Phenomena

The factors determining the magnetic flux density of a short coil containing a ‘work
piece’ will be explored. The analytical solution for the electromagnetic Lorentz
forces experienced by a cylindrical ‘work piece’ will be derived. The equations
governing the Leenov-Kolin effect (electromagnetophoresis) will be reviewed with
respect to spherical particles. Basic inductance and heating equations will be
presented for completeness.
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Part II: Ceramic foam filters, characterization and hydrodynamics

The ceramic foam filters used in this study are characterized with respect to physical,
electrical and hydrodynamic criteria. Porosity, tortuosity and effective resistvity of
30, 40, 50 and 80 PPI ceramic foam filters are presented. Pore (cell), web and
window diameters are determined and presented. Comparison is made to similar
materials in the literature.

Part III:  Electromagnetically modified filtration, including gravity reference
experiments, and priming

Part III constitutes the ‘heart’ of the thesis. Filtration mechanisms are presented and
discussed by way of dimensionless modelling parameters, and empirical models.
Appropriate physical properties for use with analytical and numerical modelling are
given. 2D axial symmetric flow fields are calculated. Results from early meniscus,
batch and flow experiments are presented. The focus is on the obtained quantitative
results for both gravity reference and electromagnetic filtration. The impact of
electromagnetic priming is described in detail.

Part IV: A collection of the 8 main thesis articles, which are further divided into

three main topics:

1. Electromagnetic phenomena including experimental, analytical and numerical
modelling (2 articles).

ii. Filter morphology and liquid permeability, including experimental, analytical
and numerical modelling (2 articles).

iii. Filtration of SiC particulates from liquid A356 aluminium under gravity
(reference cases) and under the influence of electromagnetic Lorentz forces. The
influence of Lorentz forces on the priming and subsequent filtration using
gravity will also be discussed (4 articles).
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“Progress 1s impossible without change, and those
who cannot change their minds cannot change
anything.”

-George Bernard Shaw (1856 - 1950),
“Everybody’s Political What’s What”, (1944).
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SUMMARY

Solid inclusions can have serious detrimental effects to the quality of
aluminium metal and the final properties of products produced from this metal.
This research was conducted as part of the RIRA project, which had as an
objective to removal all inclusions of >10pum. The intent of this portion of the
research was to determine if it were possible to achieve greater efficiency of
filtration wusing Ceramic Foam Filters (CFFs) in combination with
electromagnetic fields.

It was known previously that electromagnetic fields applied to aluminium
combined with electric current would produce Lorentz forces (JxB), that could
cause non-conducting solids (e.g. SiC and Al,O;) to migrate counter to these
forces (Leenov-Kolin effect) and achieve particle collection at the walls of
laboratory scale crucibles or flow channels. However, electromagnetic
separation has not proven sufficiently practical for application within the
aluminium industry. It was hoped that the combination of Lorentz forces with
CFFs, would allow improved separation using practical equipment designs.
CFFs could potentially benefit from Lorentz forces, either due to magneto-
hydro-dynamic (MHD) recirculation of the metal for multiple filtration passes
or via the Leenov-Kolin effect (electromagnetophoresis).

Electromagnetic phenomena were studied in detail, to allow the construction of
appropriate coil designs, producing sufficient magnetic flux density. It was
found during this review that errors of ~10-30% in flux density would result
from assuming an infinitely long coil, depending on the coil and work piece
geometry, and electromagnetic penetration depths. Review of the pertinent
electromagnetic theory lead to the discovery of a little known means of
analytically solving for the magnetic flux density of a short coil accounting for
both coil shortness and the effect of a conducting work piece (e.g. a crucible
full of liquid metal), published by Vaughan and Williamson in 1945. Use of
this correlation would result in errors varying considerably with frequency from
about 10% at low frequency to 1% at very high frequency, e.g. 100 kHz.

The frequency modified short coil correction factor proved key during this
work, to the development for the first time of an accurate analytical solution to
the time averaged value of the Lorentz forces in non-infinite coils. The final
analytical equation was verified using the 2D axial symmetric FEM models and
found to agree within about 30% over a range of about 9 orders of magnitude
change in force. The use of a long coil assumption would have resulted in
errors close to a factor of 2. This subsequently led to the creation of a new
dimensionless Leenov-Kolin number to asses the relative impact of the
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electromagnetic reaction force on spherical non-conductive particles in a
conducting medium undergoing flow.

In order to execute the experimental program it was necessary to combine
power supply and coil design, with new experimental, sampling and analytical
procedures. Precision dimensioned coils were produced from mechanical grade
copper tubing insulated with high temperature glass fibre. Filters were mounted
in disposable ‘filter bowls’, constructed from standard materials used in the
foundry industry. Metal was sampled using spectrographic disks which were
machined, polished and photographed. Particles were counted using,
macro-automated computer image analysis for particle counting. Used filters
were sectioned using abrasive water jet cutting and mounted and polished for
optical and SEM analysis.

Batch experiments were conducted (4) to determine the magnitude of the
magnetic flux density, which could be safely applied to an aluminium melt,
develop procedures and equipment (2), and study the effect of the magnetic
field on the distribution of 2-30 um SiC particles (16). An impact on the
distribution of particles was clearly seen, cake formation over the filters was
reduced (“disrupted”) and particles were strongly biased towards the outer wall
in the filters used (mainly 30 PPI). Evidence for bulk metal recirculation from
below the filter and towards the walls of the crucible was observed during
sectioning of used filters. Filtration efficiency could not be determined during
the batch processing.

It was discovered (and subsequently a US patent application filed) during this
phase of the work that the magnetic field had a profound effect on the priming
height of metal required for CFFs, particularly for ‘tight’ 50 and 80 PPI filters.
Filters were primed with as little as 100 mm without pre-heating, instead of
requiring both preheating and metal heads of up to 400 mm. Special hot liquid
metal experiments (2) were conducted to prove that the 50 and 80 PPI filters
could not be primed with 150 mm of metal head in the absence of an
electromagnetic field.

It was found that gas could be removed from these filters with near 100%
efficiency after between 3 and 10 minutes of electromagnetic agitation or
electromagnetic ‘priming’ using a magnetic flux density between 0.1 and 0.2 T.
Wetting of the filter element by the aluminium was greatly improved with time.
Higher casting rates (increased productivity) were subsequently found for well
primed filters using standard metal casting heads.



Electrical properties (effective resistivity or conductivity) of 30, 40, 50 and 80
PPI CFFs were studied in detail during hot metal experiments (5) and
subsequent cold analysis, in order to numerically model Lorentz forces
produced within the CFFs using 2D axial symmetric FEM. A by-product of this
effort was relatively accurate determination of filter tortuosity using novel
electromagnetic induction methods. Filter tortuosity (from 1.3 to 3.2) and
effective resistivity (from 1.5 to 3.7) were found to increase strongly with filter
PPI from 30-80 PPI, having major significance for fluid flow, filtration
efficiency and the Lorentz forces developed for a given flux density.

In order to numerically model the induced MHD mixing in the CFFs (a porous
media), it was necessary to determine both the magnitude of the Lorentz driving
forces and the inertial and viscous loss terms of the Navier-Stokes equation.
Due to the higher than normal velocities induced by the MHD, it was necessary
to determine both the first and second order terms for the Forchheimer equation.
High precision measurements (70) were made with water of pressure gradient
versus flow for about 8-10 flow rates (from 0.015 to 0.77 m/s), using 50 mm
thick CFFs of 30, 40, 50 and 80 PPI, using long and short inlet lengths and with
two different filter diameters (49 mm and 101 mm). Results were numerically
modelled using 2D axial symmetric FEM to ensure that flow by-passing was not
occurring with the 49 mm filters and to numerically arrive at the 101 mm
filter’s equivalent flow field diameter. Use of the 101 mm filters permitted
independent confirmation of the 49 mm filter permeability results.

Additional permeability work was supervised, as part of a Masters thesis,
“Liquid Permeability of Ceramic Foam Filters” (not reported here) to examine
the statistical variability of CFF permeability between filters and within a single
filter.

The morphology of CFFs was studied in detail as part of this work, determining
the mean and standard deviation of the cell (pore), window and strut diameters,
as well as filter total porosity. Both the first and second order Forchheimer
coefficients were found to correlate best with the average measured window
area for each filter type.

The measured pressure gradients could also be ‘predicted’ with reasonable
precision using the best of the previously published correlations (£50%).
Modified equations (originally by Dietrich and by Ergun) were developed
which correlated the current data set with higher accuracy (£30%) and may help
to achieve better generalized correlations for pressure drop in porous media.
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Hot metal ‘flow tests’ (3 preliminary and 12 final) were conducted using 30, 50
and 80 PPI filters. It was again found that the magnitude of the magnetic field
altered both the wetting, and particle distributions. It was further found that
collection efficiency was reduced for the 50 and 80 PPI filters relative to the 30
PPI, when compared against appropriate gravity benchmark experiments. This
is the reverse of the trend found in gravity filtration. The high effective
resistivity and lower permeability of the 50 and 80 PPI filters appears to have
reduced recirculation, as well as the effectiveness of the electromagnetic
separation. According to the newly defined Leenov-Kolin number,
electromagnetic separation should only be a significant mechanism for 30 PPI
filters (and below). The 30 PPI filter achieved 47% overall filtration efficiency,
while the 50 PPI only achieved 13% and the 80 PPI 29%.

2D axial symmetric MHD FEM modelling was performed using the measured
permeabilties, and effective electrical conductivities for the filter. The resulting
flow fields were found to corroborate the observed experimental phenomena.
Greatly increased Lorentz forces and much higher recirculation were present
within the 30 PPI filters, compared with the 50 or 80 PPI.

It was also found that the coarser particles were collected with lower efficiency
than finer particles during electromagnetic filtration, again a reversal of the
norm. The high velocity caused by MHD mixing appeared to be the cause.
More particles were pushed through the filter due to the high velocity field.
Once under the filter, coarser particles have a larger terminal settling velocity
(higher Gravitational number) and tended to settle, due to gravity
sedimentation, and did not recirculate for second or third passes.

For normal gravity filtration, correlations in accordance with previous literature
(for well wet particulates) were found for the efficiency of filtration against
velocity for the 30 PPI filters. Data was too limited for the 50 and 80 PPI
filters to make firm conclusions.

New equations for calculating the interstitial velocity, single ‘event’ or cell
efficiency, incorporating the tortuosity were identified. Comparison was made
between traditional exponential filter empirical models (effectively assuming
isotropic filter properties) and alternate methods based on independent
statistical events, showing equivalence with the previous mathematics if a
constant efficiency were assumed. The new equation does not require an
assumption of isotropic filter properties and may permit improved models with
variable efficiency by filter depth to be developed in the future.
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Due to the very high particle loadings used in this research effort, equivalent
metal masses many times the norm were filtered. It could, therefore, be
concluded that it is possible to utilize CFF filters much longer than is the
current industrial practice. If for example, four times the standard area of
filters were used for any given casting rate, but for four times as long, the same
number of filters would be used, and dramatically improved particle collection
efficiency would likely be obtained.

In relation to the RIRA project objective of removing all particles >10um, the
following results were obtained:

i. >98% of particles larger than 10 pm were removed at low filtration
velocity (~1 mm/s) wusing 80 PPI filters, which had been
electromagnetically primed, and

ii. >94% of particles larger than 10 um were removed at low filtration
velocity (~2 mm/s) under gravity filtration using 30 PPI filters.

Future work:

In the continuation of this line of research, the following options may be worth
further consideration:

i. A stack of 2 or 3, 50 mm thick filters (e.g. 30 or 50 PPI) will achieve
much higher efficiency according to the accepted empirical filtration
models, and can be primed using electromagnetic priming.

ii. Homogeneous magnetic fields can be produced using coils of non-
constant pitch in order to eliminate MHD mixing and maximize the
Leenov-Kolin effect. Such coils can be accurately designed by the
validated 2D FEM models produced during this research.

iii. Lower PPI filters (10 or 20 PPI) can also be used to achieve increased
benefit from the Leenov-Kolin effect.

iv. Lower casting velocity (<1 cm/s and probably between 2 and 5 mm/s),
could be used to dramatically improve the efficiency of standard 30 or
50 PPI filters under gravity casting conditions. This would require
increased filter area to maintain the productivity.

v. Alternate frequencies should be explored, e.g. lower for deeper
penetration in large filters or higher to enhance the Leenov-Kolin effect
at the walls.

vi. Or some combination of the above.

Keywords: Electromagnetic, Lorentz, Filtration, CFF, Aluminium
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Chapter 1

INTRODUCTION

Inclusions are both indigenous and exogenous particulates that are present in
commercial metals such as aluminium. If large individual or large numbers of
inclusions are present, they can have a significant negative impact on the
appearance, mechanical and chemical behaviour of products produced from the
metal. Aluminium is known to contain large numbers of both indigenous and
exogenous inclusions < 50 pum in size, e.g. typically <l ppm by volume or
<100,000 inclusions of >20 um per kg of metal as detectable using a Liquid
Metal Cleanliness Analyzer, LIMCA [1]. Depending on the final application of
the aluminium, inclusions can render the metal ‘not fit for purpose’, and result
in serious economic consequences to metal producers.

According to Groteke [2], solid inclusions can have negative effects on the
machinability, static and dynamic mechanical properties, as well as leading to
increased gas porosity and shrinkage of the metal during casting. Inclusions
can be highly detrimental to a number of high value products such as in
automotive and aeronautic applications [3], foil and lithographic sheet [4], can
body stock and computer disks [5], sheet ingot and wire rod production [6].
Inclusions also decrease the corrosion resistance [7] and can have detrimental
effects on the surface finish of the end product [8].

It is not surprising that the aluminium industry has developed a number of
treatment processes to improve metal cleanliness, given the large number of
high value products whose quality can be adversely affected by inclusions.
These treatment processes include: settling, flotation, degassing, and liquid
metal filtration using Particle Deep Bed Filters (PDBFs) [9], Bonded Particle
Filters (BPFs) [10], and Ceramic Foam Filters (CFFs) [5, 11]. CFFs are the
most commonly applied filtration process and have been used to filter >50% of
the world production of aluminium since the 1990°’s [5].

Inclusions in aluminium may be particles, bifilms [12] or clusters of: oxides
(Al,03, Si10;), spinels (MgO-Al,03), carbides (SiC, Al4Cs;), nitrides (AIN),
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borides (TiB;), sulfides, phosphides and intermetallics [2], with a higher
melting point and typically with a significantly higher hardness than the host

metal. Some of the inclusions found in aluminium are summarized in
Table 1.1 [13].

Table 1.1 Typical Inclusions in Aluminium [13]

Specific | Physical
Gravity | Dimensions
Inclusion Type Form (g/cm“) (pm)
0.2-30
Oxides Al O, p, (5) 4.0 (10-5000)
MgO p 3.6 0.2-30
MgO-Al,04 p 3.6 0.2-30
SiO, p 2.6 0.2-30
Chlorides NaCl p 2.2 0.1-5
KCl p 2.0 0.1-5
Carbides Al4C3 p 2.4 0.5-25
SiC p 3.2 0.5-25
Nitrides AIN p 3.2 10-50
1-10
Borides TiB, p, () 4.5 (30)
AlB, p 3.2 0.1-3
p=particles, s=skins, c=clusters

It can be clearly seen from Table 1.1, that many inclusions are larger than 10
um and below 20 pm. These inclusions are problematic, in that they are
difficult (or impossible) to quantify via LiMCA, but still large enough to
potentially have catastrophic impacts on products, particularly thin products
like: foils, heat exchange tubing and beverage cans, and for surface critical
products like lithographic plate. Filtration efficiency data in this size range of
particulates is almost non-existent, but extrapolation from larger sizes would
lead one to conclude efficiencies would be in the range of 50-70%, depending
on filtration velocity [14].

The filtration efficiency of CFFs can easily be improved by operating at lower
velocity [15], or using thicker or tighter filters [14]; however, these options
have the drawbacks of either lower productivity or requiring high priming or
operational ‘heads’ to produce the required gravity pressure driving forces. The
motivation of this work was, therefore, to determine if it were possible to
overcome these inherent challenges by applying electromagnetic forces to the
normal gravity filtration process using CFFs, to achieve increased filtration
efficiency for particulates of >10 pm, at filtration velocities acceptable to
industry.
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1.1 RIRA Project - Thesis Objectives and Methods

This research was conducted as part of the RIRA project, which had as an objective
to removal all inclusions of >10 um. The RIRA project had a secondary objective to
develop new methods of inclusion separation, e.g. electromagnetic separation. The
intent of this part of the research effort was to find ways to combine electromagnetic
fields with Ceramic Foam Filters (CFFs), to determine if it were possible to achieve
greater efficiency of filtration for liquid aluminium.

The main objectives of this research included:

1.

2.

How high a magnetic flux density can be safely applied to liquid aluminium
(meniscus experiments)?

How do the coil, work piece geometry, current and temperature affect the
magnetic flux density (billet experiments, Analytical/COMSOL modelling)?

. How do the filter types, time and coil magnetic flux density, affect the particle

distribution within and over the filters (batch experiments)?

What are the hydrodynamic/magnetohydrodynamic (MHD) properties within
the filter media (permeability, pore/cell size, effective resistivity, CFD
modelling)?

. How does the filter type, with and without a magnetic field affect the final

obtained filtration efficiency as a function of both velocity and particle size
(flow tests)?

The phenomena involved in these experiments included, but were of course not
limited to:

Induction (using helical induction coils)
Electromagnetic fields

Lorentz forces (MHD)

Leenov-Kolin effect reaction forces

Porous media fluid mechanics (permeability)
Fundamental filtration mechanisms

The phenomena listed above were investigated via a combination of the following
study methods:

Literature and theory
Analytical solutions
Empirical measurements
Empirical modelling
Finite element modelling
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Thus, the present work is intended to trace the following flow diagram:

Part I Part I1 Part II1
Analytical Ceramic foam filter Filtration
determination of the characterization: mechanisms,
magnetic flux density »  physical, electrical > dimensionless
produced by a helical and hydrodynamic. modelling
coil and the resulting parameters,
Lorentz forces acting physical properties,
on a cylindrical empirical modelling
‘work piece’. and numerical flow
Analytical estimation \u fields.
of the
electromagnetic \ +
reaction forces
experienced by 3 2
spherical particles. Supplements 3-4 Supplements 5-8
Physical Analytical and
characterization, numerical verification

experimental and

of the Lorentz forces.

numerical verification Experimental
of the permeability, investigation of
Supplements 1-2 tortuosity and gravity and
effective resistivity of electromagnetic
Experimental and 30, 40, 50 and 80 PPI filtration using CFFs
numerical verification ceramic foam filters. in batch and flow
of the magnetic flux ex'perim‘ents,
density of helical including ‘
coils interacting with electr(.)m.agnetm
work pieces. priming.

Figure 1.1- Schematic outline of the thesis and Supplements.

This thesis includes the following Supplements:

Part I:

Supplement 1 describes the investigation of classical induction heating literature,
which was required in order to construct the induction coils used in the experimental
program. It was found that the magnetic flux density of short coils was determined
not only by the current and coil turns per unit length, but also by a complex
interaction of the coil geometry (diameter to length ratio) with that of the ‘work
piece’ or liquid metal, and with the applied frequency and the -electrical
conductivities. The 1945 correction factor of Vaughan and Williamson [16] was
found to be the most accurate design method, when compared against rudimentary
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induction heating experiments on ‘raw’ billet sections. Vaughan and Williamson’s
equation was not known to the induction industry prior to this publication, but the
figure produced by Tudbury in 1960 was [17]. It was not understood that the graph
of “work piece shortness correction factor” produced by Tudbury, was in fact the
square of Vaughan and Williamson’s equation, as Tudbury had failed to reference his
sources. Identifying the original and more fundamentally useful equation, thus
represents a significant, if simple contribution to the theory in this field.

In Supplement 2, a 2 D axial symmetric finite element model is described in some
detail. The exact analytical solution to a current sheet inductor was used to determine
the required size of the ‘magnetic domain’ and achieve inductance agreement of 1
part in 10000. The model was validated against power, magnetic flux density and
inductance measurements made at 50 Hz. Mesh spacing and coil domain type for
high frequency were determined by comparison of numerical and analytical heating
and resistance estimates. A frequency correction to Vaughan and Williamson’s
equation, utilizing the electromagnetic penetration depth was proposed. The new
equation was shown to significantly improve analytical estimates for low frequency,
in comparison to the numerical results.

Part I1:

In Supplement 3, the ceramic foam filters (CFFs) used in this study of 30, 40, 50 and
80 PPI are characterized. Measurements of porosity, tortuosity, effective electrical
resistivity, cell (pore), web and window diameters are determined. The main focus is
on the first and second order, Darcy and non-Darcy coefficients for use with the
Forchheimer equation. Results are measured using two different filter types, with
long and short inlet lengths at 8-10 different flowrates, and moving between laminar
and turbulent inlet conditions. Experimental results are compared against analytical
model results and 2D axial symmetric FEM modelling showing agreement with less
than 7% error. Both first and second order Forchheimer coefficients were found to
correlate with the measured CFF window area. Comparisons are made with
previously published correlations and improved correlations are presented.

Supplement 4 is similar in content to Supplement 3, but with focus on only the
permeability data and the use and development of the 2D axial symmetric finite
element model using COMSOL" 4.2a.

Part I11:

Results from the early stages of the theoretical review and process experiments,
including meniscus and batch filtration results are presented in Supplement 5.
Development of the coil design from a long, low flux density coil, to a short multi-
layer coil, with a corresponding 100% increase in peak flux density is illustrated.
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Very large electromagnetic menisci were produced using the new coil configuration,
leading to powerful metal agitation and oxidation. Changes were required to the
equipment design to allow a substantial metal height over the top of the coil, in order
to prevent the formation of a meniscus and attendant oxidation.

The preliminary batch filtration experiments showed evidence of strong metal
recirculation from below the filter, pushing casting sand into the bottom of the filter
and requiring further modifications to the design of the equipment to prevent
contamination (ceramic plate on the bottom).

Supplement 6 reviews the impact of Lorentz forces and more particularly the curl in
the obtained Lorentz forces caused by the higher effective filter electrical resistivity.
Using a 2D axial symmetric FEM model, accurate estimates were made of the
Lorentz forces using the measured filter electrical resistivities, combined with
measured filter liquid permeabilities, to predict the fluid flow fields. The results were
in good agreement with the experimental observations reported in Supplement 5.

The impact of the electromagnetic flux density on priming is discussed and data
provided, showing that priming should not be possible for 50 and 80 PPI filters in the
absence of the induced Lorentz forces.

Photographic and SEM evidence from more recent batch experiments is presented,
showing the progressive removal of gas and improvement of wetting achieved with
the application of electromagnetic priming. Batch test results indicated a
redistribution of particulates towards the outer wall of the crucible, in accordance
with the predicted flow fields and the Leenov-Kolin effect.

In Supplement 7 the analytical solution for the Lorentz forces in a short coil is
presented. Previously published metallurgical literature contained equations, which
confounded the real and imaginary parts of the equation for the ‘real’ or time
averaged (RMS) forces produced in an ‘infinite’ coil and could not be used for any
practical purpose. The frequency modified short coil correction factor, which was
developed during the current research effort, was found to apply also to the strength
of the Lorentz forces produced by short coils. The new analytical equation allowed
for accurate comparison to be made with the estimates produced using 2D axial
symmetric FEM modelling. Agreement was within about 30% over a range covering
9 orders of magnitude change in force.

The Leenov-Kolin formulae are presented to relate the Lorentz forces, to the reaction
forces experienced by conductive and non-conductive spherical particles.
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Preliminary flow experimental results are presented that show that the changes in
filter wetting and particle distribution observed during the batch experiments also
apply to the flow experiments. Filtration using an electromagnetic field is shown to
have reduced the filtration efficiency and to have reversed the normally expected
trend between particle size and filtration efficiency (now decreasing for larger sized
particles). Empirical filtration modelling is introduced, indicating that the source of
the lower overall filtration efficiency for the electromagnetic experiments, might have
been the high induced interstitial liquid velocity.

Particle agglomeration is suggested to play a role in the observed ‘flat’ efficiency
versus size relationship for the gravity filtration reference experiment, based on
observations of few individual particles and many agglomerates over, in and under
the filter elements.

Supplement 8 represents the culmination of the research effort into
electromagnetically modified filtration. The physics and physical processes involved
in gravity and electromagnetic filtration are reviewed in some detail and the relative
effectiveness of different mechanisms explored by examining the magnitudes of
various dimensionless force ratios. A new Leenov-Kolin number is proposed to
define the relative impact of electromagnetic separation on spherical particles in a
flowing metal.

New equations are developed, using the measured tortuosity, with regards to the
interstitial melt velocity and filtration efficiency. An alternate means of empirically
modelling CFF filtration efficiency is proposed, which uses discrete event
probabilities and avoids the need to assume that the filters are isotropic media.

The filtration efficiency as a function of velocity under gravity filtration conditions,
both overall and as functions of particle size ranges, is presented for 30, 50 and 80
PPI CFFs.  Sufficient results were available for the 30 PPI CFFs to conclusively
show that the overall efficiency decreases with increased superficial filtration
velocity, in agreement with previous literature.

Results for electromagnetic filtration are also presented and found to ‘counter-
intuitively’ reverse the normal trend both for efficiency vs. PPI and for efficiency vs.
particle size (in accordance with the results from Supplement 7). Results from 2D
axial symmetric MHD modelling using FEM, are shown to agree with the
experimental results, indicating that the 30 PPI filters experience both greater Lorentz
forces and higher rates of fluid recirculation. 30 PPI filters therefore benefit more
from the Leenov-Kolin effect and have a larger portion of particulates recirculate for
multiple filtration passes. For the 30 PPI filters, it was shown that the Lorentz forces
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could cause sufficiently powerful fluid flows, to result in physical damage to the filter
elements.

During SEM examination of used filter sections from gravity filtration, evidence was
found supporting both the role of impaction/interception for ‘web-like’ 30 PPI filters
and for greater levels of gravity settling in the more ‘pore-like’ 80 PPI filters. Many
indications were found during optical and SEM analysis of both filter sections and
metal samples, to suggest that clustering or agglomeration played a major role in
determining the obtained experimental filtration efficiencies under gravity. Few
single particles were present in any of the samples and many bridges often in
combination with bifilms were observed. Bifilms were observed many times
decorated with particles, either unfurled or wrapped into more spherical shapes.

A new macro-automated computerized particle counting procedure was applied to the
‘fast cooled’ spectrographic disks and was shown by comparison with a manually
controlled count to give excellent results (~3% bias in efficiency). The new counting
method represents a significant advance, in that it was not practical to determine the
efficiency as a function of size for particles in the size range <20 um previously, due
to the time required to perform the analysis work or the fact that LIMCA could not
measure such particles ‘on-line’.  The variability of results from disk to disk on
starting samples, suggested that additional samples are required in the future, to
quantify and reduce this source of experimental variance. Operation with lower
particle concentrations over longer durations is now possible, due to the optimized
analytical procedure; hence, improved statistical reliability can be obtained in future
work by the use of greater number of starting and time/weight based samples.

Concrete recommendations were made for future work, using different possible coil
designs, filter configurations and process parameters (e.g. frequency or velocity).
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PART I - THEORY AND
VERIFICATION

ELECTROMAGNETIC PHENOMENA

2.1 Leenov-Kolin Effect, Electromagnetophoresis [see Supplement 7]

The principle of electromagnetic separation by reaction to Lorentz forces (JxB)
was described mathematically in 1954 by Leenov and Kolin [18]. A schematic
representation of the Lorentz forces and the reaction forces acting on a non-
conducting particle, in a curl free magnetic field is presented in Figure 2.1.
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Figure 2.1-The Lorentz forces (F1) and the reaction forces (F,) acting on a non-conducting particle
in a curl free magnetic field. Note the impact of the particulate on the current distribution.

(J = current density [A/m?]; B = magnetic flux density [T]; o7 = liquid phase electrical conductivity
[S/m]; o, = particulate electrical conductivity [S/m]), [Supplement 7].
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In the concept shown in Figure 2.1, non-conductive particles migrate through
the melt in a direction opposite to the Lorentz forces produced by the cross
product of a homogeneous magnetic field (B8) and a uniform current distribution
(J), i.e. (JxB). The non-conductive particles present in the fluid will
experience a pressure gradient created by the Lorentz forces, but not the
Lorentz forces themselves. The particles are ‘pinched’ experiencing a reaction
force, which causes them to migrate in a direction counter to the Lorentz forces.
An early example of the application of this technique was reported in 1968 by
Vilinskas and Schiltz [19], i.e. the removal of zirconium oxide spheres from
liquid sodium. Various methods of applying this principle in metallurgical
processing were patented by Conti et al. in 1989 [20]. More serious efforts to
develop this technology began in the 1990’s [21-24] and have continued up to
date [25-49].

There are several studies reported in the literature illustrating the migration of
oxide and SiC inclusions under the influence of electromagnetic fields [21, 24,
36, 50, 51]. It has previously been shown by Takahashi et al. [36] that 1.1 mass
% of SiC particles of 20.5 um in liquid aluminium at 1073 K, will migrate in
response to an applied electromagnetic field from an induction coil as shown in
Figure 2.2.

1,=8s

Figure 2.2—Migration of 20.5 um SiC particles in liquid aluminium at 1073K, contained in a 94
mm diameter crucible in response to 163 A applied to a 15 turn induction coil at 30 kHz [36].
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The results shown in Figure 2.2, indicate that the SiC particles are quickly
collected into a depth roughly corresponding to both the hydrodynamic
boundary layer and the electromagnetic penetration depth, J,, which in the case
shown in Figure 2.2 is ~1.5 mm. The confluence of these two layers might be
called the ‘electromagnetic boundary layer’. Similar results have recently been
presented for 30-100 um alumina particles in commercially pure aluminium at
993 K, with a 0.04 T field applied to a small 10 mm crucible, at 20 kHz as
shown in Figure 2.3 [52].

Figure 2.3 — Micrographs of 30-100 pm alumina particles in
commercially pure aluminium. With a 0.04 T applied flux
density at 20 kHz. For (a) 0's, (b) 1 s, (c)2s,(d)3s,(e) 4s,
(f) 55, (g) 10 s in a 10 mm diameter crucible [53].

While the potential of this innovative method has been demonstrated in small
batch tests, its implementation in the aluminium industrial for continuous flow
conditions has not been reported. A significant problem is that powerful and
curl free Lorentz forces, as shown previously in Figure 2.1 are not possible to
achieve industrially using standard helical induction coils, due to so-called coil
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‘end effects’. 1If a curl exists in the Lorentz force field, it will produce
electromagnetic or Magneto-Hydro-Dynamic (MHD) stirring. This is referred to as
the “secondary mixing effect”, as observed by several investigators [22, 34]. These
mixing effects result in particles being rapidly transported from the bulk of the melt
to the crucible walls (in small scale batch experiments), where the stagnant
hydrodynamic boundary layers exist, as shown in Figures 2.2 and 2.3. This results in
rapid and effective removal of particulates in small crucibles, but is not a practical
alternative for industrial scale equipment. The available volume in which to ‘store’
collected particulates is very small and the depth and therefore volume of influence of
high frequency induction fields is limited. Risk of re-entrainment of collected
particles is also significant.

In 1990 El-Kaddah et al. [22, 53] presented the concept of combining
electromagnetic separation with filtration and baffles to control secondary
mixing effects, and to enhance the inclusion removal efficiency as shown in
Figure 2.4 (a). Sufficient experimental verification of this concept was,
however, not provided at that time. A more recent patent application on the use
of flow modifying devices of high collection area has been filed by other
researchers, and is presented in Figure 2.4 (b) [54].

INLET NOZZLE 11

SEFARATION [/
COMPART- [/
MENTS 25~ 7

261

o inclusions \
¥

a)

b)

Figure 2.4—Advanced designs for electromagnetic separation of particulates from aluminium,
incorporating flow control devices to reduce secondary mixing effects and provide maximum
stagnant boundary layers for collection (a) El-Kaddah [53], (b) Shu et al. [54].

The application of CFFs with a helical induction coil as in the current research,
is somewhat similar in concept to that shown in Figure 2.4, with the added
possibility that the so called ‘secondary mixing effects’, i.e. MHD stirring can
also result in back mixing of particulates for multiple filtration possibilities and
the filter itself should continue to function as an effective phase separation
medium for the overall gravity driven bulk fluid flow.
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Leenov and Kolin [18] derived the following equation describing the reaction force
acting on a low conductivity particle present in a high conductivity fluid, when
subjected to a curl free Lorentz force field:

3
ﬁz_é 0,-0, ﬁdpﬁ [1]
" 220,40, 6 °

where F. is the reaction force experienced by a particulate [N], F, is the Lorentz force

acting on the fluid [N/m’], o the electrical conductivity of the liquid phase [S/m], oy
the particle electrical conductivity [S/m], and d, the particle diameter [m]. For non-
conducting particles Eq. [1] can be reduced to the following:

F = —%d; F, [2]
where
F,=JxB [3]
and assuming that
VxFE, =0 [4]

The particles can then be collected into the boundary layers through the reaction force
presented in Equations [1] or [2]. A limited volume, however, exists within which to
accumulate particles and the ability of the particles to resist re-entrainment can be
questioned.

2.2 Analytical Solution for the Time Averaged (RMS) Lorentz Forces Produced
by an Induction Coil

To apply Equations [1] or [2], one must be able to quantify analytically the
magnitude of the Lorentz forces (JxB) applied to the fluid containing the
particulates. In the case of a short induction coil, one must quantify the:

i. time averaged surface z-component of the magnetic flux density (B.)
produced by the induction coil,
ii. magnitude of the induced current J (7), local magnetic flux density B (r) and
the phase shift between them at each radial position, (7) in the metal, and
iii. the applied frequency and work piece electrical conductivity,

in order to obtain the required analytical solution.
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2.2.1 Magnetic Flux Density of Real Coils with Work Pieces [Supplements 1-2]

Estimates for magnetic flux densities and related inductance or induction calculations
are frequently made using the so called ‘long coil assumption’. The magnetic field of
a very ‘long’ coil can be found using Ampére’s original law [55] ignoring the
displacement current [56]:

@C Beol = HoH, _[ J. . j s = Mot 1 [5]

where B[T] is the magnetic flux density parallel to the an infinitesimal vector length
5/ and tangent to the closed curve C, uy is the permeability of free space
(4n x107 [H/m]), u is the relative magnetic permeability (with recommended values
of 1.0000 for air, copper and aluminium [unitless]), 7 [A/m’] is the current density
normal to closed curve C, [m®], &5 is an infinitesimal vector area of surface S normal
to J and I,,..sq [A] is the total enclosed current or J-S. The orientation of Brelative
to J is given by the right hand rule, and both are vector quantities. When written as
B and J in this text, Root Mean Square (RMS) magnitudes are implied.

In Figure 2.5, Equation [5] is applied to a finite section of an infinite solenoidal coil.
The total current enclosed by the closed path, whose sides are length /. is clearly
N, I.. Current is passing out of the page at the top and into the page at the bottom.
The flux density within the coil is B,, which has a direction from left to right in
accordance with the right hand rule. As the coil extends from and to infinity, the flux
lines are parallel to /., having only a z-component. Thus it can be immediately
concluded that there is no magnetic flux external to the coil and B--/. = 0. On both of
the sides of the box, the magnetic flux is perpendicular to the length and thus there is
no parallel component and Bes/=0. Integrating around the closed path, it is then
immediately seen that Equation [5] yields By/.=uo u,N.I.. Solving for B, results in
Equation [6] [56].

B, = ll’ll)ll'lrj\][ -1, [6]

where B, is the flux density [T] of a finite length /. [m] of a very ‘long’ or infinite
coil, NV, is the number of turns of the coil and /. is the current per turn [A RMS].

Equation [6] is however, not strictly valid for a coil with any length less than
‘infinity’. In a short coil the flux is not homogenously distributed and is not parallel
with the coil axis, having both a z-component and an r-component. The magnetic
flux density external to the coil is also non-zero.
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Figure 2.5 - Magnetic field produced by 10 turns of an infinite solenoid, indicating a magnetic field
present only on the interior of the coil and in the z-direction [56].

The inductance of a ‘real’, i.e. non-infinite coil, is determined by the number of flux
linkages per unit current [Supplementl]:

ANB,
I

¢

[7]

where L. is the inductance of the coil [H], 4. is the area of the coil [m’], and B. is now
the z-component of the magnetic flux density [T]. B, being the z-component of the
magnetic flux density, clearly links all the coil turns N. The radial component B, will
be symmetrical around the central axis, and integrating in polar coordinates will
result in zero net contribution to inductance.

In 1879 Lorenz [57] published a formula to solve for the inductance of a current sheet
inductor of finite length, such as the one shown in Figure 2.6. Lorenz’ formula
required the solution to elliptical integrals of both the first and second kinds.
In 1909, Nagaoka [58] reformulated Lorenz’ formula using the shape factor (D.y/!.),
where D, is defined as the current sheet diameter [m]. Nagaoka tabulated the results
for his short coil correction factor ky to 6 decimal places, for discrete intervals of the
shape factor (D.y/[.). Weaver has now written software to numerically solve the same
equation to double precision [59], and this software was used in the preparation of
this thesis [60]. Equation [7] can be re-written using the Nagaoka coefficient
[Supplement 1]:

L =4, ANB, [8]
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Figure 2.6 - 10 turn helical ‘current sheet’ coil or solenoid, created by making infinitesimally thin
cuts in a ‘sheet’ of negligible thickness, [Supplement 1.

It can be seen from inspection of Equations [7] and [8] that B, is equal to ky B or:

/éx '/u ﬂrN[ 'I[
B, =% [9]

In 1928 Wheeler published an empirical formula for the inductance of real short coils
with finite wire thickness and coil length [61], as shown in Equation [10] in both the
original form, and with ST units [56].

2 2 2 2
LHH — 7; Nf — ri; N[ [1 0]
9r +10/, 022867, +0.254/

where L,y is the inductance of the real short coil [uH], 7; is the coil radius measured
on the wire centre-line [inches], which is taken as equivalent to the current sheet
radius 7. [m], and /; is the coil length measured end-to-end [inches].

Knight [62] recently reformulated Equation [10] in SI units, to directly solve for the
Nagaoka coefficient, ky, accurate to approximately 3 significant figures
[Supplement 11]:

by = L [11]
1+ 04502 (Df;’ @'J

¢
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where D, is defined as the coil inner diameter [m] and J. is the electromagnetic
penetration depth into the coil [m] given by:

5= |—L 12
7 u, f 2]

where p is the electrical resistivity [Q2-m], and f'is the frequency of the applied coil
current [Hz]. Equation [12] can also be used to solve for either the electromagnetic
penetration depth into a coil or a conductive work piece, by substituting the
appropriate resistivity and effective magnetic permeability.

The electrical resistivity is the inverse of the electrical conductivity:

p=—t [13]

o

where o is the electrical conductivity [S/m]. For 100% International Annealed
Copper Standard (IACS) copper, the recommended conductivity is 58.0 MS/m at
293 K [63]. For chemically pure solid aluminium, the recommended electrical
conductivity is 65% IACS or 37.7 MS/m [64]. For the liquid alloy A356, as used in
the current experiments, the electrical resistivity as a function of temperature is given
in Supplements 7 and 8, using the data of Brandt et al. for metal containing 7 wt. % Si
and 0.6 wt. % Mg [65]:

p, = p, (1+ay, [T —894K]) [14]

where p, is the resistivity of the liquid metal at the reference temperature T [Q-m],
094 the temperature coefficient of resistivity [K'l], and T the reference temperature
(894 [K]). The following values are recommended: p, = 2.883 x107 Q-m,
os94=5.59 x10* K,

Electromagnetic penetration depths have been calculated for solid 100% IACS
copper and chemically pure aluminium at 293 K, and for liquid A356 at 973 K in
Figure 2.7, as a function of the applied frequency, using Equation [12]. The current
experimental program was conducted using 50 Hz, AC. At this low frequency the
electromagnetic penetration depth for liquid A356 at 973 K is 39.1 mm, which could
be compared to solid copper at 293 K, where the depth is only 9.3 mm, due to its
much higher electrical conductivity. At 10000 Hz, it can be seen that for chemically
pure solid aluminium at 293 K, that the electromagnetic penetration depth has been
reduced from 11.6 mm at 50 Hz, to only 0.8 mm.
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Figure 2.7 — Electromagnetic penetrations depth versus frequency for solid 100% IACS copper and
chemically pure aluminium at 293 K, and for liquid A356 aluminium alloy at 973 K. An
electromagnetic penetration depth of 39.1 mm is indicated by the dotted line for A356 at 50 Hz.

The use of Equation [11] does not add any significant error in the calculation of
induction coil magnetic flux densities, given that state of the art Hall Effect Gauss
meters have a typical uncertainty on the order of 0.5 to 1% for AC magnetic fields.

For a typical induction coil with a shape factor of 1, Equation [11] indicates that the
coil will have only 69% of the z-component magnetic flux density of the equivalent
‘long coil’. To have 95% of the long coil magnetic flux density, the coil would need
to have a shape factor of 0.122, and to have 98%, it would need to have a shape factor
of 0.048. It is therefore concluded that all typical induction coils are ‘short” and that
Equation [6] can not be accurately applied, i.e. Equation [6] will always result in an
empirically measureable error.

For coils constructed of round wire, it has been empirically found at 50 Hz, that
(D, + 6)// in Equation [11], can be equated to the average coil diameter measured
from the centre-to-centre of the conductors of the coil, in accordance with classical
inductance calculations, i.e. the equivalent current sheet diameter (D.) should be
used.

It is clear from Equation [11] that the magnetic flux density varies strongly with
shape factor, as can also be seen using the Biot-Savart law [66]. It is relatively easy
to solve the Biot-Savart law, Equation [15], along the centre-line of a solenoidal coil.

18



Chapter 2

5B _ /.IﬂI[ 51?7’
4 r

[15]

where §Bis the incremental flux density [T] measured at a point, which is distance of
r [m] away from a current carrying conductor, &/ is an incremental distance along the

conductor [m] and - is a unit vector pointing from 5/ toward the measuring point.

Solving Equation [15] along the centre-line of a ‘current sheet’ solenoid yields [67]:

_ N, x, o (A=x)

2/, J(x[{)z +r? \/((1 X)) +r?

B [16]

0

where B, is the z-component of the flux density [T] along the central axis of a
solenoidal coil of length /., [m], with current sheet radius r., [m] and where x is the
dimensionless coil length. For /. >>r., Equation [16] simplifies to Equation [6].

Dividing Equation [16] by Equation [6] yields a dimensionless centre-line flux
density, which is independent of current and the number of coil turns, and somewhat
analogous to the Nagaoka coefficient [67].

B _1 xd, + (1=x)/,
B, 2 \/(x/[)z—i-rﬂz \/((1—x)/[)2+r”2

[17]

Equation [17] has been plotted as a function of coil shape factor in Figure 2.7.

The coil ‘end effects’ can clearly be seen in Figure 2.8, particularly for long coils,
e.g. (D./l.) of 0.1. The longitudinal variation of the magnetic flux density, gives rise
to a similar variation in the induced currents and hence a powerful variation along the
length of the coil in terms of the induced Lorentz forces. The resulting curl in the
Lorentz forces typically produce strong MHD stirring, or the “secondary mixing
effects” reported by previous investigators [22, 34].

The estimation of the surface magnetic flux density is further complicated by the fact
that the presence of the work piece, alters both the magnitude and distribution of the
electromagnetic field, as shown in Figure 2.9 for the results of 2D axially symmetric
FEM models, solved using COMSOL" 4.2a [67]. Figure 2.9 clearly shows that there
is negligible electromagnetic penetration into a high conductivity work piece in
accordance with Equation [12], and as shown previously in Figure 2.7.
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Figure 2.8 - Dimensionless coil centre-line flux density (By/Bx) as a function of coil shape factor
(D.s/l;) and dimensionless coil length (x), [Supplement 5].

B.=0.12T
Atr=47.5 mm

B,=0.15T
Atr=47.5 mm

N9

| a
Figure 2.9 - A 16 turn copper coil, 131.5 mm diameter by 105.75 mm high (DI, = 1.243), with a
95 mm diameter by 105.75 mm high work piece, of high purity solid aluminum (65% IACS
electrical conductivity) at 10 kHz, and 1000 A RMS applied current. Showing a 25% increase in
magnetic flux density (z-component) at the surface of the work piece, when compared to the ‘air-

core’ coil alone. Work piece length is exactly equal to coil length as per classical analytical
solutions [67].
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In 1945 Vaughan and Williamson proposed the use of an empirically modified
Nagaoka short coil correction factor [16], as shown in Equation [18] based on their
experiments conducted with high conductivity work pieces at 10 kHz. This
correction factor accounted for the influence of the geometry of the coil and of the
work piece on the magnetic flux density, as shown in Figure 2.9. This factor was
subsequently ‘squared’ and republished without reference by Tudbury, as his
“Workpiece Shortness Correction Factor” in 1960 [17], as revealed for the first time

in Supplement 1.
ook HD_] HD_J (18]
D, D.

where &y is a modified Nagaoka short coil correction factor [unitless] and D,, is the
outer diameter of the work piece [m].

Equation [18] implies that the coil produces a fixed number of electromagnetic flux
lines @ [Wh] at any given current. As flux lines are excluded from the coil and work
piece at high frequency and correspondingly low electromagnetic penetration depth,
they become proportionately concentrated into the air gap, which exists between the
coil and work piece. This is shown numerically in Figure 2.9, where the presence of
the work piece has resulted in a 25% increase in the air gap magnetic flux density for
a fixed applied current and frequency.

In Supplement 1 it was shown that the virtually unknown method of Vaughan and
Williamson was in fact the most accurate method available to estimate the heating
rate of a work piece in an induction coil with errors of <10%. This accuracy implied
that the combination of Equations [9], [11] and [18] could estimate the average
surface electromagnetic flux density with an error of ~3-4% (square root of the error
in the power estimate).

In Supplement 2 it was postulated based on the observed behaviour of the 2D axial
symmetric FEM model with frequency, that Equation [18] could be improved by the
application of frequency adjustment using the electromagnetic penetration depth
Equation [12], and shown in Equation [19].

2 2
D, -6 D, -9,
/é*z/é 1— w w + w w 19
[ [m@” [Dﬁ&] el

where ¢, is the electromagnetic penetration depth [m] into the work piece, which can
be found substituting the work piece electrical resistivity into Equation [12].
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Equation [19] was subsequently validated using reactive or ‘imaginary’ power
measurements in [56], and is empirically shown to predict the flux density in the air
gap with an accuracy of ~1%.

Experimental verification of the accuracy of the analytical models presented in this
section for the magnitude of the magnetic flux density of short coils and the impact of
a work piece, i.e. Equation [18] is available in Supplements 1-2. Typical differences
between estimated values, using both 2D axial symmetric FEM and analytical models
such as Equations [9] with [19] and Equation [17], are on the order of +1-2% on
average when compared against experimental measurements made using Hall Effect
Probes [56].

Great care was taken to develop the basic 2D axial symmetric FEM model to ensure
that the magnetic domain was sufficiently large, as to avoid influencing the
estimation of the magnetic flux density, and to ensure that the mesh was sufficiently
dense, to give accurate estimates of total power and hence local current density. The
differential equations used in the FEM model, the development and model
experimental validation, are thoroughly discussed in Supplement 2.

2.2.2 Estimation of Lorent; Forces as a Function of Radius in the Work Piece
[See Supplement 7]

The eddy current density J is related to the curl of the magnetic field intensity
(VxH ) and the magnetic flux density B, as presented in the following equation:

[20]

where J is the eddy current density [A/m’°], H is the magnetic field intensity
[A(-turns)/m], B is the magnetic flux density [T] and u the electromagnetic
permeability of the conductive fluid (u = u u,), which is equal to 4z x10” [H/m] for
aluminium. In accordance with the mathematical definition of the curl in Equation
[20], it is the time varying value of the local magnetic field intensity in the z-
direction, which induces the current in the liquid metal, in the phi-direction.

It is important to point out that in Eq. [20], / and B are both vectors and phasors
(time varying functions), that can be represented by complex vector quantities, i.e. by
J and B. Both the magnitude and the phase shift between J and B changes with the
penetration depth into the work piece, making the solution for the Lorentz forces
challenging. The following formula is proposed for the time averaged values, i.e. the
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real part of JxB, which will have a unique solution at each radial position in the
work piece.

F.

:Re{z*xg} [21]

where J is the complex conjugate of the Root Mean Square (RMS) current density
in the phi direction [scalar values of A/m°] and B the RMS complex magnetic flux
density in the z-direction [scalar values of T]. From the definition of the vector cross
product and the right hand rule, the time average force is known to be in the negative
r-direction. The Lorentz component in the z-direction is in the present study assumed
to be negligible, (i.e. the radial component of B is negligible compared to the axial).

If all of the phase angles are referenced to the magnetic flux density (and hence also
the magnetic field intensity) at the surface of the work piece, then the magnitude of
the magnetic flux density/field intensity in the z-direction at the surface have only a
real component and can be found directly from Equations [9] and [20].

_ k;NL[C
/

c

H, [22]

The solution to the local magnetic field intensity as a function of depth can be found
by applying the solution to a modified zero order Kelvin Bessel of the first kind [68]:

H.() = Dberg, + jbeig, [23]
ber&, + jbeis,

The derivation of Equation [23] requires the application of both Faraday’s [69] and
Ampere’s laws [55] and the solution to differential equations involving time varying
complex vector quantities. The reader is therefore directed to the complete
mathematical development in the following reference by Kennedy [56].

& and & can be defined as:

_ \/EI" B \/ER
g = 5 and &, = = [24]

w w

where R is the outer radius of the work piece [m] and 7 is the radius [m] at which the
magnetic field intensity and ultimately the Lorentz forces, are to be evaluated. ¢z can
be considered as a type of dimensionless electromagnetic penetration depth and is
found many places in the literature.
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From Equations [20] and [23] it is clear that:

beré + jbeil
B (r) = u 28 ibeie, 25
B =t e ¥ jbeic, 23]

The induced current at depth » can be found by applying Equation [20] to
Equation [23]:

T e [26]
or\ beré, + jbeié,

Performing the required differentiation on Equation [26] yields:

ber'& + jbei'é, QH
ber&, + jbeié, O,

w

Lo (r) = [27]

where ber’ and bei’ are the derivatives of ber and bei, which are the real and
‘imaginary’ parts of the modified zero order Kelvin Bessel function and their
derivatives, and can be found using look up tables [70] or using numerical
solvers [60]. Numerical solvers accurate to double precision have been used in the
analysis of the current work.

Performing the complex division in Equation [27], and evaluating the complex
conjugate required for use in Equation [21], results in:

_ber'é, — jbei's, \/EH [28]
ber&, — jbeié, O,

v

Jo(r)=

Substituting Equations [25] and [28] into [21] and performing the required vectorial
multiplication results in:

Foo_ QHZ beré + jbeié, |\ ber'&. — jbei'é, [29]
LTS bere, + jbeie, )\ beré, — jbeig,

w

Performing the complex multiplication and taking only the real portion of Equation
[29], results in:

F —Re {fx—B} .y N2 o2 [ beréber'é, +bei& bei'é, [30]
¢ 5, ber’&, +bei’s,
Defining:
o(Rr) - J2(beré ber'E + beié bei'E.) 31]

ber’é, +bei’é,
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and substituting Equation [22] into [30] then yields:

. 2
kK.N T
F, :_%(%] o(R.7) [32]

as also found as Equation [7] in Supplement 7.

Equations [31] and [32] are similar to the equations previously published by
Korovin [71, 72]; however, in the English translations of Korovin’s work [71, 72],
the real and imaginary parts of his equations were apparently confounded by the
accidental omission of the V-1 and the resulting equation can not be used for any
practical purpose. Korovin’s solutions have also been modified to include the
frequency adjusted ‘short’ coil correction factor Equation [19], without which it is not
possible to analytically estimate the Lorentz forces with less than about a factor of
two error.

In Figure 2.10 the correction factor, ¢, calculated from Equation [31], is plotted as a
function of the dimensionless radial position, /R, for different values of the
dimensionless outer (reference) radius, &z. As can be seen from the figure, at larger
values of & a higher value is obtained for the correction factor, ¢ at the surface
(r=R).
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Figure 2.10 - The correction factor ¢ given by Equation [31] as a function of the dimensionless
radius (7/R) for different values of the dimensionless outer (reference) radius (&g).
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For a fixed outer radius, R, a large dimensionless reference radius, &, corresponds to
a low electromagnetic penetration depth, o,, and thus a high frequency, f, in
accordance with Equation [12] and Figure 2.7. At high frequencies the magnitude of
Equation [32] becomes very large at the surface, due to the low electromagnetic
penetration depth obtained in the denominator, as well as the high value of the
correction factor, ¢. The obtained electromagnetic force becomes very powerful, but
confined to a thin layer, i.e. the electromagnetic boundary layer. This effect is
clearly seen in Figure 2.11, where the time average Lorentz forces, F;, are plotted
against the dimensionless radius, 7/R, for different values of the dimensionless
reference radius at the surface, &z, equivalent to frequencies from 16 Hz to 14.4 kHz.

Results from Equation [32] are plotted against the numerical results of a 2D axial
symmetric FEM model, showing excellent agreement over a range of more than 9
orders of magnitude. Some of the discrepancy in Figure 2.11 is due to the use of
experimental data from a coil containing a ’2 turn, which can never be perfectly
modelled using axial symmetry. The agreement between the FEM model and the
analytical solution was taken as mutual confirmation of the analytical and the FEM
model accuracies. It was concluded that experiments were therefore not required to
validate the magnitude of the induced Lorentz forces, even though such experiments
are possible to conceive.
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Figure 2.11 — Comparison of the time averaged Lorentz force estimates from Equation [32], and
from COMSOL" 4.2. The calculations were performed for 100 mm in diameter of liquid A356
alloy (with 4% non-conductive solids) at 980 K, using 932 A in a ‘short’ coil, D,=132 mm, /. = 111
mm, N.=16.5, B.=0.126 T from Equation [9], [Supplement 7]. A=analytical, C=COMSOL.
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Examining Figure 2.11 or applying Equation [32] to a 100 mm diameter sample of
liquid aluminium at 50 Hz, it can be found that the Lorentz forces will exceed those
of gravity by approximately 1 order of magnitude for the actual coils and conditions
used in the present work. If the applied magnetic field is not homogenous (as clearly
indicated in Figures 2.8 and 2.9), i.e. if there is a curl, then it is not surprising that
powerful MHD stirring will result, dominate the hydrodynamic flow fields, and cause
robust recirculation. The investigation of the curl in the Lorentz forces, the
permeability of the filters to flow and the resulting recirculation of the melt, is
therefore one of the main topics of study in this work.

2.3 Effective Conductivity of a Ceramic Foam Filter [see Supplement 3]

In order to develop validated Lorentz force models and subsequently flow field
calculations, it was necessary to determine the influence of the CFFs on the electrical
behaviour of the system. Experiments were therefore conducted as indicated in
Figure 2.12.

Two Bimex 400 fiber Type K Inconel sheathed
risers, ~102 mm ID, thermocouples

300 mm high total.
Two cemented
together and to the
base plate with
Fibrefrax cement

COMSOL® simulation
showing the magnetic
field distribution within
the filter and metal

/

P Double layer coil constructed of
6 mm x 1 mm thick tubing,
double insulated with glass

+~ fiber sleeves,

140 mm avg. dia., 126 mm ID,
112 mm height, 31 turns total.

Ceramic Foam Filter
30, 40, 50 or 80 PPI,
total of 150mm thick
~100 mm diameter,

cemented with Fibrefrax.

Re-usable
casting sand

Imm
thick mica
insulation

i

Alumina ceramic
plate, 20 mm thick

Figure 2.12 — Schematic of the filter effective electrical conductivity apparatus (a) and photograph
(b), showing a 2 layer, 31 turn (total) induction coil, operated at 371-734 A, using line frequency 50
Hz AC power, [Supplement 3].

A series of experiments were conducted on 30, 40, 50 and 80 PPI filter elements as
described in Supplement 3. Power induced in the stack of 3 filters as shown in Figure
2.12, was determined electrically by subtracting the measured power of a coil running
empty, from the power of the coil operating filled with CFFs and impregnated with
commercial grade liquid aluminium. See Supplements 1-3 for experimental details
on power measurements.
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Power induced by induction coils can be determined by an equation very similar in
form to Equation [32], e.g. as shown as Equation [14] in [56] and reproduced below:

p =B L 33)

¢

where / is either the length of the work piece or coil, whichever is shorter [m] and a,,
is the electrical conductivity of the work piece [S/m].

In the case of the system shown in Figure 2.12, [ is the length of the coil (112 mm)
and o,, is the unknown effective electrical conductivity of the metal impregnated
filter. The effective electrical conductivity of the filter is reduced by the longer path
length forced on the current by the tortuosity, r and by the reduction in conducting
area due to a porosity, ¢ of less than 1. The combined impact of tortuosity and
porosity can be determined if the electrical conductivity of the liquid metal o, is
known.

On T T [34]
o, 0, &

where o;1s the effective electrical conductivity of the different filter media [S/m].

An average liquid metal temperature measured using 2 Type K thermocouples (one
over and one under the filter elements) was used to estimate the liquid metal
conductivity within the filter elements, starting with literature conductivity data for
ultra pure metal, and correcting for the actual measured room temperature
conductivity of the clean metal after experimentation [64]:

IA CS293K

o, = — [35]
247710 (1+0.000571 [T, -933.2]) 65

where I4CS,,>** is the average room temperature conductivity of the solidified metal
used during the experiment [% IACS] and 7, is the temperature of the liquid alloy
under experimental conditions [K].

From the measured power induced in the work piece (i.e. the filters and liquid metal),
and the metal conductivity estimated by Equation [35], it was possible to determine
the effective filter electrical conductivity using either Equation [33] or with the 2D
axial symmetric FEM model. Good agreement was found between these two
methods; however, the FEM results were used for consistency with further modelling.
The ratios of the metal to the effective filter conductivity, are also plotted in Figure
2.13 against filter type, for 30-80 PPI filters.
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Due to the novelty of the induction method combined with CFFs, further
confirmation was attempted using cold readings, on solidified and sectioned
filters. Vertical sections and Horizontal sections were both tested using a high
frequency (60 kHz) conductivity probe as described in Supplement 3. Results
were in general agreement except for the 80 PPI CFF, which had lower readings
cold, than hot, as also plotted in Figure 2.13. This effect might have been due
to the low electromagnetic penetration depth with cold metal at 60 kHz, or due
to anisotropic filter effective conductivity. Vertical cuts resulted in currents
being measured on the r-z plane, while Horizontal cuts were on the r-phi plane.
The hot metal experiments were readings purely in the phi direction.

No systematic bias was observed between the Vertical and Horizontal cuts. The
observed variations may the result of the random location of the sections
through the pore structure of the filter elements and the low electromagnetic
penetration depth of the high frequency cold method, which is less than one cell
diameter. It is assumed that the low readings for the 80 PPI filters at room
temperature, are therefore due to the low electromagnetic penetration depth (<1
mm at 60 kHz, vs. >50 mm at 50 Hz).
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- 80 PPI cold are selfconsistent,
” but low compared to hot values
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Figure 2.13 — Conductivity ratio of metal (o,,) and metal impregnated filter (oy) versus filter type in
PPI. Comparison is shown between liquid metal values fitted to experimental data using FEM and
average, vertical, and horizontally cut solid filter sections (cold readings). Accuracty for hot
measurements is estimated to be +20%, [Supplement 3].
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All hot and cold results are summarized in Table 2.1.

Part 1

Table 2.1 Ratio of Metal Conductivity to Filter Conductivity
for both Hot Metal and Cold Inductance Measurement, [Supplement 3]

Filter | FEM Estimate of Cold Average Cold Vertical Cold Horizontal
Type | Conductivity Ratio | Conductivity Ratio | Conductivity Ratio | Conductivity Ratio
(PPI) (0/0y) (01/0y) (0/0y) (Om/0¢)

30 1.46+0.06 1.70 1.64 1.77

40 2.54+0.18 2.15 2.27 2.02

50 2.54+0.12 2.70 2.34 3.05

80 3.70+0.06 2.79 2.91 2.66

In order to correlate results to physical parameters more significant than PPI, it

1s necessary to examine the filter morphology in more detail.

In the next

section both the filter morphology and hydraulic behaviour are examined.
Filter permeability to liquid flow is necessary, as the next step to estimating

accurate Magneto-Hydro-Dynamic flow fields using finite element modelling.
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Chapter 3

PART II- THEORY AND
VERIFICATION

CERAMIC FOAM FILTERS, CHARACTERIZATION AND
HYDRODYNAMICS

In order to create realistic filtration models and produce accurate estimates of
the induced flow fields using finite element models, additional data were
required for the 30-80 PPI filters used in the current study. Available
hydrodynamic data showed significant scatter, accuracies of correlations were
poor or simply unknown, and not all required data were available for the type
(commercial supplier) and sizes (PPIs) of CFFs used. It was therefore decided
to conduct a systematic investigation into the physical morphology and
hydraulic properties of the types of CFFs used in the hot metal experiments. 40
PPI filters were included in order to add intermediate data points to the obtained
correlations. Results have been published mainly in Supplements 3 and 4 and
key results are summarized in the following sections.

3.1 CFF Basic Morphology

Commercial filters of 30, 40, 50 and 80 PPI where examined by a combination
of light microscopy, optical scanning and scanning electron microscope (SEM)
to determine cell, d. window, d,, and strut, d; dimensions. Optical images for
the 30-80 PPI CFFs, are shown in Figures 3.1 (a) through (d). It can be
observed that the 30 PPI filters are more ‘web-like’ and that progressively more
of the cell windows become blocked at higher PPI levels, resulting in a more
‘pore-like’ structure. This apparently has profound impacts on both the
permeability and tortuosity, as will be shown in later sections.
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Figure 3.1 —Optical scans of CFFs (a) 30 PPI, (b) 40 PPL, (c) 50 PPI, (d) 80 PPI, showing less
‘web-like’ and more ‘pore-like’ structure (blocked openings) with higher PPI levels,
[Supplement §].

SEM images of the 30-80 PPI filters are given in Figures 3.2 and 3.3. The
figures also show the definitions of cell, d. window, d,, and strut, d; dimensions.
It should be noted that these parameter names are now relatively standard in the
CFF literature and have not been selected at random.

Figure 3.2 —Representative SEM micrographs of 30 (a), 40 (b), 50 (c) and 80 (d) PPI commercial
alumina ceramic foam filters. Cell or pore sizes, d,. are indicated by solid circles and window sizes,
d,, are indicated by dotted circles, [Supplement 3].
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10 pfﬁé
)

Figure 3.3 — Representative SEM micrographs of 30 (a), 40 (b), 50 (c) and 80 (d) PPI commercial
alumina ceramic foam filters. Cell strut diameter, d,, is indicated for the 30 PPI filter as the solid
circle and is measured at the thinnest point. The internal porosity left by the removal of the
substrate is indicated as a triangle, [Supplement 3].

Measurements of cell and window diameter were made on the original, uncut
surface of the 50 mm thick alumina CFF’s. 200 counts were made each for cell
and window determination, and 40 counts for strut dimensions.  Strut
dimensions were measured at their thinnest point. Histograms of the results can
be found in Supplement 3.

Mean cell sizes have been plotted against window sizes for each filter type, and
compared with previously published data for similar commercial filters [73] in
Figure 3.4, showing excellent agreement. The obtained results correlated
according to the following empirical equation:

_ 2 _
d =1.79d,,, R* =0.988 [36]

The linear relationship between cell and window diameters implies a simple
geometric relationship, likely originating with the original substrate used during
the filter fabrication process.
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Figure 3.4 — Commercial ceramic foam filter cell size, d., versus window size, d,, [um] and
comparison with literature [73]. One ‘standard error’ is indicated by the error bars, [Supplement 3].

Total porosity, ¢ [unitless] can be determined using the true particle density, p,
[kg/m’] found using pycnometry, and the measured filter mass, my [kg], for a
known filter volume, ¥, [m’]:

P D A [37]
ppr 'Dp

Densities of the 101 mm filter sections used in these experiments were
determined by using precise measurement of the filter dimensions, calculation
of the total volume, and weighing on an analytical balance. Sample porosity
was then calculated using Equation [37], and a measured particle density of
3.48+0.02 g/cm3 (average of 3 readings). Overall precision was estimated to be
~+0.2% porosity. The obtained results are given in Table 3.1. ‘Full filter
porosity’ indicated in Table 3.1, is the average of 2-4 readings on industrial 20”
or 23” filters, showing excellent agreement with the used filter sections.

Table 3.1. Summary of Basic Filter Physical Properties, [Supplement 3]

Filter| Filter Full Filter Cell Window Strut
Type [ Porosity| Porosity |Diameter,d | Diameter,d, |Diameter,d,
(PPD) | Eq. [37] | Eq.[37] (um) (um) (jum)
30 0.892 [0.890+0.0002| 1668+417 961+190 185+41
40 0.900 N/A 1306+251 698+151 211+46
50 0.863 | 0.864+0.004 1132+130 623+120 190+36
80 0.865 | 0.860+0.004 683487 383+87 119420

One standard deviation is indicated by the ranges.
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3.2  CFF Tortuosity

Tortuosity, 7 [unitless] is here defined as the ratio between the actual length
traversed by the liquid flow, L, [m] and the linear thickness of the filter, L [m]:

r=2e [38]

Tortuosity can be determined from electromagnetic induction experiments using
alloys of known electrical conductivity, o, [S/m]. Inside of the filter, the
available conducting area is reduced by the presence of non-conducting
obstructions (e.g. trapped gas or solid and filter media), and the conducting path
length is increased due to the tortuosity. Assuming that the filter media is the
only significant obstruction, the tortuosity can be estimated from the measured
filter effective conductivity, o,, and filter porosity, ¢ as follows:

r=sn [39]

o

Filter tortuosity has been determined for metal impregnated 30, 40, 50 and 80
PPI filters. Measurements have been obtained with the metal in both liquid and
solid states as described in the previous chapter and found in Supplement 3.
The hot metal experiments were conducted using the apparatus already shown
in Figure 2.12. Detailed results can be found in Appendix Table I of
Supplement 3.

Hot liquid metal (FEM estimate), filter porosity and calculated tortuosity results
(using the hot metal data) are summarized in Table 3.2, for all four filter types.

Table 3.2 Summary of Key Tortuosity Experimental Results, [Supplement 3]

Filter | FEM Estimate of | Filter Filter
Type | Conductivity Ratio | Porosity | Tortuosity
(PPI) (6,/09p) Eq. [37]| Eq.[39]

30 1.46+0.06 0.892 1.30

40 2.54+0.18 0.900 2.29

50 2.54+0.12 0.863 2.19

80 3.70+0.06 0.865 3.20

Relatively few measured values have been published previously for ceramic
foam tortuosities. Moreia et al. measured tortuosity values using an ionic
conduction method equivalent to the induction method described here. Their
values for ceramic foams of 8, 20 and 45 PPI were 1.68, 1.71 and 1.84
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respectively [74]. Diedericks et al. have theoretically studied tortuosity in
some detail, proposing a value of ~1.45 at £=0.88, for ‘foam like’
materials [75]. Methods using water and ionic solutes, will likely
underestimate the true filter tortuosity, due to penetration of the water and ions
into the micro and nano-porosity of the filter structure itself. Liquid metal
poorly wets the surface of the ceramic and in the absence of intense pressure
(e.g. 4000 Bar for mercury) will not penetrate the micro porosity.

The conductivity ratios shown in Table 3.2 have been correlated with the
measured window diameters from Table 3.1 by the following equation
[Supplement 3]:

In 2510-3.810°d,, R* =0.981 [40]

gy

3.3  Filter Permeability - Theory

Permeability is an important parameter for the characterization of CFFs, since it
is required to predict the flow rate obtainable for an imposed pressure gradient
(e.g. the casting rate for a given metal head and filter area) or to be able to
predict the pressure drop (and therefore the required head or elevation change)
necessary to achieve a specific flow rate for a fixed filter area (as in the design
of a casting line and filter bowl).

The transition of pressure drop from first to second order behaviour for 65 and
80 PPI CFFs using water, has been reported to be in the range from 0.01 to
0.015 m/s and to be beyond 0.015 m/s for 40 and 50 PPI filters [76]. In order to
more accurately model MHD phenomena using finite element modelling (FEM)
at high liquid velocity, it was necessary to obtain both first order (Darcy) and
second order (Non-Darcy) terms for use with the Forchheimer equation [77]:

AP My By [41]

where AP is pressure drop [Pa], L is the filter thickness [m], u, is the fluid
superficial velocity [m/s], u is the fluid dynamic viscosity [Pa-s], p is the fluid
density [kg/m3], k; [mz] and k, [m] are empirical constants called the Darcian
and non-Darcian permeability coefficients respectively.

Equation [41] represents the sum of viscous (first term) and kinetic energy
losses (second term). It is implicit in Equation [41] that flow exists only on a
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single axis, i.e. in the direction of L. For a given volumetric flow in axial
symmetric geometry, there must therefore exist a single ‘flow field diameter’,
which defines the superficial velocity, u;.

The correlation between flow and pressure drop can be obtained empirically by
fitting experimental data as per Equation [41] or by theoretical prediction using
‘easily’ measured physical properties such as porosity, &, characteristic porous
media dimensions, and the known liquid properties. The Ergun equation is
often applied to predict the pressure drop in beds of solids [78]:

3
p € P

_ ) _ 2
AP _ysgUze) i gs(=e) pll [42]
L d
where d, is the ‘equivalent’ spherical particle diameter [m]. Even ‘improved’
versions of Equation [42] are known to have deviations in the range of + 50%,
relative to packed bed pressure drops [79].

Given that a porous solid is not a packed bed and has no clearly definable
particle diameter, d,, it is possible to apply the Ergun formula using alternately:
the cell, d. window, d,, or strut, d, diameters. These diameters are indicated in
Figures 3.2 and 3.3 (a) through (d), for the 30-80 PPI filters used in this study.
One would expect that the estimation errors would exceed the + 50% typical of
the Ergun equation, unless an appropriate ‘diameter’ for correlation could be
defined.

Ergun defined the ‘equivalent’ particle diameter of a non-spherical solid, d, as
the diameter of the sphere having the same ‘outer’ specific surface area per unit
solid volume, S, of the actual material in question (internal porosity, and small
projections or cavities were ignored) [m*/m’] [78]:

6
dp :S—V [43]
In Equation [43] the nomenclature of Ergun is maintained. Some confusion may
ensue when referring to recent literature, where S, is sometimes used to
represent the surface area of solid per unit bed volume (i.e. S3). Equation [42]
can be re-written using Equation [43] as:

p - n 2 [44]

& &

AP S (1=e) Wy, S, (1=8)pV?
i

37



Part 11

where o and S are empirical constants found by Ergun to be approximately 4.17
and 0.292 respectively [80].

Richardson et al. [80] explored the relationship between S, and d,, for porous
ceramics, and suggested applying the hydraulic diameter d, concept. They
equated the hydraulic diameter to the measured window diameter, i.e.:

d =d -4 wetted area [ 4 5]

" wetted perimeter

Assuming idealized regular pores, i.e. all with the same hydraulic diameter, a
simple geometric analysis yields:

4g
S, = 46
"od,(1-¢) [46]
Substituting Equation [46] into Equation [44] yields:
2
AP _ g7t 117 2 [47]
L ed; ed,

Recently Dietrich et al. [81, 82] proposed the following equation after
correlating 2500 separate experimental values from 20 authors:

2
AP 1104 1452 [48]

L ed, ed,

The similarity between Equations [47] and [48] is obvious. If the hydraulic
diameter is assumed equal to the window diameter in Equation [48], then
Equation [48] will yield 40-50% higher pressure drops than Equation [47] [81].
As both empirical constants in Equation [48] are larger than those in Equation
[47], it will yield higher estimated pressure drops for any velocity.
Equation [48] has recently been independently shown to give excellent results
using an optically determined hydraulic diameter, i.e. the equivalent circular
window diameter, d,, [83]. The optically determined window diameters for the
CFFs used in this study have been previously presented in Table 3.1.

It should be noted that the total, ¢ and open porosity, ¢, are of very similar
magnitude, as illustrated in Figure 3 of Supplement 3, for an
electromagnetically primed [84], 50 PPI filter filled with an A356 aluminium
alloy. Some small areas of closed porosity are created by the substrate used in
the filter fabrication process. Grosse ef al. have described the morphological
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characterization of CFFs in detail, including the steps required to correctly
determine total and open porosity (e.g. using mercury at up to
4000 Bar) [85, 86]. Grosse et al. found that the difference between the total
and the open porosity is <5% of the measured value. The convention of
Dietrich, i.e. equality between the total and open porosities, has therefore been
followed in this work.

3.4  Filter Permeability - Experimental

Permeability experiments were conducted using water with commercial alumina
CFFs of 30, 40, 50 and 80 PPI and two filter diameters (49 mm ‘straight
through’ and 101 mm ‘expanding flow field” diameter) as shown in Figure 3.5
(a) and (b) [Supplements 3 and 4]. Water in a temperature range from 5-8 °C
was used, typical p,,=999.9 kg/m3, and u,,=1.3775 107 Pas.

Mass flows from about 0.05 to 2 kg/s of water were circulated through
46.4 mm ID smooth plastic piping, representing Reynolds numbers from
~1200-39000 and moving from laminar flow, into transitional and partially
turbulent pipe flow in the inlet pipe [87]. Eight to ten different experimental
velocities were used to measure pressure drop for each filter. Long and short
inlet lengths were tested on one 101 mm diameter, 50 PPI CFF, to determine if
the development of the inlet flow profile, had any impact on the obtained
pressure gradients. Inlet length did not have a measureable impact on the
obtained results.

Differential Pressure Transducer 20 cm long, Differential Pressure Transducer 20 cm long,
copper impulse lines, copper impulse lines,
4 mm ID 4 mm ID
a) : e b)
102 mm dia. - 102 mm dia. <
2 mm thick 2 mm thick

Smooth O-ring /P"CSSU"E taps Smooth O-ring Pressure taps
Plexiglas / Plexiglas /

pipe Pipe

49.8 mm ID — . 49.8 mm ID el y,

60 mm OD N \ T 4 mm dia. hole 60 mmOD | T 4 mm dia. hole

N

Al |

| > g

50 mm dia. inlet

— —and 48 mm dia. —
outlet to hold
. filter in place _ '
30,50 or 80 : \ AN 30, 40, 50 or 80 ) A )
PPI commercial | . /r ~0.5 mm thick PPI commercial  — “ . \ ~
ceramic foam . —v‘— = J silicone grease ceramic foam e \‘ 2 mm thick rubber gasket
filter ~49 mm dia., I X impregnated ﬁ.lter ~101 mm X L top and bottom of filter
i . Rubber dia. and 50 mm thick i i \ P
and 50 mm thick Plexiglas O-ring cellulose - Plexiglas housing ¢ 5 1y grease  With 49 mm dia. hole
housing seal impregnated cellulose

Figure 3.5 - (a) the experimental setup used for the 50 mm thick 49 mm diameter ‘straight
through’, and (b) the 101 mm diameter ‘expanding flow field’ filter experiments (both drawn
approximately to scale). The flow is from left to right. For further equipment details, see
Supplement 3.
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101 mm nominal diameter elements were cut from the full size (20” or 23”
square) commercial filters using diamond bores. The 49 mm diameter filter
elements were cut from the centre of the 101 mm filter elements after
completion of the 101 mm experiments. The true diameter and thickness of
each filter element were measured using a micrometer, and the averages of 6
readings were used in the subsequent experimental analysis.

Two Plexiglas® apparatus designs where used, one for the 49 mm diameter
filters is shown in Figure 3.5 (a) and the second for 101 mm filters is shown in
Figure 3.5 (b). The use of a transparent housing ensured that all air was
correctly eliminated from the system prior to recording any pressure readings.
The sealing arrangements were of critical importance in the design of the filter
housings. In order to prevent wall effects from significantly affecting the
results, it is of paramount importance to prevent the flow from bypassing the
filter and moving along the walls. Therefore in the final experimental
procedure, high viscosity silicone grease was used to smooth the outer surface
of each filter (fill the outer-most broken or cut cells), which were then wrapped
in paper and pressed tightly into the holder. Upon contact with water, swelling
of the cellulose fibres provided a seal of negligible permeability. It is necessary
to seal the entire side surface of the filter, as normal O-rings are unable to stop
the flow from bypassing along the wall. Development and experimental
validation of the sealing procedures are discussed further in Supplement 3.

The pressure transducer used was a DF-2 (AEP transducers, Italy), 0-1 Bar
measuring range, equipped with a 4-20 mA output. The transducer was factory
calibrated and certified to an error of £0.04% of reading, over the full scale
from 0-1 Bar, using a 6 point calibration. During the experiments the current
produced by the transducer at zero liquid flow velocity was determined
manually using a FLUKE 26 III, True RMS Multimeter (Fluke, USA) to a
precision of 0.001 mA (6.25 Pa), using the lowest available current scale.
Current during the flow measuring periods were computer data logged at 100
ms intervals by conversion to a 0-5 V signal, with a resolution of 0.001V or
0.004 mA (i.e. 25 Pa resolution or a gradient uncertainty of ~+625 Pa/m
depending on the sample). At higher than 4.1 mA, no bias could be detected
between the manual and automated current readings, at the available 0.01 mA
resolution (the FLUKE switched to a lower resolution at greater than 4.099
mA). The length between the pressure taps was 160 mm (varying ~+lmm).
One tap was located 1.5 L/D’s up-stream and the other 0.75 L/D’s down-stream
of the filter element as shown approximately to scale in Figure 3.5.

The water flow rate was determined by accumulating mass over the measuring
period in a 100 L tank, located on a digital balance, equipped with a 4-20 mA
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output. The scale had a resolution of 10 g and a maximum reading of 100 kg.
The zero and span of the scale were verified accurate at the 10 g resolution
using test weights to 50% of full scale prior to use. The rate of mass gain of the
measuring tank was computer data logged at 100 ms intervals. Depending on
the required mass flow, from 10 to 50 kg of water were accumulated. ‘Sloshing’
of the water in the tank (mainly at very high flows) produced noise on the
weight signal that was smoothed by taking a 1 second rolling average (rolling
average of 10 readings), which resulted in a maximum flow rate uncertainty of
~+0.5% of reading. The flow rate was found from the slope of the
accumulation of mass with time and determined using least squares regression
over the whole measuring period (typical R*=0.9985). Temperatures were
measured using a 1 mm diameter Inconel sheathed Type K thermocouple
located in the holding tank and the temperature data were also computer logged.

3.5 Filter Permeability — Results

The obtained experimental results for the 101 mm diameter filters are presented
in Figure 3.6. Further results can be found in Figure 10 of Supplement 3 for the
49 mm diameter filter sections.
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Figure 3.6 — Experimentally measured pressure gradients for the 101 mm ‘expanding flow field’
design, S indicates a short (1 m) inlet length, and L indicates a long (3 m) inlet length
[Supplement 3].
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Equation [41] was used with the measured pressure gradients and superficial
velocities as shown in Figure 3.6, to determine the Forchheimer terms k; and k..
Each estimate used the appropriate water temperature, and therefore density and
viscosity, representative of the individual mass flow reading. Superficial
velocity was determined using the actual measured filter diameter for the ‘49’
mm filter elements or using the ‘effective’ flow field diameter for the ‘101° mm
filter elements, as determined using the procedure presented in Figure 3.7. In
the 101 mm diameter design the impact of ‘wall effects’ are essentially
eliminated by allowing the flow field to expand within the filter element and
making the outer wall a ‘stagnant’ region. FEM is then required in order to
elucidate the flow field and calculate an ‘effective’ flow diameter for use with
Equation [41], which assumes a single representative diameter.

Measure: AP, Diameter,
L, Mass Flow,
Temperature (i.e. ¢/ and )

}

Guess an
effective
diameter

\ 4

Calculate . Guess anew No
kyand &k, |offective diameter

] T

CFD
flow field, >
AP/L vs. V

Same as
measured?

‘Effective’
—» diameter
1s correct

Figure 3.7 — The FEM CFD procedure applied to the 101 mm experimental results to determine the
Forchheimer parameters k; and k>, [Supplement 3].
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Final k; and &, values are the arithmetic average of the 8-10 values determined
for each filter element and are summarized in Table 3.3 for the 49 and 101 mm
filters, including short and long inlet lengths for the 50 PPI 101mm diameter.

Table 3.3 Empirically Calculated (49 mm) and Numerically Derived (101 mm)
Forchheimer Coefficients for Equation [41], [Supplement 4]

FEM
Actual | Effective Eq. [41] Eq. [41]
Filter Filter |Flow Field| Forchheimer | Forchheimer | Inlet
Type | Diameter | Diameter k,; k, Length
(PPD | (m) (m) (m’) (m) (m)
30 48.7 N/A 5.08E-08 5.46E-04 1.0
30 101 65.5 5.57E-08 5.25E-04 1.0
40 101 66.0 3.10E-08 3.38E-04 1.0
50 49.2 N/A 1.57E-08 1.66E-04 1.0
50 101 66.1 1.71E-08 1.69E-04 1.0
50 101 66.1 1.52E-08 1.71E-04 3.0
80 49.1 N/A 6.52E-09 1.15E-04 1.0
80 101 66.5 5.44E-09 9.96E-05 1.0

It is worth noting, that all deviations in the experiments resulted in lower
measured pressure gradients, i.e. the highest measured pressure drop and lowest
permeability value for a given filter are most probably the correct values.
Recently Innocentini et al. [88] discussed the impact of bypassing and flow
field expansion on measured pressure drops in metal foam. Examination of the
change in pressure drop with filter thickness indicated that wall bypassing
reduced the pressure drop and that the measured pressure drop did not increase
linearly with increased thickness. The flow field expansion in Innocentini’s
alternate apparatus design was not analyzed using CFD and in both cases no
sealing was indicated at the walls [88]. Inadequate sealing or no-description of
the sealing arrangements or failure to account for flow field expansion appeared
to be a common feature of many previous articles.

In order to derive the Forchheimer coefficients in Table 3.3, three different
mathematical procedures were explored:

1 An ‘automated’ second order regression, with a zero intercept, using
Excel 2003/2010.

2 Ergun et al.’s procedure of dividing Equation [41] by the velocity and
performing a linear regression [89].

3 An iterative procedure to first guess k;, subtract the first order component
from the total, and then correlate the remainder for k,, using an
exponential regression.
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These procedures are discussed in detail in Supplement 3. Procedure 1 gave
physically meaningless results for k; values in particular. Procedure 2 gave
greatly improved results. Procedure 3 gave the best results, and hence was used
to derive the data presented in Table 3.3. In procedure 3, the first order
coefficient was first guessed and subtracted from the total measured pressure
gradient. The remainder was correlated using an exponential regression with
Excel. The procedure was repeated until an exponent of 2.00000, was obtained.
This procedure appeared to prevent experimental uncertainty from being
concentrated into the first order Forchheimer term, which when using
Procedure 1 became virtually random ‘noise’.

3.6 Filter Permeability — Discussion

The obtained Forchheimer k; and k, parameters were found to correlate well
2

with the measured window area, ”Z as shown in Figure 3.8. Results for both

the 101 and 49 mm filter elements could be treated as a single data set.
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Figure 3.8 — Correlation of Darcy term, k; [m?] and Non-Darcy term, k, [m] with
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window area , [Supplement 3].
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Empirical correlations have been developed for k; [m?] and k, [m], as functions
of the window diameter, d,, [m]:

_ 6.71x107 zd’

k, 2 , R*=0.974 [49]
2 2
k, :m, R* =0.960 [50]

From Figure 3.8 and Equations [49] and [50], it is concluded that the 30-80 PPI
filters tested in these experiments behave much more like a series of ‘orifices’,
than they do a series of struts as is assumed in simple cubic cell [90, 91] or
more complex dodecahedron [92] and tetrakaidecahedron [80, 93, 94] models.
An examination of Figures 3.1 and 3.2 would seem to support the concept of
‘orifices’, given the high percentage of closed windows, particularly at higher
PPIs. A simple strut model would not appear to be valid for the ceramic foam
filters used in this study.

Extensive efforts have been made to correlate the obtained results and compare
with previously published general equations. Of the previously published
equations, only the equation of Dietrich, Equation [48], was found to
adequately describe the data. This comparison is made for the 30, 50 and 80
PPI, ‘straight through’ 49 mm results in Figure 3.9. Agreement is considered
adequate being typically within £50% (except at low velocity), i.e. it achieves a
similar accuracy for foams, as the original Ergun equation achieves for packed
beds.

Other equations were found to dramatically underestimate the measured
pressure drops obtained using the final and ‘well sealed” experimental
procedure. Most previously published equations did describe the obtained
results for the ‘straight through’ experiments in the absence of a wall seal or the
‘expanding flow field’ results in the absence of area correction. No firm
conclusions can be drawn from these facts, as details on the sealing
arrangements and analysis techniques used in previous studies are generally
lacking.

The best empirical correlation obtained was with a slightly modified version of
Ergun’s equation [78].

— 2 _ 2
£:8.385£150@”—Z+1.75@ﬂ} R*=0.95 [51]
L & D D

&

w w

Equation [51] is plotted in Figure 3.10, along with +30% and -30% lines.
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Figure 3.9 — Comparison between Dietrich’s Equation [48] [81, 82] and measured data for the 49
mm diameter ‘straight through’ 30, 50 and 80 PPI measured data. Experimental data are plotted
with dotted lines and symbols, Dietrich’s predictions are plotted as solid lines, [Supplement 3].
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Figure 3.10 — Overall correlation Equation [51], comparison to the measured pressure gradients for
30-80 PPI filter elements. 49 mm diameter measurements were not available for the 40 PPI filters,
as the filter exhibited poor mechanical properties and disintegrated on cutting. Dotted lines in the
figure indicate a range of £30%, [Supplement 3].
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Equation [51] is equivalent to using 23.4 and 2.00 (based on an average
e = 0.88), as the empirical constants, instead of the values 110 and 1.45 in
Dietrich’s Equation [48] or the Ergun equivalent values of 66.7 and 1.17 from
Equation [47]:

2
AP 234t 15002 [52]
L

ed, &d,

Applying Equation [52] to the obtained data indicates a significant reduction in
error compared with the original Equation [48], particularly at low velocity and
pressure and an overall reduction in average error from ~40% to ~30%.
Equation [52] is plotted against the 30, 50 and 80 PPI, ‘straight through’ 49 mm
results in Figure 3.11.
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Figure 3.11 — Comparison of the modified Dietrich Equation [52] with experimental data for the 49
mm diameter ‘straight through’ experimental results from the 30, 50 and 80 PPI filters.

Attempts were made to use cell diameter, d,., strut diameter, d, and tortuosity, 7

in various correlations; however, no improvement could be made over the
accuracy of Equations [52], [51] or [48].
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3.7  Filter Permeability —-CFD FEM modelling

The CFD models are discussed in detail in Supplement 4. 2D axial symmetric
models were produced using COMSOL® 4.2a. The geometry of the main filter
apparatus, shown previously in Figures 3.5 (a) and (b), were reproduced with an
accuracy of about +£0.1 mm, including minor step changes produced during the
fabrication process.

Model results are compared for both the ‘straight through’ 49 mm and
‘expanding flow field” 101 mm results in Figure 3.12, showing excellent
agreement with the measured pressure gradients. No individual differences
exceeded 7%. Results with both the 49 and 101 mm have been modelled with
similar accuracy, including both the long and short inlet lengths.

1.6E+06

1.4E+06
/
1.2E+06
/
1.0E+06 X ||
/ m80-101 ©80-49
8.0E+05 3 L]
/ 50-101IL  X50-1018
6.0E+05 ||
4.0E+05 / X50-49 -40-101

2.0E+05 g n

30-101 ©30-49

FEM Calculated Pressure Gradient, Pa/m

00E+00 & T T T T
0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06 1.2E+06 1.4E+06 1.6E+06

Measured Pressure Gradient, Pa/m

Figure 3.12 — Comparison of FEM calculated and measured pressure gradients, indicating
typical errors of <4% for each filter type. The 1:1 line is drawn for reference. S is for a
short inlet (1 m) and L is for a long inlet (3 m), as shown previously in Table 3.3.
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Some pertinent points to achieving adequate agreement between FEM,
analytical models and measured values were:

e [teration between high quality measurements and FEM to ensure validity
of assumptions and accuracy of final models.

e Correct and validated boundary conditions, e.g.: no-slip walls,
contiguous velocity fields between liquid and porous media domains, and
validation of the assumed inlet velocity profile.

e Use of the low Reynolds number k-¢, Reynolds-Averaged Navier-Stokes
(RANS) model for turbulence (k, = 0.005 m®/s* and &, = 0.005 m?/s’), to
adequately cover the difficult range of velocities in the inlet region.

e Use of dense meshes in regions of high velocity gradients (e.g. boundary
mesh at the ‘no-slip’ walls). Failure to use boundary meshes would have
resulted in an error of up to 18% in the model estimates [Supplement 4].

e Precise measurement and exact geometric reproduction of the actual
apparatus.

A sample calculation at 0.5 m/s inlet velocity has been performed using both
the FEM models for the 101 mm and 49 mm diameter filter elements and the
results are shown in Figures 3.13 (a) and (b). The effect of the expansion of the
flow on the velocity field for the 101 mm filter element is clearly indicated in
Figure 3.13 (a). The resulting decrease in velocity reduced the pressure
gradient for the 101 mm filter element to 501 kPa/m, when compared with the
49 mm filter element with 1612 kPa/m, both at an inlet velocity of 0.5 m/s.

The use of boundary meshes proved critical to achieve an acceptable agreement
between model and experimental data, particularly for the ‘straight through’ 49
mm diameter experimental apparatus. For example, if the results shown in
Figure 3.13 are recalculated without boundary meshes, an error of -18% is
obtained for the 49 mm diameter experimental apparatus, and -8.2% for the 101
mm case. Smaller errors of ~+1% can be generated by using inappropriate slip
wall boundary criteria, or by using significantly biased inlet flow conditions,
rather than the assumed uniform inlet velocity.

Discrepancies between the k; and &, derived with the help of numerical methods
(expanding flow field), and those directly determined experimentally (straight
through), were on average within 5%, with no individual difference exceeding
17%. Deviations were such that they were compensated, i.e. a high k; value
was compensated by a lower k, value, resulting in nearly identical total pressure
drop for each superficial velocity.

49



Part 11

It is important to note, that if significant bypassing had occurred during these
experiments, it would not have been possible to achieve agreement between the
CFD model and the experimental data for the 49 mm filter design. The
agreement between the CFD results and the 49 mm and subsequently the 49 mm
with the 101 mm designs, is taken as confirmation that the wall sealing
arrangements were in fact of negligible permeability.
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Figure 3.13 — Comparison of calculated flow fields for 50 PPI CFF, i.e. for (a) the 101 mm
‘expanding flow field’ and (b) the 49 mm ‘straight through’ designs, both at a 0.5 m/s uniform inlet
velocity and for 280 K water temperature.

The results are shown with a common 0-1 m/s colour scale. [Supplement 4]
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Chapter 4

PART I1I- THEORY AND
VERIFICATION

ELECTROMAGNETICALLY MODIFIED FILTRATION,
INCLUDING GRAVITY REFERENCE EXPERIMENTS,
AND PRIMING

The objective of the experimental study reported in this thesis, was to
apply electromagnetic fields, in order to determine if improved separation
could be achieved for particles at sizes down to 10 um. In order to
quantify an improvement, benchmarking of the system under gravity is
necessary. Unfortunately filtration efficiency is highly depended on the
filter morphology as described in the previous chapter, and this in turn is
dependent on the manufacturing process. In order to have adequate
benchmark information, not only would results for efficiency in the range
from 10-30 pum be required, but it would necessarily need to be for the
same filter PPIs and ideally from the same supplier, in order to be assured
of the complete relevance. Furthermore, industry standard analytical
equipment, is not able to count particles in the range of 10-20 um with any
effectiveness, and there is a resulting paucity of available data in the
literature. It was therefore required to execute an experimental program
with extensive testing, both using gravity filtration alone, and with
electromagnetic fields.

In order to understand the influence of the electromagnetic field on the

obtained results, a firm grasp of filtration theory using Ceramic Foam
Filters is first required.
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4.1 Filtration with CFFs— Introduction and Background

Ceramic Foam Filters as presented in Chapter 3 are applied in the
aluminium industry using ‘filter bowls’, as shown in Figure 4.1. Filters are
normally preheated prior to use to prevent metal freezing, reduce thermal
shock and to ensure priming of the filters with metal during filling.
Priming and filtration are both accomplished using a gravity head of metal,
i.e. the inlet to the ‘filter bowl’ is higher than the outlet as shown in Figure
4.1. During priming, liquid metal fills the pores of the filter and most of
the interstitial gas is expelled.

\ L

(‘ (‘ Melt
L

gy

~CF-Filter

Figure 4.1 — Schematic of a CFF installed in a ‘filter bowl’ [95].

CFFs are available in different pore sizes, as has been discussed in
Chapter 3. Different applications have different recommended casting
velocities and pore sizes, based on the required filtration efficiencies [14].

Table 4.1 Supplier Recommended Filter Sizes and Casting Rates [14].

Superficial
Type of Velocity [Metal Flux| Typical Pore
Casting mm/s kg/s/m2 Range
Billett 8-15 19-36 30-40
Slag 7-12 17-29 40-65
Continuous 2.5-8 6-19 20-50

Typical industrially obtained filtration efficiency data are presented in
Figures 4.2 [11] and 4.3 [14]. Efficiency varies by filter type as indicated
in both Figures 4.2 and 4.3, and according to particle size as indicated in
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Figure 4.3. The wide ranges of efficiency in Figure 4.1 are partly due to
the impact of both different inlet loadings and different casting velocities.
Efficiency 1is generally acknowledged to decrease with increasing
velocity [14].
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Figure 4.2 — Industrial LIMCA measured filtration efficiency by filter type. Bars indictate
ranges of typical efficiency, (brackets) give the range, and the solid line shows the mean
values [11].
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Figure 4.3 — Industrial removal efficiency for 30 and 50 PPI filters as a function of inclusion
size for commercial CFF operation, measurements taken using LIMCA [14].
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4.2  Filtration — Theory [Supplements 7-8]

The removal of solid inclusions from liquid metal is a complex process
involving the interaction of many competing collection mechanisms, with
physical properties, chemical phenomena, and geometric factors. Many of
these factors are summarized in Table 4.2, with reference to various
dimensionless numbers commonly applied to filtration phenomena for
modelling purposes. Details on these dimensionless groups, the physical
properties required to evaluate them, and their relative magnitudes, are
given in the Theory section of Supplement 8. See Tables I1I-V.

Additional factors relating to the influence of electromagnetic effects have
been added to the traditional factors in Table 4.2, to cover some of the
added issues related to the present work. It is possible to define a new
dimensionless number to relate the electromagnetic ‘pinch’ or
Leenov-Kolin effect [18] that is experienced by non-conductive particles in
a conductive fluid, in the presence of current and a crossed magnetic field
[Supplement 8]:

L _4,|F)]
3rd ,pu, - 24,

3
N =7rdp

= 2IE (53]

where |F,| is magnitude of the Lorentz forces experienced by the

conductive fluid [N/m’] as defined previously in Equation [32] and u; is the
interstitial fluid velocity inside the CFF [m/s].

Equation [53] represents a force ratio between the electromagnetically
induced reaction force and the viscous (Stokes) drag force acting on a
particle. Equation [53] indicates that electromagnetic separation will be
most effective for coarse particles, e.g. >100 um (>10 pum in the case of the
30 PPI CFFs), and at low filtration velocities, e.g. < 1 cm/s, as shown in
Table IV and V of Supplement 8.

Equation [53] is only strictly true in the limit of zero interstitial velocity,
which is approximately true in hydrodynamic boundary layers. The
electromagnetic force decreases from the outer surface of the filter due to
electromagnetic penetration effects as shown in Chapter 2 and
Supplement 7. It will therefore be most effective in the ‘stagnant’ layer
immediately at the outer surface of the filter, in what has been referred to
in this document as an ‘electromagnetic boundary layer’.
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4.3  Filtration — Mechanisms

Filters can operate in two modes of filtration: deep or cake mode [96]. In cake
mode filtration, the particles are trapped on the surface of the filter, either by
the fine porosity of the filter media (the pores being smaller than the particles)
or on other particles which have built up at the entrance of the pores reducing
their aperture to less than that of the newly arriving particles. In cake mode
filtration the thickness of the cake builds up with time and even for a constant
cake pressure gradient, this leads to an increased total pressure drop with time.
An increasing total pressure drop and a fixed available head (as in the gravity
filtration of liquid aluminium), leads to reduced flow and hence productivity
with time. It is therefore generally preferred in the case of the aluminium
industry, to operate the filters in deep mode [97].

In deep mode filtration, a pressure gradient forces particles and liquid into the
filter, the particles remain within the body of the filter, while the filtrate exits
on the ‘clean’ side. In deep mode filtration particles can be collected by a
number of mechanisms including:

a) Interception

b) Impaction

¢) Gravity settling
d) Brownian motion
e) Sieving

Particle

Particle Flow

b)

Flow

Particle

Particle k
( Filter

Flow

Figure 4.4 — Illustrations of inclusion removal mechanisms (a) Interception, (b) Impaction,
(c) Gravity Settling, and (d) Brownian Motion [95].
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Researchers trying to identify the controlling mechanism in deep CFF filtration
tend to believe gravity sedimentation [98], interception [99] or both [3, 100]
are the most significant collection mechanisms. Brownian motion is generally
assumed to not play a role in determining collection efficiency in liquid
systems.

Numerous analytical solutions for single collector efficiency exist for potential,
viscous or inertial flow, which while providing indicative information, are not
capable of estimating the overall filtration efficiency. Examples of full
theoretical models focused either on sedimentation [98] or interception [6, 99]
or a combination (e.g. “limiting trajectory) [13] are available for CFFs.

Sieving or mechanical separation are generally ignored as a mechanism in deep
filtration, as it is assumed to play a role only in surface filtration; however, a
great deal of evidence exists to indicate that it is a valid mechanism in deep bed
filtration. Figure 4.5 (a) through (c) illustrate examples where interception or
particle agglomeration appears to have reduced the aperture of a window to
where ‘bridge-building’ or sieving is occurring.

Particle agglomeration within a re-melt furnace, e.g. due to the feeding of
surface oxidized scrap, or occurring within the pores of the filter may also make
deep filtration a significant mechanism. Particle shape could also play a role,
where particles have radically different aspect ratios (e.g. rods and needles) or
particles can fold and un-fold (bi-films) or otherwise change dimensions.
Figure 4.6 shows a similar image to Figure 4.5 (b) and (c) [4], however the close up
image clearly shows particles interacting with bifilms [12]. On cooling the bifilms
have been opened by hydrogen gas expansion, as shown in the close up view 4.6 (b).
The mechanism of bifilm formation is shown in Figure 4.7, where the oxide layer on
the surface of the aluminium metal has been folded onto itself via turbulence.

Particle agglomeration is likely to increase the role of sieving, and increase the
efficiency of interception as well as gravity settling. The role of agglomeration
in the enhancement of settling beyond that predicted by Stokes law in quiescent
systems, has been reported for both TiB, in aluminium [101] and SiC in A356
aluminium alloy [102]. The rate of settling in casting furnaces has previously
been modelled as a function of not only Stokes law, but of particle
concentration [103], which fits with the assumption that particle-particle
interactions lead to the formation of agglomerates which may settle, intercept or
be sieved with higher than expected efficiency. Clearly any analysis based on
single particle efficiency, will fail if particle-particle interactions play a
significant role in determining the overall collection efficiency.
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Flow

Particle

Inclusion
“bridge™
at the
window of

the CFF

Filter web

Inclusions

Figure 4.5 — (a) Mechanism of bridge building by interception [95], followed by Sieving

mechanism, as shown in micrographs (b) [73] and (c) [14].
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Figure 4.6 — (a) Bridges formed at the top of a 30 PPI CFF, (b) Close-up of a bridge formed by
bifilms, shown in the dotted red circle. Bifilms have opened after solidification due to the evolution
of hydrogen gas [4].

Figure 4.7 — Mechanism of Bifilm formation due to surface turbulence in a liquid metal-gas system
and resulting folding of the oxidized surface layer [12].
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4.4  Filtration — Empirical Modelling

Analytical modelling is discussed in some detail in Supplement 8. Due to the
large number of simplifying assumptions required, the utility of mechanistic
analytical models must be questioned, particularly if they fail to account for
particle-particle interactions or particle re-entrainment. Given the number of
assumptions required to arrive at an ‘analytical’ solution, one must admit that
these models are in fact semi-empirical in nature and their utility can only be
demonstrated by comparison with experimental data.

A logical alternative to analytical modelling, is purely empirical modelling,
which has a long history beginning with Iwasaki in 1937 [104]:

E=1-exp ™ [54]

where FE is the efficiency of collection [unitless], 4 is the filter coefficient [1/m]
and L is the physical filter thickness [m]. Iwasaki suggested that the filter
coefficient would evolve with time as particulates were collected, beginning
from an initial coefficient 44, such that the initial filtration efficiency would be
defined as:

E,=1—exp ™" [55]

This type of empirical modelling has proven highly successful for both PDBFs
[15, 105] and CFFs [1, 3, 14, 15]. A slightly modified version of Equation [55]
was adopted by Apelian et al. [105] for the modelling of aluminium filtration,
accounting explicitly for superficial velocity:

KoL

E, :l—expi “ [56]

Here E, is the initial filtration efficiency, i.e. before a significant number of
particles have filled the pores, K, was defined by Apelian as the initial ‘kinetic’
parameter [1/s] and u; is the superficial filtration velocity [m/s].

Apelian found that while K, increased with velocity, the overall filtration
efficiency decreased with increasing velocity in accordance with the
observation in Section 4.1 [14]. The observation of reduced filtration efficiency
with velocity had been corroborated in subsequent investigations for both
PDBFs [8] and CFFs [3, 13, 14].
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Equation [56] is consistent with the assumption that the rate of particle
collection is proportionate to the local concentration of particles and that the
probability of collection for an individual particle is the same in each unit
length throughout a filter. These assumptions immediately lead to the
conclusion that the concentration of particles should be an exponentially
decaying function of filter depth, which has been verified experimentally on
several occasions [3, 106-108].

Traditionally the superficial velocity u,, is used to evaluate Equations such as
[53] or [56]. This assumption is adequate to compare the performances within
the same family of filters having similar morphology under various geometric
and process operating conditions. It is not logical to use the superficial velocity
in comparing the performance of PDBFs with low porosity, (and probably low
dead volume and tortuosity), with CFFs having high porosity, dead volume and
tortuosity [15]. It is also not logical to analytically model based on conditions,
which are not indicative of the local conditions in the vicinity of the actual
collector surfaces within the filter. The resulting dimensionless numbers (e.g.
force ratios like Equation [53]) would in this case lose all physical significance.
Therefore it should be more useful to model using the local internal velocity or
interstitial velocity, u;, which is defined here as:

_ ur V‘ s _ urt
ui_g(vf—vd) e(1-1,) [63]

where u;, is the superficial velocity [m/s], 7 is the tortuosity [unitless], v, is the
filter total volume [m’], ¢ is the total porosity [unitless] and v, is the filter dead
volume [m’] and f; is the fraction dead volume of the total filter volume
[unitless].

Dead volumes (i.e. the difference between total porosity and porosity available
for flow) have been determined for CFFs by different investigators and found to
be in the range of 30-40% of the total volume for 30-80 PPI CFFs [76] and
16-20% for 8-45 PPI CFFs [74]. 30% dead volume (f; = 0.3), is therefore taken
as representative of the filters used in this study. Total porosities, tortuosities
and other morphological parameters of the CFFs were already reported in
Chapter 3.

Remembering the definition of tortuosity given in Equation [38], it is possible
to calculate the actual average length, which fluid must travel when moving
through a filter:

L, =L [64]

a
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From the discussion of CFF morphology in Chapter 3, it is clear that the CFF is
made up of cells (or pores), separated by ‘struts’, which are shared by adjacent
cells. The length of a single ‘unit cell’, L, [m] would therefore be equal to:

L =d +d, [65]

The number of cells, N, [unitless] that any individual fluid element must
traverse in the passage from the inlet to the outlet of the filter can be estimated
from:

N, =L [66]

Using Equation [66], and assuming the filter thickness L is the standard 50 mm,
the number of cells that the fluid must pass through can be estimated for a
30 PPI, 35 cells, a 50 PPI, 83 cells, and an 80 PPI, 200 cells.

As fluid passes through each cell, every individual particle has a finite
probability to be collected. Each of these collection ‘events’ can be considered
unrelated, and the total collection efficiency E is related to the probability n of
collection in one ‘event’ [unitless]:

E=1-(1-n)" [67]

where in this probabilistic view, £ must be defined based on particle counts,
i.e. related to the number of individual particle collection possibilities:

=241 [68]

where N; is the count of particles entering into the filter per unit time, and N, is
the count of particles out of the filter per unit time. In the current experiments,
N; and N, have been determined by the number of particle counts per mm® of
sample area, from rapidly frozen spectrographic disks, taken before and after
filtration.

If it is further assumed that each particle has but one opportunity for collection
during a passage through a cell, then the ‘event’ probability becomes equal to
the ‘cell’ probability. Equation [67] assumes that each collection event has the
same probability, but provides the flexibility that # can be assumed to also be a
function of depth in the filter if so desired. For variable efficiency,
Equation [67] must then be ‘expanded’ into its individual terms.
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It is worth considering the differences between Equation [67], which is
probabilistic in nature, based on a repeated series of unrelated events, and
Equation [56], which assumes that the filter is a continuously differentiable
isotropic material. Equation [67] can be approximately re-written:

E=1-(1-n)" ~1-exp "™ [69]

where 7, which is the collection probability in one ‘event’ or ‘per cell’, is
assumed very small: 5 <<I.

It is now possible to compare the results of Equation [67] with those predicted
by Equation [69] for a given probability of collection per cell, e.g. # = 0.05 or
n = 0.5, and as a function of the number of cells through which the fluid must
flow, N., as plotted in Figure 4.8.
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Figure 4.8 — Overall fraction of particles collected for a fixed probability of collection of
n = 0.05 and # = 0.5, as a function of the number N, of cells in series, using Equations [67]
and [69], [Supplement §].

It can be observed from Figure 4.8, that both Equations [67] and [69] give

equivalent numerical results, with no more than a 2.5% difference in estimated
values for # = 0.05 (a realistic single event probability). Larger errors,
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e.g. 10%, can be experienced with very large #, e.g. 0.5, and small numbers of
cells. This is not a serious issue, as such a theoretical filter would have an
overall efficiency of ~100% for normal filter thicknesses, as also indicated in
Figure 4.8. It can therefore be concluded that Equation [67] will also result in
an exponential decay of the collected particulates versus depth in a filter,
without the need to assume that the filter is a continuous isotropic material. As
a filter actually consists of periodically alternating volumes of solid and liquid,
Equation [67] is therefore more consistent with physical reality, and also
provides the possibility of applying variable collection efficiency during
modelling.

Comparing Equation [56] with the approximation Equation [69] it can be
observed that:

[70]

where 7 is the total collection probability for each cell. K, must be calculated
in the case of Equation [70], by using Equation [56].

4.5 Filtration - Experimental

The focus of the experimental and filtration results presented in the cover of
this thesis will be on the 12 final flow filtration experiments reported in detail
in Supplements 7 and 8. Older experiments are well documented in either the
attached Supplements 5 and 6, or (for 13 out of 16 batch experiments) in the
recent Masters thesis by Fritzsch [95]. Experiments related to the early
equipment and procedural developments are discussed in Supplement 6.
Supplement 6 discusses some of the highlights from the batch experiments,
including electromagnetic priming. Electromagnetic priming will be discussed
as a separate topic after filtration. The recent provisional US Patent application
[84] on this particular topic can be found in Appendix 1.

A series of 15 flow filtration experiments have been conducted to explore the
relationships between filter PPI, filtration rate (i.e. superficial velocity), particle
size, electromagnetic priming and induced magnetic fields on filtration
efficiencies using CFFs. 3 preliminary experiments looking at the impact on
filter wetting and two of the earliest experiments looking at filtration efficiency
with 30 PPI filters with and without a magnetic field, are discussed in detail in
Supplement 7. The final 12 experiments are the focus of Supplement §.
Highlights of these 12 experiments will be presented here, but the reader is
recommended to read Supplement § in its entirety.
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The conditions for the final 12 flow experiments are outlined in Table 4.3. In
these experiments, it was not practical to construct an apparatus of sufficient
height to realize Gravity priming of 50 and 80 PPI filters in the absence of a
magnetic field, and therefore no Gravity priming-Gravity filtration experiments
were performed with these types of filters.

Table 4.3 Summary Final Quantitative Filtration Efficiency Experiments, [Supplement 8]

Discharge| Electro- | Electro-
Filter | orifice | Magnetic | Magnetic
Experiment | Type, size, or Gravity| or Gravity
number PPI mm priming | filtration
1 30 3.2 G G
2 30 3.2 G G
3 30 3.2 EM G
4 30 6 G G
5 30 6 EM G
6 50 3.2 EM G
7 50 6 EM G
8 80 3.2 EM G
9 80 6 EM G
10 30 3.2 EM EM
11 50 6 EM EM
12 80 6 EM EM

A large batch of 150 kg of melt was produced for use with 4 experiments of up
to 25 kg each on each day of testing. The melt was held in an agitated vessel
with a graphite mixer to prevent settling of the SiC particulates. During the
experiments, metal was continuously added to maintain ~125-150 mm of metal
head (100 mm minimum) over the filter. In Figure 4.9, liquid metal is shown
being continuously added by transfer ladles from the holding furnace (two
ladles were used to maintain the transfer), flowing through the filter and passing
out through the orifice indicated in the schematic, through a hole in the support
table and falling into the fibre receiving crucible on the scale (where the
filtration rate was measured).

Metal samples for filtration efficiency determination were taken directly from
the holding furnace (i.e. before filtration) and ‘in-flight’ from the falling metal
stream under the apparatus. Steady state filtration was continued until
approximately 20 kg of metal had been filtered or cake filtration began, at
which point feeding was stopped and the apparatus was allowed to empty.

975 K was typical of the average temperature during steady state filtration for

all experiments. A typical set of computer data logged during one experiment
is presented in Figure 4.10.
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Bimex 400 fibre Type K Inconel sheathed
risers, ~102 mm \_ b) — thermocouples.
inside diameter,

150 mm high. Imm thick Mica insulation.

Two cemented Double layer coil,
together and to 31 turns, 126 mm

based plate with inside diameter, 140

Fibrefrax cement. mm average diameter,
117 mm high.
Double insulated with

glass fibre sleeves.

Ceramic Foam Filter
30, 50 or 80 PPI,

50 mm thick,

100 mm diameter.

Coil mid-line inline
with bottom of the CFF.

Re-usable
casting sand.

Alumina ceramic

/ | plate, 20 mm thick.

Hole, 3.2 mm
or 6 mm diameter.

Figure 4.9 — (a) Photograph showing metal addition and discharge onto the weighing device
during actual operation. The receiving fibre crucible volume limited runs to approximately
25 kg each. (b) Schematic of experimental apparatus used for filtration experiments. Note
that the coil is placed such that the mid-line of the coil (and highest flux density) is inline
with the bottom of the CFF, [Supplement 8].
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l ¢ Top metal temperature ~ ® Bottom metal temperature Coil outlet water temperature Weight of metal collected l

Figure 4.10 — Typical set of computer logged experimental data, annotated with comments.
For an 80 PPI filter, EM primed for 6 minutes, and Gravity discharge during filtration.
Period with coil power is indicated by coil cooling water outlet temperature. Coil applied
current was 732 A at 50 Hz and total coil power input was 13.0 kW, [Supplement 8].
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4.6 Material and Sample Analysis

A standard non-grain refined A356 alloy was used for all the filtration
experiments (see Supplements 5, 6 or 8). For the flow filtration tests, a feed
recipe was prepared containing 90% A356 alloy, and 10% composite SiC/A356
master alloy. The master alloy reportedly contained 15 wt.% SiC particles, with
a size range of 13-23 um. A representative image take of the Master alloy is
shown in Figure 4.11.

Figure 4.11 — Typical SiC containing master alloy light microscope image at 20 X
magnification. One image out of 260 used for establishing a particle count and size
distribution using Image-Pro® Plus Version 7.0 macro-automated image processing and
analysis software, [Supplement 8].

The size distribution of the Master alloy (as determined using optical image
analysis) is shown in Figure 4.12. The fraction >20 um in Figure 4.12 is not
more than 3.2%, and represent the only particles in the sample, which would
normally be counted in a LIMCA [109] detector on the N,) channel. Comparing
only >20 pm particles, and assuming 6.3% by weight particles as determined
optically in the master alloy, each kg of ‘recipe’ represents ~4000 kg of
‘normal’ aluminium (with an N5, count of 30000/kg). Each kg of metal filtered,
corresponds therefore to about 6 hours of industrial filtration at 1 cm/s
superficial velocity, and was therefore significantly greater than what would
normally be processed industrially in a single cast through one filter [4].

The overall quantitative filtration efficiency and efficiency by particle size, was

determined using rapidly solidified spectrographic samples from before, and
during the flow filtration trials. A series of 40 digital photographic images
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taken at 10 X magnification from each of the rapidly solidified samples
(typically 8 samples and 320 images per experiment) were analyzed using
Image-Pro® Plus Version 7.0 macro-automated image processing and analysis
software. See Supplements 7 and § for details.

10000

9000

8000

7000 Would be counted

6000 on a LIMCA Ny,

5000

Particle count

4000

3000

2000

1000

4567 89 91011121314151617 18 19 19 20 21 22 23 24 25 26 27 28 29 29 30 31 32 33 34 35 36 37 38 38 39

Equivalent spherical particle diameter, @, pm

Figure 4.12 — Master alloy particle count for various measured particle diameters, d, using
260 images at 20 X magnification. Mean master alloy particle size was 8.8 um,
median 7.5 um, standard deviation 4.8 um. Measured total particle fractional area was 5.4
area/volume % or about 6.3 wt. %. Particle counts and measured area do not include
particles <2 pm, which could not be analyzed with sufficient reliability. Particles to the
right of the dotted line represent the particles which would normally be counted by a
LiMCA N,y count, or about 3.2% of the total, [Supplement §8].

Overall efficiency (£, could be determined by comparing the fraction of the
area of the disk samples occupied by particles before and after filtration.

— Fractional area

particles out [7 1 ]

Fractional area

particles in

total

Fractional area,,,, ., ,,
This method is equivalent to using a volume or weight fraction, as correction
factors apply equally to numerator and denominator and hence cancel. This
method is comparable to the chemical methods used previously by
Apelian et al. [105], but does not provide efficiency by size information.

Efficiency by size (Eji:e fiaciion x) Was determined using the equivalent spherical
particle diameters (corrected for stereoscopic effects) in the ranges from
2-5 pm, 5-10 pm, 10-15 pm, 15-20 pm, and 20-25 pm and comparing the
particle counts before and after filtration, for identical photographic areas.
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— Normalized Count Out__, ,_ .
size fraction x [72]

Normalized Count In

size fraction x

Normalized Count In

size fractionx —

size fraction x

Only steady state filtration results are presented in this thesis. This period was
defined as the period after the initial priming metal had left the filter (for
electromagnetic priming) and up until cake pressure drop became the
controlling flow resistance in the system. During the steady state filtration
phase, it was assumed that the efficiencies calculated using Equations [71] and
[72] were equivalent to the ‘initial’ £, from Equation [56]. Given the very high
particle loading used in this experimental program, this assumption may not
have been accurate and future experiments could benefit from a lower particle
loading and larger number of starting and time based samples.

4.7 Filtration - Results

Experiments were conducted with each type of filter on each of 4 days of
testing, which should have reduced systematic biases due to uncontrolled
variations. In Tables 4.4 and 4.5 the experiments have been arranged into
comparable groupings, according to filter type and filtration conditions. Table
4.4 summarizes the power measurements for the electromagnetic priming and
filtration experiments. The magnetic flux density remained approximately
constant in all these experiments (~ 0.17 T).

Table 4.4 Electrical and Magnetic Conditions During the Priming
and Electromagnetic Filtration Periods, [Supplement 8]
(N/A = not applicable for gravity filtration)

Discharge Total coil | Net power | Estimated
Filter | orifice input |induced in field
type, size, Current,| Volts, power, melt, strength,
Experiment| PPI mm A W W W T Comments
1 30 3.2 N/A N/A N/A N/A N/A Gravity
2 30 3.2 N/A N/A N/A N/A N/A Gravity
3 30 3.2 730 28.59 12900 1644 0.18 EM priming
4 30 6 N/A N/A N/A N/A N/A Gravity
5 30 6 730 28.7 13000 1668 0.18 EM priming
6 50 3.2 720 28.32 12600 1563 0.17 EM priming
7 50 6 727 28.59 12780 1547 0.17 EM priming
8 80 3.2 732 28.78 13000 1541 0.17 EM priming
9 80 6 725 28.51 12700 1475 0.17 EM priming
10 30 3.2 720 28.4 12660 1613 0.17 EM filtration
11 50 6 731 28.67 12820 1503 0.17 EM filtration
12 80 6 727 28.44 12630 1492 0.17 EM filtration
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Table 4.5 summarizes the main filtration results including results from
Equation [71] based on fractional area and Equation [68] based on particle
counts per unit sample area.

Table 4.5 Summary of obtained Filtration Rates, Overall Filtration Efficiency based on
Equations [68] and [71], and Filtration Efficiency per ‘event’, #, from Equations [67] and [69],
for 150 mm Nominal Metal Head, [Supplement 8]

Average SS
Steady state | Average SS| filtration |Efficiency|Efficiency
Discharge| Average filtration filtration eficiency per per
Filter | orifice experiment | superficial eficiency based on 'event' 'event'
type, size, temperature, velocity, based on particle from from
Experiment| PPI mm K cm/s area count Eq. [67] | Eq. [69] | Comments
1 30 3.2 932 0.15 0.89 0.84 0.052 0.053 Gravity
2 30 3.2 969 0.22 0.75 0.62 0.027 0.027 Gravity
3 30 3.2 998 0.17 0.68 0.69 0.033 0.033 | EM priming
4 30 6 988 0.54 0.50 0.50 0.020 0.020 Gravity
5 30 6 986 0.68 0.16 0.19 0.006 0.006 | EM priming
6 50 3.2 924 0.13 0.81 0.73 0.016 0.016 | EM priming
7 50 6 980 0.70 0.60 0.61 0.011 0.011 | EM priming
8 80 3.2 927 0.08 0.93 0.90 0.011 0.011 | EM priming
9 80 6 967 0.10 0.96 0.95 0.014 0.015 | EM priming
10 30 3.2 946 0.18 0.37 0.47 N/A N/A | EM filtration
11 50 6 980 0.73 0.33 0.13 N/A N/A | EM filtration
12 80 6 969 0.59 0.16 0.29 N/A N/A  |EM filtration

Overall steady state filtration efficiency based on particle counts from
Equation [68] has been plotted for each experiment in Figure 4.13, grouped
according to filter type and filtration conditions. Figure 4.13 indicates a
decrease in overall efficiency for the 50 and 80 PPI filters with EM filtration,
while the 30 PPI filter, was significantly less impacted. EM priming did not
have a significant impact on the obtained filtration efficiency for the 30 PPI
filters, when compared to the wide standard deviation of 30 PPI filter results
encountered under laboratory and industrial conditions as indicated in
Figure 4.14.

The wide range of ‘typical’ performance for commercial 30 PPI CFFs are
indicated in Figure 4.14 [11], along with the reduced ranges typical of 50 and
80 PPI CFFs (generally assumed to be due to the reduced variation in the
cell/pore or window sizes indicated by the lines on the figure). Under similar
conditions, the efficiency is found to decrease at higher superficial velocities in
accordance with Equation [56], and as shown in Figure 4.15. The velocity
effect explains most of the ‘scatter’ in Figure 4.14, without consideration of the
variance in the cell or window sizes. Figures 4.15 and 4.16 show generally
lower efficiency with EMF than using Gravity alone.
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Figure 4.13 — Overall steady state filtration efficiency from Equation [68] by filter type and

priming/filtration conditions.
[Supplement 8].
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Figure 4.14 — Experimentally obtained overall fractional steady state filtration efficiency from
Equation [68] plotted for different filter types (30, 50 and 80 PPI) against the typical cell diameter

data for each filter type [11].

Filtration conditions are defined by the dot colour: blue - 3.2 mm

orifice gravity, green - 3.2 mm orifice EM filtration, purple - 6 mm gravity, and yellow - 6 mm EM

filtration. Gravity and electromagnetic priming are plotted as a single data set.
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Figure 4.15 — Overall steady state gravity filtration efficiency by Equation [68] versus
superficial velocity, us, for different filter types: 30, 50 and 80 PPI. Electromagnetic
filtration data is also indicated for comparison purposes, [Supplement §].

Insufficient data is available to develop correlations with velocity for the 50 or
80 PPI, but the following empirical correlation was found for the five 30 PPI
filtration experiments (including data from both electromagnetic and gravity
priming):

Eyyppy =0.9014-0.9445 4, R*=0.87 [73]

where u, is the superficial velocity [cm/s].

Equation [73] is presented using superficial velocity in accordance with
tradition and to avoid the use of debatable assumptions (like dead volume). To
compare the current data with other systems (e.g. with PDBFs) will therefore
require compensation for changes in porosity, dead volume and tortuosity.
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4.8 Electromagnetic Filtration after Electromagnetic Priming

Filtration with the simultaneous application of an electromagnetic field, results
in fluid recirculation due to the curl in the Lorentz forces, which invalidates the
theoretical basis of Equations [56] and [67], i.e. once through filtration. With
the application of Lorentz forces, the liquid metal no longer makes only a single
pass through the filter and no longer flows solely ‘down’ under the influence of
gravity, i.e. it may flow sideways or even upwards and therefore comparable K
values to those of Apelian ef al. [105] can not be calculated. Efficiency by size
under electromagnetic conditions has been plotted for each of the filter types in
Figure 4.16, along with various explanatory annotations.

0.7
Low velocity gravity filtration with 3.2 mm hole, and high
0.6 recirculation rate due to the high 30 PPI filter permeability.
0.5 - / x Larger particles (with larger N ;) which have -
5 passed through the filter, tend to settle under
: 0.4 the filter and not get a second filtration pass. 1
M
. | \
o 0.3 A 4
X
o 0.2 A
o
=
1S
= 0.1 A
(]
E
2 ]
5 2-5 um 5-10 pm 10-15 pm 20-25 pm
5 -0.1
E Reduced recirculation, due to low filter permeability D
-0.2 -+ at high PPI, higher bulk flow due to 6 mm orifice and also
increased tendency for large particles to settle under the filters.
-0.3
30 PPI, 3.2 mm M50 PPI, 6 mm 180 PPI, 6 mm|
-0.4

Figure 4.16 — Efficiency for size ranges 2-5 through 20-25 pm, for experiments 10 to 12 and
operation using a standard 0.17 T electromagnetic field during filtration. Results show
reduced filtration efficiency for higher PPI filters, for coarser particles and increased bulk
flow rates. Negative efficiency for large particles indicates that previously collected
particles from the EM priming stage were released during the EM flow filtration. The very
small total number of coarse particles must also be considered, [Supplement 8].

Figure 4.16 indicates that under EM filtration conditions, the 30 PPI filter
performs better than both 50 and 80 PPI filters. The 30 PPI filter will
experience higher rates of metal recirculation, due to the higher filter
permeability, as shown previously in Table 3.3 and has a higher N, x number
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(see Supplement 8, Tables IV and V) and will therefore benefit more from the
Leenov-Kolin effect.

Figure 4.16 implies that the higher induced velocities ‘push’ particles through
the filters, hence reducing the initial filter efficiency in agreement with gravity
flow conditions, as shown in Figure 4.15. Overall efficiency can only be
maintained, provided that the particles are recirculated into the filter for
additional filtration possibilities, i.e. a second, third, etc. pass.

Fine particles in the metal under the filter will tend to remain ‘in suspension’
and follow the stream lines back into the filter. Coarser particles and
agglomerates with a high gravitational number, N [see Supplement §], that
have been pushed through the filters, will have a greater tendency to settle, and
thus remain uncollected, hence explaining the strong inverse relationship
between efficiency and size shown in Figure 4.16.

The inverse relationship with filter PPI also shown in Figure 4.16, is due to the
lower permeability and therefore reduced recirculation rate, as will be shown
further by evaluation of the induced flow fields in the following section.

The negative efficiency for coarse particles (15-25 pum) for the 50 and 80 PPI
filters is due to two factors, the very low number of such particles and the
release of previously collected particles from the period of EM priming.

This analysis implies that 20 or even 10 PPI filters would benefit more from the
application of electromagnetic filtration. These experiments have not examined
changes in magnetic field distribution or flux density (except during the
previous batch tests). It may be that better performance could be achieved by
the use of specially engineered coils, e.g. a variable pitch coil located only in
the region of the filter. Such a coil would reduce/eliminate the induced flow
and enhance the Leenov-Kolin effect, which if combined by a 20 or 10 PPI filter
(with low effective resistivity) would enhance particle collection on the first
pass.

Additional valuable information could be obtained by performing residence
time distribution tests, as these could explicitly determine the recirculation rate,
as well as assist in better defining the system dead volume. For example a
tracer ‘pulse’ input of a zinc containing aluminium alloy could be used.
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4.9 FEM Model Flow Field Calculations

In order to better understand the impact of the EM fields on filtration, fluid
flow fields induced by the curl in the Lorentz forces, i.e. Magneto-Hydro-
Dynamic (MHD) mixing have been estimated at steady state for the various
filters applied in this study, using 2D axial symmetric FEM, solved using the
commercial COMSOL® 4.2a code.

Bulk flow due to gravity has been eliminated, as the magnitudes are small
relative to the induced velocity and to provide a common basis for the three
cases, showing only electromagnetically induced flow and induced recirculation
from below the filters. The results are therefore highly representative of the
induced flow during the EM priming periods.

Table 4.6 Summary of data used to solve for Flow Fields for 30, 50 and 80 PPI Filters,
[Supplement 8]

Filter Average
Effective | Forchheimer | Forchheimer experiment Metal Metal Metal
Filter, | Filter Total | Resistivity, ki, ks, Current, | temperature, | Resistivity,| Viscosity, | Density,
PPI |Porosity, &| Ryye/Ruecat m’ m A K ohm'm Pa's kg/m’
30 0.892 1.5 5.08E-08 5.46E-04 720 946 2.97E-07 0.00111 2397
50 0.863 2.5 1.57E-08 1.66E-04 731 980 3.02E-07 0.00104 2348
80 0.865 3.7 6.52E-09 1.15E-04 727 969 3.00E-07 0.00106 2350

Results shown in Figure 4.17 indicate that the induced velocities are one to two
orders of magnitude greater than the flow in and out of the apparatus during
gravity filtration, clearly showing the dominance of the MHD recirculation on
the overall flow field. The velocities and volumetric rate of recirculation are
greatest for the 30 PPI filter, with flow returning at the centre of the filter and
moving towards the wall where the N; ¢ value will be at a maximum. For any
given velocity and particle size, the N, ¢ value is significantly higher for the 30
PPI filter, as shown in Tables IV and V of Supplement §. The 30 PPI filter will
have the most benefit from both MHD mixing and electromagnetic cleaning
effects, to balance the detrimental effects of the higher interstitial velocity.

Results in Figure 4.17 also show a reduction of the peak velocity in the 80 PPI
filter by 32% when compared with the 30 PPI (near the lower liquid metal
interface) and a much reduced zone of high velocity due to the significantly
lower permeability of the 80 PPI filters. The results indicate a significantly
reduced volumetric recirculation rate of fluid from below the filter.

Additional FEM modelling should be performed to explore the impact of
alternate coil geometries, higher and lower currents and different frequency of
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induction on the magnitude of the Lorentz forces and induced metal velocities.
Dynamic simulations could be performed to explore the mixing/residence time
and determine the volumetric recirculation rate under various conditions. This
work should be performed prior to further testing in order to optimize the
design of the future test apparatus and procedures.
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Figure 4.17 — Flow fields calculated for (a) 30, (b) 50 and (c) 80 PPI filters, velocities scales
indicated in m/s, left-hand scale is for metal regions, and the right-hand scale is for porous
media regions. Peak velocities in metal: 0.71, 0.64 and 0.64 m/s and in the filter: 0.19,
0.15 and 0.13 m/s, respectively. Conical arrows indicate relative time averaged Lorentz
force strength (RMS). Regular arrows indicate direction and magnitude of fluid flow in
metal and porous media regions, sizes are not comparable between regions. Coil position,
relative to the filter is as indicated in Figure 4.9, [Supplement 8].
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4.10 Electromagnetic Priming

Electromagnetic priming was accidently discovered during the batch testing
phase of this work and is the subject of a recent provisional US patent
application [84]. It was not initially appreciated how difficult it should be to
prime 50 and 80 PPI filters, as indicated in Figure 4.18 using both commercial
and experimental results. During the equipment and procedural development, it
became apparent that in the presence of the AC magnetic field the filters could
be primed without preheating, while using only 100-150 mm of metal head. It
was observed that this was a simple and highly effective procedure, when
sufficient magnetic flux density was applied.
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Figure 4.18 — Priming height vs. filter PPI from different producers compared with
electromagnetic priming at ~0.17 T [11, 110], [Supplement 8]

Subsequent  metallographic  investigations = showed both  improved
wetting [Supplement 3, Supplement 6] and increased gas removal with time, as
indicated in Figure 4.19 [Supplement 6]. It was presumed that removing more
of the gas would increase the area available for flow, and thus increase the
metal throughput at constant metal head for a given filter type. Improved filter
wetting might increase filtration efficiency for non-wetting inclusions (i.e.
make it easier to approach the filter internal surfaces for collection). Figure
4.19 clearly indicates that when only 100-150 mm of metal head is used to
attempt to prime a 50 or 80 PPI filter that they fail to prime, in full agreement
with the industrial data presented in Figure 4.18.
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Figure 4.19 — ‘Failed’ gravity priming with 150 mm of head showing metal frozen over the
filters, with: (a) <18 mm of metal penetration 50 PPI CFF and (b) <7 mm of metal
penetration 80 PPI CFF. Fully primed and well wetted filters were obtained after 3 minutes
of EM priming with 150 mm of metal head for (¢) 50 PP CFF, and for (d) 80 PPI CFF,
shown as half filter sections. Complete gas removal was obtained after 10 minutes of EM
priming for 80 PPI CFFs. The arrows represent the flow direction of the melt during the
initial filling [Supplement 6].

It was observed during the experiments that the productivity was enhanced after
electromagnetic priming for a fixed metal head in accordance with expectations.
Results were particularly pronounced for the 50 PPI filter, when compared with
the 30 PPI gravity primed filter, as indicated in Figure 4.20. The 50 PPI filter
with EM priming had the same initial discharge rate as the 30 PPI with EM
priming and a 25% higher discharge rate than the 30 PPI with only gravity
priming. It should be noted however, that the 50 PPI filter more quickly
converted into ‘cake’ mode during gravity filtration.

When the electromagnetic field was used during filtration for the 50 and 80 PPI,
the build up of cake was “disrupted” as reported previously for the 30 PPI
filters [Supplement 3], and the filtration continued at a high rate similar to the
30 PPI; however, the filters performed with greatly reduced filtration
efficiency, as previously indicated in Figures 4.13-4.16. This may indicate that
‘cake’ mode filtration or ‘sieving’ is a significant mechanism for the 50 and 80
PPI filters (either over or within the filters), at least for the high inlet particle
loadings used during these experiments.
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Figure 4.20 — Impact of electromagnetic priming on filter productivity with ~150 mm of
metal head for 30 PPI filters with and without EM priming, and 50 PPI filter with EM
priming. Note that the EM primed 50 PPI filter had the same initial flow rate as the 30 PPI
EM primed and had a 25% greater discharge rate than the 30 PPI without EM priming,
[Supplement 8].

Gravity filtration after EM priming appeared to behave more or less like
conventional gravity filtration after gravity priming, once the increased
superficial velocity is accounted for. Figure 4.15 clearly shows the detrimental
effect of velocity on efficiency for both gravity and EM primed experiments.
With EM priming, higher velocities were obtained, as indicated for the 30 PPI
filter in Figure 4.20, and therefore lower filtration efficiencies resulted. Within
the experimental scatter, it would appear that gravity or EM priming will
achieve roughly the same filtration efficiency (at least for the 30 PPI) at the
same superficial velocity, i.e. no benefit from increased filter ‘wetting’ was
observed. This effect might also of course be dependent on the type of particles
being used experimentally, i.e. wetted or non-wetted by liquid aluminium.

The low tortuosity of the 30 PPI filter, gives a lower effective resistivity as
shown previously in Table 3.3, and this leads to higher forces as evidenced by
the high N, x numbers shown in Tables IV and V of Supplement 8. When
combined with the high filter permeability of the 30 PPI filter and the curl in
the Lorentz forces, these result in a high velocity upwards directed fluid stream
in the centre of the filter, as shown in Figure 4.17. It was periodically observed
after testing that the 30 PPI filters operating with an electromagnetic field either
during priming or filtration, had experienced mechanical damage as reported in
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Supplement 5, and pictured below for experiment 10. The thinning of the filter
may have increased the filtration rate and/or reduced the filtration efficiency,
both in accordance with Equation [56].

Figure 4.21 — Damage caused to the 30 PPI filters by electromagnetic forces. (a) Gravity
primed and filtered 30 PPI from experiment 2, and (b) EM primed and EM filtered 30 PPI (6
minutes priming, and 12 minutes of filtration) experiment 10. Filter section (b) has been
thinned by the upwards flowing metal at the centre of the filter. Filter sections are both
originally 50 mm thick, with a 50 mm radius, [Supplement 8].

4.11 Filtration — Discussion: Impact of Particle Agglomeration, Bifilms
and Analytical Methods on ’Perceived’ Efficiency During Gravity
Filtration

Based on the metallographic observations made during this work, the small
2-30 pm particles had a very high tendency to agglomerate in the master alloy,
in the stirred holding furnace, i.e. the starting samples, and in the final ‘clean’
filtered samples, as can be seen in various sample images in Supplement §.
These agglomerates may be perceived by a LIMCA unit, as single larger sized
particles, and may have produced bias in previously published literature results,
if such agglomerates were present.

Bifilms being primarily composed of alumina will have a high affinity for the
alumina structure of the CFF and low wetting tendency with the liquid
aluminium [99] and therefore be captured with relatively ease. Bifilms have a
strong tendency to become decorated with fine particles as mentioned
previously and also to form ‘scaffolds’ helping to construct many of the filter
‘bridges’ observed in this study, as shown in the representative micrographs,
Figures 4.22 and 4.23.
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WD= 19mm Mag= 30X Inngvation and Creativity

Figure 4.22 — SEM micrograph from experiment 4, showing bifilms attached to the pore
wall, unfolded, holding back and collecting particles and agglomerates within a 30 PPI
filter, shown in the dotted circle, [Supplement 8]. Section in dotted red is expanded in
Figure 4.23.

: Highly agglomerated =
; particles

: - | Decorated bi-film.

100 pm EWT=2000Kk/  Signal A= AsB Date :16 Aug 2012 NTNU
—

WD= 18 mm Mag= 100X Inaovation and Creativity

Figure 4.23 — Close-up SEM micrograph from experiment 4, showing highly agglomerated
particles interacting with bifilms within the filter pores of a 30 PPI filter, [Supplement 8].
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Bridges have been shown on many occasions as previously indicated in Figure
4.5 and 4.6 [3, 4, 14, 73, 106] and likely play a role in enhancing sieving both
within and over the filter. It is therefore unlikely that any analytical model
focusing on single particle collection efficiency will ever be adequate to predict
overall filtration efficiency. Closer study of particle-particle interaction and
particle-bifilm-CFF interaction during filtration is clearly warranted.

In the current work, the relative ratio of bifilms to ‘real’, i.e. artificially
introduced exogenous SiC particles is small. It may therefore be a relative lack
of bifilms as a percentage of total particles added, which produced the low
observed filtration efficiency under gravity filtration conditions as can be seen
in Figure 4.15. This may be a factor in the filtration of TiB, particles formed
by the addition of grain refiners, which is well known to reduce the apparent
filtration efficiency of CFFs measured using LiMCA, as shown in
Figure 4.24 [111].

60.0
ATS5B refining rod introduction
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x X s b4
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time after the start of the cast (min)

Figure 4.24 — Impact of the addition of AT5B grain refiner on the clean metal inclusion
count measured using LIMCA [111] .

The only gravity filtration reference data found in the literature, which could be
directly compared with the current experimental and analytical procedures, are
the results of Mutharasan et al. [15] for the filtration of fine 1-30 um TiB,,
using 7.5 cm diameter, 5 cm thick, commercial 30 PPI alumina CFFs, with 85%
total porosity, at superficial velocities from 0.1-0.8 cm/s, and flow controlled
via a discharge orifice. The similarity to the current experiments of both the
equipment and the size range of particles filtered is remarkable.
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The results of Mutharasan et al. were measured based on the chemical assay of
TiB; in the metal in versus metal out (not particle counts using LIMCA) and are
therefore proportionate to total weight or volumetric efficiency as presented
previously in Table 4.5, which in the case of the recent study also showed a
strong correlation with efficiency based on counts (see Table 4.5). Mutharasan
et al. reported that the overall efficiency varied inversely with the superficial
velocity from about 80% at 0.1 cm/s, to 40% at 0.8 cm/s in excellent agreement
with the current 30 PPI gravity filtration results shown in Figure 4.15.

The excellent agreement between the current results and those of Mutharasan et
al., may indicate that SiC particles are ‘well wet’ by liquid A356 alloy, similar
to TiB, and this may also result in lower collection efficiencies. Collection
efficiencies of artificially introduced Al,O; particles (i.e. not bifilms) have been
reported to be 60-77% using LiIMCA data, for similar 30/50 PPI CFFs and at
much higher velocities from 1.3-1.8 cm/s [3], suggesting a strong role of
particle wetting on collection efficiency, as recently reported [99].

4.12 Filtration — Discussion: Observed Filtration Mechanisms During
Gravity Filtration

It should be noted that filters could only be sectioned after the completion of
the experiments, where cake mode was always controlling and hence all show
evidence of extensive cake mode filtration. The micrographs can therefore not
be used to determine if cake filtration was occurring during the ‘steady state’
filtration period. Settling of particles over the filter after completion of an
experiment ensured that a thick cake was always found on final sectioning.

Further experiments should be conducted where less dense mixtures of SiC
particles are used and the experiments are interrupted during normal filtration,
by closing the discharge hole. This should allow the filters to be ‘frozen’ as
close to ‘steady state’ filtration conditions as possible (i.e. prior to cake mode
filtration) and without any metal drainage from the filter, which makes
metallographic examination difficult. In the final frozen filters, cake mode
filtration or sieving was observed both over and inside of the filter as indicated
in Figure 4.25.

Deep bridges of material as shown in Figure 4.25, may well act like a packed or
‘fluidized bed’. Particle-particle interactions such as agglomeration and
mechanical interference likely become significant. Particle-fluid interaction
may greatly increase the effective fluid viscosity, further reducing fluidity in
accordance with the Roscoe-Einstein equation [112]. Densely packed particles
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may travel in a mean-free-path-like manner. Particles may be deemed to be
collected, when in fact they are merely hindered from moving in any given
direction by the presence of other nearby particles, much like the behaviour in a
fluid bed in terms of particle elutriation [113]. Fine particles such as those used
in these experiments are generally reported to be Geldart C, cohesive particles
[114], difficult to fluidize with air and susceptible to building cohesive strength
when in direct contact and bridging very large openings like silo outlets in
materials handling applications [115]. The behaviour shown in Figure 4.25
appears somewhat similar.
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[ WD= 19mm  Mag= 30X Insoration and Creativity

Figure 4.25 — Sieving or ‘cake’ mode filtration over and in the upper section of 50 PPI filter
from experiment 7. Flow direction (and gravity) marked by the arrow, [Supplement 8].

The impact of fluid velocity on bridges, may be to build ‘back pressure’ until
either the fluidizing velocity is reached or the bridge is collapsed due to the
total applied force. A broken piece of a bridge in an upper section of the filter
is highly likely to be recaptured prior to exiting the filter. Filter thickness and
the number of opportunities for collection will therefore remain significant to
overall filtration efficiency.

Deeper within the filters of all types, evidence was shown of both
impaction/interception and settling. Impaction/interception appeared to be
more common in the 30 PPI filters as shown by Figure 23 of Supplement §.
Gravity settling appeared to be more important for the 80 PPI filters due to the
preponderance of particle collected in what appeared to be dead volumes and
inclined pores in the direction of gravity, rather than the flow direction, as
shown in Figure 24 of Supplement §.
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4.13 Filtration — Discussion: Analytical Method Accuracy and Bias

Figure 4.26 indicates a typical bias of ~ -10% for the Image-Pro® software
when compared to a meticulously executed manually controlled count. Initial
samples analyzed by Image-Pro® Plus were biased by -13.5% on average, while
the lower particle count metal samples were biased by -6.3%. A detailed
comparison of the impact of the bias on efficiency found that the Image-Pro®
Plus data resulted in an underestimation of filtration efficiency by ~3%. All
results presented in this article were calculated using the Image-Pro® Plus data,
and so have a similar bias. It should be noted that the use of the
macro-automated software saved more than a man year, at the expense of 3%
filtration accuracy. A detailed review of the analytical technique is the subject
of a new publication [116].
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Figure 4.26 — Comparison of particle counts (20 images per point) produced by the manually
controlled ImageAccess easyLab 6® and the macro-automated Image-Pro® Plus Version 7.0
software for starting samples and ‘weight’ samples taken during filtration for experiments 4,
5, 7 and 9, indicating a typical bias of ~ -10% for the Image-Pro® data, and resulting in a
-3% bias in the estimated filtration efficiencies.
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Sampling may also have produced random variation as would be evidenced by
the redundant starting samples. Individual results typically varied by up to
+25 % from the mean, and therefore represent one of the larger experimental
uncertainties.

Prior to the development and validation of the new automated methodology
(a late development) only a limited number of samples could be analyzed

manually.

Additional starting samples and longer runs with fewer SiC particles, would
improve statistical accuracy in future work.
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Chapter 5

FINAL DISCUSSION

The motivation of this research was to address two key objectives of the RIRA
project to:

e Remove all inclusions of >10 pum in diameter, and
e Develop new methods of inclusion separation, e.g. electromagnetic separation.

The specific intent of this part of the research effort was to find ways to combine
electromagnetic fields with Ceramic Foam Filters (CFFs), to determine if it were
possible to achieve greater efficiency of filtration for liquid aluminium for particles
exceeding 10 pum.

Objectives of this research included:

1. How high a magnetic flux density can be safely applied to liquid aluminium
(meniscus experiments)?

Up to 0.2 T, has been used without difficultly. See applied flux densities in
Supplements 5-8. Higher flux densities can likely be used provided sufficient
head is present over the coil to prevent the formation of a significant meniscus or
apparatus designs producing reduced Lorentz force curl are developed.

2. How do the coil, work piece geometry, current and temperature affect the
magnetic flux density (billet experiments, Analytical/  COMSOL modelling)?

See Equations [11], [12], [14], and [18]. See 2D axial symmetric FEM modelling
in Supplements 1-2 and Figure 2.9.

3. How do the filter types, time and coil magnetic flux density, affect the particle
distribution within and over the filters (batch experiments)?

Particles are concentrated near the top-centre and towards the outer wall of the
crucible inside the filters. Entrained gas is removed and wetting improved
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progressively with the application of higher magnetic fields and time. Higher PPI
filters take more time to achieve complete gas removal. The filter cake is
“disrupted”, with application of a magnetic field. Less cake over and more
particles are observed within the filter element itself. See Supplements 4-5 and
Masters thesis by R. Fritzsch [95].

4. What are the hydrodynamic/magnetohydrodynamic (MHD) properties within
the filter media (permeability, pore/cell size, effective resistivity, CFD
modelling)?

Higher filter PPIs result in lower liquid permeability and higher effective filter
electrical resistance. The net effect on MHD can be observed by solving 2D axial
symmetric models for the Lorentz forces and fluid flow, as shown in Section 4.9,
and using data from Supplements 3-4, and 6-8. Results show a reduced velocity
and volumetric recirculation with higher filter PPIs for the same coil design and
applied current.

5. How does the filter type, with and without a magnetic field affect the final
obtained filtration efficiency as a function of both velocity and particle size
(flow tests)?

In gravity filtration, higher filter PPIs and lower filtration velocity both result in
higher efficiency, as shown in Figure 4.15. Filtration efficiency is normally
assumed to increase with particle size as shown in Figure 4.3, although there is
contradictory evidence in the literature [3]. The results presented in Supplements
7 and &8, appear to show that with large scale agglomeration and the presence of
bi-films and extensive ‘bridge-building’, that particulate collection efficiency is
not a strong function of particle size.  ‘Bridge-building’ and particle
agglomeration are shown in Figures 4.5, 4.6, 4.25 and discussed extensively in
Supplements 7 and §.

In electromagnetic filtration, counter-intuitively the normal behaviour obtained in
gravity filtration is reversed. Filtration efficiency was found to be best for the
lowest PPI filters used in this study, due to a powerful Leenov-Kolin effect and
greatly increased aluminium recirculation into the filter. The filtration efficiency
was seen to decrease with increasing particle sizes, due to the greater tendency of
coarse particles to settle, if pushed through the filter by the higher MHD induced
velocity and to not ‘back-mix’ into the filter.
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In relation to the primary RIRA project objective of removing all particles
>10um, the following results were obtained for 50 mm thick CFFs:

1. >98% of particles larger than 10 pm were removed at low filtration
velocity (~1 mm/s) wusing 80 PPI filters, which had been
electromagnetically primed, and

1. >94% of particles larger than 10 pym were removed at low filtration
velocity (~2 mm/s) under gravity filtration using 30 PPI filters.

In relation to the secondary objective of developing a new method of separation
of inclusions, i.e. electromagnetic filtration, it can be concluded that while the
theoretical ground work has now been established to allow the systematic
design of such a process, that this objective has not been achieved, as evidenced
by the lower obtained filtration efficiencies during electromagnetic filtration.
However, a significant new invention has been achieved, i.e. electromagnetic
priming, and this may allow for the substantial achievement of the primary
objective (higher removal efficiency for >10 um particles), by the use of thicker
CFFs or stacks of standard CFFs.

5.1 Possible Improvements to Achieve Enhanced Electromagnetic Filtration

Timelines from idea to industrial realization for new technology are extremely
long in metallurgy, due to the complexity of the processes, general risk aversion
and conservatism of the industry. 15 years from conception to industrialization,
is not atypical for a major new metallurgical process [117]. 5-10 years is
reasonable for a ‘small’, but innovative technology such as studied in this
thesis.

In 3 years, "Electromagnetically Enhanced Filtration,” has progressed from a
concept, to a level where proper engineering studies and design work is now
possible. In 2010, even the answers to the simplest questions like: “What is the
magnetic flux density of a short coil?”, “What magnitude of Lorentz forces will
be induced in liquid aluminium by this short coil?”, “What pressure drop will a
given aluminium flow rate produce moving through this ceramic foam filter?”
could not be calculated with sufficient accuracy or certainty. These questions
can now all be answered with reasonable certitude.

Using the data and correlations presented in this thesis, it is possible to
extrapolate to obtain estimates of data for CFFs, which have not yet been tested,
as shown in Table 5.1. It is then possible to take such data and apply it in the
validated 2D axial symmetric finite element model, which has been built as part
of the current effort, to produce estimates of Lorentz forces, fluid flow
velocities, particle migration rates, magnetic flux densities, heating rates, and
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so on. More targeted experimental designs and the equipment required to
achieve them can now be created with relatively low uncertainty.

Table 5.1 Extrapolated Filter Data (Marked in Yellow) for 10, 15 and 20 PPI CFFs

‘Window Strut Cell
Total Effective Diameter, | Diameter, | Diameter, | Forchheimer | Forchheimer

Filter, | Porosity, Resistivity, d,, d,, d,, ki, ks,

PPI & Tortuosity, 7| Rgyer/Ruetal pm pm pm m’ m
10 0.905 1.0 1.1 1087 240 1945 6.22E-08 6.74E-04
5 0.902 1 1.2 1034 232 1851 5.63E-08 6.10E-04
20 0.899 12 14 981 224 1757 5.08E-08 5.50E-04
30 0.892 13 15 961 185 1668 5.08E-08 5. 46E-04
40 0.900 23 25 698 211 1306 3.10E-08 338E-04
50 0.863 22 25 623 190 1132 1.57E-08 1.66E-04
80 0.865 32 3.7 383 119 683 6.52E-09 115E-04

Using the developed tools, alternate equipment designs can be ‘tested’ in
software, as shown in Figure 5.1. This figure shows a multi-layer helical coil,
designed to achieve a homogenous flux density and produce a low curl, as
evidenced by the greatly reduced bulk-liquid and porous-media velocities, when
compared with Figure 4.17 (a). A coil of such a design could operate with
higher current, magnetic flux density and Lorentz forces, i.e. a greater Leenov-
Kolin effect, while simultaneously reducing the MHD mixing effects likely to
reduce the ‘standard’ filtration efficiency.
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Figure 5.1 — (a) Magnetic flux density [T, RMS], colour indicating flux density and black arrows
indicating relative strength and direction of the Lorentz forces and (b) Induced flow field for 150
mm thick, 30 PPI filter, with liquid A356 aluminium at 975 K for 31 turn multi-layer coil design
operating at 720 A and 50 Hz, (c¢) Reproduction of Figure 4.17 (a) for direct comparison using a
common colour scale in [m/s] for both bulk-liquid, red=1.0 m/s and porous-media, red=0.1 m/s.

Using Equation [56] and assuming gravity filtration with 30 PPI CFFs with an
K, of 0.049 [s™'], for particles sized 10-15 pm [Supplement 8], the impact of
velocity and filter thickness on the obtained filtration efficiencies can be
explored, as shown in Figure 5.2. The original objective of 100% removal of
all particulates >10 pm, can of course be achieved at 0 cm/s superficial
velocity, which is not an economically interesting operating point.
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The objectives of the RIRA project should be restated in more realistic terms,
i.e.. What efficiency, for which types of particles (See Table 1.1), of what sizes
and for which product? A figure such as Figure 5.2, could then be used to
determine the thickness of filter and superficial velocity and hence area of
filter, that is required to process a given throughput of aluminium and produce a
specified quality. Knowing the filter permeability, the required metal head
could then be calculated with high accuracy and the required filter bowl
appropriately designed.

Filter thicknesses of 10 or 15 cm are likely impractical in industry, without the
application of electromagnetic priming, most particularly for high PPI filter
types, such as 50 or 80 PPI. Electromagnetic priming therefore offers a realistic
way of achieving improved gravity filtration efficiency at normal casting
velocities, simply by the use of thicker filters, as indicated in Figure 5.2.
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Figure 5.2 — Estimated fractional efficiency for gravity filtration with 30 PPI filters of 5, 10 and
15 cm thickness for particles of 10-15 pum in size, as a function of superficial velocity [cm/s].
Evaluated using Equation [56] and using a K, of 0.049 [s™'].

The industrial implications of the current results are described in more detail in
a new publication [118].
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Chapter 6

CONCLUSIONS AND FUTURE
WORK

6.1 Conclusions

Equipment designs, sampling procedures and analytical methods have been
created and validated, which have allowed the impact of electromagnetic fields
on filtration with Ceramic Foam Filters to be determined for particles as small
as 2 pum, a significant improvement over industrial systems with limitations of
15-20 pm.

In agreement with previous literature, it has been found that filtration efficiency
is inversely proportional to filtration velocity during gravity reference
experiments. The coil designs used in the current experimental program were
specifically designed to maximize magneto-hydro-dynamic mixing and
specifically achieve a high level of back mixing from below the filter, in order
to produce multiple filtration passes for the liquid aluminium. It was found in
the current experimental program that the impact of the ‘back-mixing’ did not
compensate for the high interstitial velocities induced by the curl in the
electromagnetic Lorentz forces.

It was found that traditional ‘truths’ related to gravity filtration were no longer
applicable in electromagnetic filtration. Higher PPI filters reduced filtration
efficiency, due to reduced magnitudes of the Leenov-Kolin effect and reduced
back-mixing, due to lower filter liquid permeability. Under the high induced
velocity conditions, coarse particles that were pushed through the filters, tended
to settle, which resulted in an efficiency by size relationship, opposite to the
gravity norm.

The systematic study of the physics, analytical and numerical modelling,

empirical measurement of filter properties and both gravity and electromagnetic
filtration behaviour, has resulted in the creation of a ‘tool-box’ of know-how,
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which can now be applied to achieve improved results for both gravity and
electromagnetically modified filtration as discussed in Chapter 5. With thicker
filters, alternate selections of filter PPI and greatly modified coil designs, it
should be possible to achieve improved filtration efficiencies, when referenced
against gravity benchmarks.

The concept of electromagnetic priming has been invented as part of this work,
and this concept if applied to normal gravity filtration, will allow thicker CFFs
to be used and greatly improved filtration efficiency to be realized.

Evidence was gathered in the course of this research, which challenges many of
the historic notions of what determines gravity filtration efficiency. Extensive
evidence of the role of agglomeration, particle-particle interaction and bifilms
on the filtration behaviour has been observed, confirming many similar
observations made in recent filtration literature.

The following equations represent contributions to electromagnetic and
filtration theory, which may have a general utility to future researchers:

2 2
i. kN* — kN 1- Dw — 5w + Dw — 5w
D, +0, D + 6,

oo N2 (BN *(beré ber'E +beil bei'E,
ot S5, L ber’&, +bei’&,
i, Dol (o)
B, 2 \/(x/f) +r? \/((1—x)/f) +r?
. uxTVf urT
V. u, = .

e(v, =) S e(1-1y)
V. E=1-(1-n)" =l1-exp "™
3 2
Vi. NLiK:ﬂ-dp| L| 1 :dp|FL|
8 3”dﬁ'uui 24 pw,
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6.2 Future Work

Future work should explore the influence of alternate coil geometries,
frequencies (other than 50 or 60 Hz AC) and electromagnetic field strengths on
the obtained filtration efficiencies during electromagnetic filtration. In
particular, the (vertical) position of the induction coil relative to the filter
should be addressed. Thick filters of low PPI (e.g. 2 or 3 times 50 mm of 10-30
PPI), could be combined with variable pitch helical coils to produced larger
Leenov-Kolin numbers, N;_x with lower MHD stirring. The 2D axial symmetric
FEM model could be used to optimize the equipment and experimental design
without the need for a large, expensive and time consuming development phase.

The practicality of applying electromagnetic priming with larger scale filters
should be demonstrated by full scale commercial testing with larger, e.g. 17”
square filters.

The role of particle wetting, particle concentration and bifilms should be
studied using a variety of particles with different surface properties, at a range
of lower concentrations than used in these experiments with and without
bifilms. Extensive testing with frequent sampling over longer periods of time
may help to elucidate the role that particle-particle, particle-fluid and particle-
bifilm-filter interactions may play for filters, as they dynamically build up
bridges and particulates in their interstitial spaces.

Residence time distribution (RTD) studies should be performed to examine the
plug flow, back mixed and dead volume components of the RTD curves.
Combined with tortuosity studies, these should improve the understanding of
the magnitude of interstitial velocity within the filter structure of different PPI
CFFs.

Additional filter tortuosity experiments should be performed to more accurately
determine the filter tortuosity in the direction of flow (currently accurate to
~+20% and only known with accuracy in the phi-direction), e.g. filters could be
turned 90 degrees and re-measured inductively to determine if the tortuosity is
isotropic.
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Attorney Docket No. 6080-0105PUS1

APPARATUS AND METHOD FOR PRIMING A MOLTEN METAL FILTER

TECHNICAL FIELD

This invention involves the priming of filters for removal of solid inclusions from liquid

metal. Disclosed herein are an apparatus and a method for priming a molten metal filter.

BACKGROUND OF THE INVENTION

Ceramic filters and commonly Ceramic Foam Filters (CFF) are currently available to purify
liquid metal, such as disclosed in US Patent Number 3,893,917. Most often this involves the
removal of solid inclusions from liquid metal, such as steel and aluminum. These solid
inclusions can lead to physical defects in the final metal products if not removed prior to

solidification.

In order to most efficiently use the filter media, the open porosity of the filter must be
completely filled with liquid metal. Completely filing the filter with liquid metal improves
the wetting of the surface of the filter media to facilitate the collection of the solid inclusions.
The problem to be solved is that incomplete priming results in locally higher liquid velocities
in the active parts of the filter, higher operational pressure drops or lower total liquid metal

throughput, combined with lower collection efficiency for the solid inclusions.

A common practice is to place a ceramic foam filter with a gasket material into a filtering
device or ‘bowl’, such that the metal height builds up over the filter and is forced by gravity
into and through the filter medium. The inclusions are then removed by either deep or bed
filtration mechanisms. The poor wetting characteristics of these ceramic filters and the need
to remove the air contained within the pores, often leads to difficulties, particularly at the start

of the filtration operation.

The significance of priming in filtration is disclosed in a number of Patents and Patent
Applications, such as US Patent Number 4,872,908, where Enright, P.G. et al. describe the
definition and role of priming in detail and also give specific efficiency data when removing
20 micron particles (between -13.4 and 54.8%) using LiMCA for 30 PPI filters The large
range in filtration efficiency can be partly attributed to the impact of priming on filter
performance. US Patent Number 4,081,371, Yarwood, J.C. et al. describe the need to remove

gas bubbles from within the ceramic foam filter, and the roles of metallostatic head and filter
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angle on priming. Generally speaking higher total pressure (from metallostatic head or other
means) improves priming efficiency. In US Patent Application 09/867,144, Quackenbush,
M.S., disclose a filter media, without the application of mechanical forces to encourage air
bubble release, for the purpose of releasing trapped air bubbles to ensure an easier and more

complete priming of the filter media.

In US Patent Number 7,666,248, Belley, L., et al. disclose a method using a vacuum system
to generate an additional pressure gradient of about 6 kPa or about 25 cm of liquid aluminum
head equivalent for the express purpose of increasing the effective priming pressure to ensure
adequate priming for ceramic foam filters with a thickness from 2.5 to 7.6 cm and a low
average pore or “window” size of 150-500 microns, which are typical of filters with 60 or
more PPI. These filters otherwise require substantial metallostatic heads (vertical distance
from trough bottom to filter top) to ensure adequate priming. Belley et al. also disclose that
the typical range of priming heads for Ceramic Foam Filters is from about 20-80 cm. Higher
values are associated with higher pore density and smaller window sizes, and are often

impractical to implement at existing casting operations.

Filters are normally preheated to try to improve the flow of metal into the filter media and,
hence, the priming efficiency for a fixed metal height over the filter. Difficulties are often
encountered in obtaining uniform heating without localized overheating that can lead to
thermal damage of the filter media. This makes it difficult to ensure that the entire filter area
will be available to pass liquid metal. In US Patent Number 4,834,876, Walker, N.G. claims a
process by which the non-conductive ceramic filter is rendered electrically conductive by the
coating of the filter media particles with a conductive substance like nickel or by using an
electrically conductive material, such as silicon carbide to construct the filter media. By
passing a current through the media or by surrounding the filter with an induction coil to
induce eddy currents, the media could be caused to self-heat due to the resistive (I'R) losses

to ensure preheating and complete priming.

A process involving the use of a low frequency induction coil and Ceramic Foam Filter
elements has been presented in US Patent 4,837,385 by Calogero, C. et al. In this process a
number of different means were presented, whereby a crossed current and magnetic field
could be created, which would generate Lorentz forces. Some of these methods involve the

use of electrodes and a so-called ‘injection current’ which is undesirable as the electrodes are
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a potential source of contamination to the liquid metal being filtered. The theory behind the
process disclosed by Calogero et al. was that the Lorentz forces would act preferentially on
the metal and not the inclusions, thus causing migration of the inclusions and interception of
the inclusions by the walls of the filter media. The impact of the magnetic field on the
priming of the filter media was not disclosed. Furthermore, the mechanism described by
Calogero depends on the absence of any significant curl or vorticity in the magnetic and
Lorentz force fields. However, as disclosed in US Patent 4,909,836, vorticity is always
present in these fields when a normal induction coil with a constant helical pitch is used as the
source of crossed current and magnetic field. One aspect of the present invention uses an
induction coil in order to avoid direct contact and contamination of the liquid metal. A
standard constant pitch induction coil is used. The inventors are well aware of the vorticity in
the magnetic and Lorentz forces produced via such an induction coil and have therefore
designed the method to make maximum advantageous use of the vorticity, in order to press

metal into the filter media to achieve a better degree of priming with a low metallostatic head.

DEFINITIONS

As used herein, the term “priming” refers to the displacement of air contained in the open
pore structure of a filter (e.g., a ceramic foam filter) and the improvement of wetting of the
filter media by the liquid metal, thus, allowing the maximum volume and internal surface area

to be available to pass flow and collect particles.

As used herein, the term “inclusion” refers to any contaminant of the liquid metal having a

melting point greater than the metal, and therefore being solid at the processing temperature.

SUMMARY OF THE INVENTION

Various aspects of the present invention relate to: (1) a method of priming, without the use of
externally applied vacuum or gas pressure, by applying a low frequency induction coil (1-60
Hz) to ensure complete priming of a non-electrically conductive filter element; (2) a method
of priming to improve priming and subsequent operation of ceramic foam filters with small
‘window’ size, such as those typical of 50-80 PPI commercial Ceramic Foam Filters, in order
to operate with higher efficiency and produce a metal product containing fewer inclusions; (3)
a method of priming which allows thicker than traditional ceramic foam filters or a stack of

traditional filters to be primed; and (4) an apparatus that allows filter media including
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previously used filter media, to be maintained hot or reheated, and subsequently reused for

more than one casting cycle.

In one embodiment, the apparatus for priming a filter includes a filter element configured to
receive a liquid metal flow; an induction coil surrounding the filter element and configured to
produce a magnetic field, an axis of the induction coil being substantially aligned with an
introduction direction of the liquid metal flow; a gasket configured to provide a secure
enclosure to a circumference of the filter element; and a separator accommodating the

induction coil and separating the induction coil from the liquid metal flow.

In one embedment, a low frequency induction coil is placed around and in very close
proximity to a ceramic filter media, such as a Ceramic Foam Filter element or stack of said
filter elements. The presence of a magnetic field allows priming of thicker filters than the
conventional industry standard of approximately 50 mm. The total allowable thickness is

determined by the installed length of the induction coil.

The orientation the coil and filter elements can be either vertical or horizontal, provided a path

is made available for gas to escape during priming.

The electrical conductors of the induction coil can have many different shapes. For example,
flat round, tubular, rectangular, or square. Unlike traditional induction furnace coils, the coils
of the present invention need not be constructed for low electrical resistance, as they are not
being used as part of a device primarily intended for electrically efficient melting. Thus, a
higher current density can be advantageously used (e.g. 50 A/mm” vs. typical values from 1-
10 A/mm?) resulting in proportionately smaller diameter conductors that can provide more
turns in a given height of coil, with a corresponding increase in the magnetic field strength.
Single, double or more layers of coils can also be used advantageously to achieve even higher
magnetic field strengths over the height of the filter media. Induction coils with more than 3

layers can also be used, but with diminishing benefits of additional magnetic field strength.
In one embodiment, the filter media is substantially horizontal and surrounded by an

induction coil. The induction coil is positioned to extend over the upper surface of the filter

element, which places the top of the filter within the zone of high longitudinal magnetic flux
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density. The flux density of the magnetic field is very strong over the complete height of the
coil, but dissipates rapidly after the last turn of the coil.

Another aspect of the invention features metal poured onto the filter to at least as high as the
top of the coil. In a preferred embodiment, the metal is substantially higher than the top of the
coil to prevent the formation of a significant metal meniscus, and to reduce the potential for
oxidation of the metal during priming. The magnetic field of the coil induces eddy currents in
the metal sitting on the filter media, which interact with the coil’s strong magnetic field, to
produce powerful Lorentz forces. The depth at which these forces can be produced is
enhanced by the use of a low alternating frequency in the coil excitation current. A filter
element with a large width will require the use of a lower frequency to achieve similar results

to those of a smaller width filter.

The heating efficiency of the coil increases with frequency. In an aspect of the invention, the
frequency of the coil excitation current is preferably between 1 and 60 Hz, and more
preferably between 50 to 60 Hz. This frequency range provides an optimal combination of
stirring and heating. Higher frequencies can optionally be used if a greater degree of heating
is required to re-melt metal frozen in previously used filter media. In a preferred
embodiment, the radius of a round filter or the width of a rectangular or square filter is
selected, such that the standard electrical line frequency of 50 or 60 Hz can be utilized to

provide an optimal beneficial effect.

The coil and filter apparatus can be round, square or rectangular in section without deviating
from the purpose of this invention. A rectangular shape has the advantage that the overall
filter area can be maximized, while minimizing the width that the magnetic field must be
made to penetrate. A rectangular shape can eliminate the need to use frequencies below the

line frequency (50 or 60 Hz), where costly solid state power supplies become necessary..

The Lorentz forces are initially produced only in the metal and not in the non-electrically
conductive filter media. Therefore, a large initial vorticity exists in the Lorentz force field,
which causes rotation of the metal and impingement onto the surface of the filter element. It

is the momentum of the impinging metal that forces metal into the filter.
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The inventors have found that within the filter media, current flow is inhibited to a surprising
degree by the presence of the ceramic matrix. As a result, less current flows within the filter
than in the metal over or under the filter, thus reducing the magnitude of the Lorentz forces.
The reduced effective electrical conductivity in the filter ensures that a substantial vorticity in
the Lorentz forces continues to exist up to and past the point of complete filter priming. The
result is that metal is forced into and through the filter media. Higher pore density filters, e.g.
50 and 80 PPI, have increased resistivity, which increases the vorticity in the Lorentz forces

and provides the increased driving forces to prime these ‘tighter’ filter elements.

If the filter media is not preheated, liquid metal will initially freeze on the surface of the filter
media. Given that solid metal has a substantially higher electrical conductivity than the liquid
metal at the same temperature (approximately a factor of two for aluminum), the solid will
preferentially conduct current, while at the same time being impinged upon by fast flowing
liquid metal. Being forced to remain stationary and within the height of the inductor, it will
experience continuous heating until it liquefies. In a preferred embodiment, the filter element
is preheated by conventional means to reduce thermal stresses in order to prevent cracking.
However, preheating is not a requirement for priming, even for very tight 80 PPI filter

elements.

Once the filter media is substantially filled with metal, the excitation of the coil can be
stopped. Thereafter, conventional casting procedures can be used. On completion of the batch
casting process, it is typical to dispose of the filter media because it is difficult to reuse in the

absence of continuous metal flow.

In another embodiment of the invention, a used filter element can be reused until its capacity
to remove inclusions is completely exhausted. A used filter element can be reused by
applying a period of inductive heating prior to priming with liquid metal or by maintaining
the filter filled with liquid metal between casts by using continuous induction heating. In one
aspect, an excitation current higher than 60 Hz is advantageously used. This embodiment
utilizes a dual frequency power supply, which could optionally be combined with a second

coil specifically designed for the melting operation.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing of one embodiment of the present invention.

FIG. 2 is a Scanning Electron Microscope picture showing the relatively open structure of a

new 30 PPI Ceramic Foam Filter.

FIG. 3 is a Scanning Electron Microscope picture showing the relatively closed structure

perpendicular to the normal direction of metal flow of a new 80 PPI Ceramic Foam Filter.

FIG. 4 depicts a photograph of a non-limiting example of priming a 30 PPI ceramic filter in

accordance with an embodiment of the present invention.

FIG. 5 depicts a photograph of a non-limiting example of priming a 30 PPI ceramic filter in

accordance with an embodiment of the present invention.

FIG. 6 depicts a photograph of incomplete priming of a 30 PPI ceramic filter without the

presence of an induction coil.

FIG. 7 is a graph showing the data logged data for EXAMPLE 1.

FIG. 8 is a graph showing the data logged data for EXAMPLE 2.

FIG. 9 is a graph showing the data logged data for EXAMPLE 3.
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FIG. 10 depicts a photograph of a non-limiting example of priming a 50 PPI CFF in

accordance with an embodiment of the present invention.

FIG. 11 depicts a photograph of negligible priming of a 50 PPI CFF without the presence of

an induction coil.

FIG. 12 depicts a photograph of a non-limiting example of priming an 80 PPI CFF in

accordance with an embodiment of the present invention.

FIG. 13 is a photograph showing negligible priming of an 80 PPI CFF without the presence of

an induction coil.

DETAILED DESCRIPTION OF THE INVENTION

For purposes of promoting an understanding of the principles of the invention, reference will
now be made to the embodiments illustrated in the drawings. It will nonetheless be
understood that no limitation of the scope of the invention is intended by the illustration and
description of certain embodiments of the invention. In addition, any alterations and/or
modifications of the illustrated and/or described embodiment(s) are contemplated as being
within the scope of the present invention. Further, any other applications of the principles of
the invention, as illustrated and/or described herein, as would normally occur to one skilled in
the art to which the invention pertains, are contemplated as being within the scope of the

present invention.

FIG. 1 shows a conventional filter ‘bow]’ 1 as typically used with Ceramic Foam Filters. FIG.
1 is suitably modified in accordance with the present invention to include an induction coil 2.
A two layer induction coil 2 is shown in FIG. 1. A single, double or more layer coil could

also be used without changing the purpose of the invention.
A standard Ceramic Foam Filter element 3 is shown installed within the induction coil 2.

Alternatively, two or more filter elements could be stacked without deviating from the

purpose of the present invention, provided that the coil 2 extends above the upper surface of
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the top of filter 3 by one coil turn or at least 5% and preferably 10% of the coil radius, as
indicated by dotted line 13 in FIG. 1.

The induction coil 2 is preferably placed as close as possible to the edge of filter 3 to achieve
the most advantageous results of the magnetic field. Suitable space must be allowed for
gasket material 4 to prevent leakage of the liquid metal around the filter 3 and for thermal
insulation and refractory material 5. Sufficient thermal insulation and refractory material
must be present to avoid the contact of the hot metal in the upper portion of the bowl 6 or
discharge portion of the bowl 7, with coil 2 or with the coil leads 8. Those skilled in the art
understand that a suitable cooling media (organic or water) must be used in combination with
coil leads 8 and coil 2, to prevent electrical or thermal overheating and damage to the
electrical conductors. Contact must be prevented between the conductors 8 and between the

layers of the coil 2 to prevent electrical short circuiting of the excitation current.

In order to function as a filtration device, the bowl must be equipped with a suitable liquid
metal feed 9 and discharge means 10. The sides 11 and bottom 12 of the bowl must be
designed with adequate refractory to maintain the heat balance of the metal to be filtered. The
filter 3 may be preheated by conventional means to prevent excessive thermal shock prior to

use.

In a preferred embodiment of the invention, a current is impressed on the induction coil of
sufficient magnitude to generate an average magnetic flux density of 0.05-0.25 T, across the
width of the un-primed filter. The frequency of the coil excitation current is preferably
between 1 and 60 Hz. The frequency of the coil excitation current is preferably in a range
where the ratio between the electromagnetic penetration depth (8) in the liquid metal in the
upper portion of the bowl 6 and the average radius or width of the filter 3 is between
preferably 0.5 and 3.0, and more preferably between 0.7 and 1.4, in order to achieve both a

sufficiently high magnetic penetration and avoid excessive heating.

In one preferred embodiment, liquid metal is added to the upper part of the bowl 6 via inlet 9
with current applied to coil 2. Alternatively, liquid metal is added first, and then current is
applied to coil 2. In a preferred embodiment, liquid metal fills the upper portion of bowl 6 to

a sufficient height over the last turn of coil 2, such that an electromagnetic meniscus is
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prevented from forming. This embodiment also avoids excessive oxidation of the metal

during priming.

Electromagnetic priming can be accomplished with minimal liquid metal over the upper
surface of the filter. Preferably, a liquid metal height of about 5-10 cm is over the top turn of
the coil 2. Alternatively, metallostatic pressures from about 1.1 to 3.6 kPa is preferred to
achieve adequate priming of CFF filters between 30 and 80 PPI, while avoiding excessive
meniscus formation, and using average magnetic flux densities in the range of 0.1-0.2 T in the

air gap between coil and filter.

In one aspect of the invention, current is continued for periods of time from about 30 seconds
to about 10 minutes, and even more preferably to about 3-6 minutes. Once adequate priming

has been achieved, the excitation current to the coil 2 can be discontinued.

Once a filter element 3 has been used, it can optionally be reused by first using induction coil
2 to re-melt the metal frozen in the pores of the filter 3. Those skilled in the art understand
that a higher frequency is advantageous for melting. A frequency >60 Hz can be applied. A
dual frequency power supply may therefore be beneficially used with the present method. A
skilled practitioner may specify the frequency, current and time in order to achieve the desired
melting in the correct amount of time, without significant overheating and possible damage to
the filter elements, while achieving a high electrical efficiency. A second coil can optionally

be designed and installed coaxially to coil 2 to achieve even more energy efficient melting.

The present invention can be better understood with reference to specific examples. These
examples are illustrative and are not intended to restrict the applicability of the present
invention. These examples were conducted using several different coils as indicated in
TABLE I. These coils were operated at 50 Hz using applied currents as indicated in the

various examples.
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TABLE I

Coils: Coil 1 Coil 2 Coil 3

Number of layers 2 1 2
Inside diameter, mm 126 126 127
Average diameter, mm 140 132 142
Height, mm 107 111 116

Coil copper tube diameter, mm 6 6 6

Coil copper tube thickness, mm 1 1 1
Number of turns 31.0 16.5 31.0
Measured inductance of empty coil, yH 103.3 27.6 101.5

Nominal filter dimensions of 100-105 mm diameter and 50 mm thick where used in these
examples. 30, 50 and 80 PPI commercial Ceramic Foam Filter (CFF) elements were used.
SEM pictures of 30 and 80 PPI commercial CFF’s are shown in FIGS. 2 and 3. It can be
clearly seen in these figures that the 30 PPI has a very open structure, while the pore and
window size of the 80 PPI is much reduced. The open structure of the 30 PPI allows for very
easy priming with low metal head and less preheating, but it also makes for reduced filtration
efficiency especially for fine inclusions in the liquid metal. It is more difficult to get metal to
penetrate and remove the air from the closed and tight structure of the 80 PPI CFF, thus

requiring increased priming metal heights, as is well known to those skilled in the art.

A standard aluminum casting alloy, A356 was used in all examples, to which various levels of
contaminants were added. 1.5 wt% (EXAMPLES 4-6) — 3 wt% (EXAMPLES 1-3) SiC was
added, using 13-23 micron SiC particles embedded in a matrix of A356 alloy. In
EXAMPLES 1-3, oxide particles were also added by the addition of 20% by weight anodized

and lacquered aluminum plates.

EXAMPLE 1
A laboratory scale filter bowl was created by cementing a nominal 105 mm diameter, 30 PPI
CFF into two sections of 150 mm long by 4” diameter fiber insulating crucibles, such that the
midline of Coil 1 was coincident with the bottom of the CFF and approximately a single turn
of the coil was over the upper surface of the CFF. The bottom of the bowl was constructed
from a dense ceramic plate, ~25 mm thick, in which a 3.2 mm diameter discharge hole had

been drilled.
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The filter was preheated to a glowing red temperature using a hand held propane burner. An
RMS current of 731 A was applied to Coil 1 at 50 Hz. A356 aluminum alloy, containing both
SiC and oxide particles and at a nominal initial pouring temperature of 750°C (as measured by
immersion thermocouple seconds before pouring) was added to the upper portion of the bowl
up to a level of 100 mm over the top of the CFF. This level was maintained until the feeding
crucible was emptied after 110 seconds. Power was interrupted after 260 seconds, when
aluminum was no longer discharging from the outlet hole. The measured temperature over
and under the filter and the discharge rate of the aluminum were data logged as indicated in
FIGURE 7. The heating effect of the induction coil is clearly illustrated in FIGURE 13, with
the lower temperature rising with time, even as the temperature of the metal over the filter
decreases. Average coil current during filtration was 715 A, due to the increased electrical
resistance caused by the liquid metal. This effect is present in all examples and well known to

those skilled in the art.

The filter was subsequently sectioned using abrasive water cutting, due to the high
concentration of extremely hard and abrasive SiC particles. One section is shown as FIG. 4.
Areas containing high gas porosity and exhibiting poor metal-ceramic wetting were ablated
during the cutting process. In this example where the filter was primed with a ‘strong’
magnetic field, very little material was ablated and good wetting was observed
macroscopically as well as microscopically during subsequent metallographic analysis with a

scanning electron microscope.

EXAMPLE 2
An apparatus was constructed using Coil 2, but otherwise identical to EXAMPLE 1. The
filter was similarly preheated. An RMS current of 956 A was applied to Coil 2. The same
recipe of alloy, SiC and oxide was added, at a nominal pouring temperature of 750°C. The
temperature over and under the filter and the discharge rate of the aluminum were again
measured as shown in FIG. 8. The feeding crucible was emptied after 110 seconds and the
power was interrupted after 215 seconds. This filter element, which had been primed with a
‘weak’ magnetic field, was again cut using water abrasive cutting and in this case much
greater porosity and less wetting of the ceramic was observed as indicated by the loss of

ceramic material during cutting shown clearly in FIG. 5.
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EXAMPLE 3
An apparatus was constructed without an induction coil, but otherwise identical to
EXAMPLES 1 and 2. The filter was preheated till glowing red and again the same feed
recipe and target pouring temperatures were used. The level of priming metal was maintained
at 100 mm over the filter element for 145 seconds until the feeding crucible was emptied.
The temperature over, under and the discharge rate of the aluminum were again measured as
shown in FIG. 9. One section of the filter element is pictured in FIG. 6, showing the very
high porosity and very poor wetting of the filter element, when compared to FIGS. 4 and 5
from EXAMPLES 1 and 2. The poor priming of the filter is also indicated by the reduced
discharge rate of the metal for the same metallostatic head over the filter and the same size of
the discharge orifice. Priming results were best with the ‘strong’ field, less good with the

‘weak’ field and poorest with no magnetic field.

EXAMPLE 4
An apparatus similar to EXAMPLES 1-3 was constructed, but without a discharge hole in the
bottom plate. Coil number 3 was used. A 50 PPI commercial Ceramic Foam Filter (CFF),
100 mm in diameter was placed such that the bottom of the filter was at the same elevation as
the midline of the coil and the coil extended approximately one turn above the upper surface
of the 50 mm thick filter. A feed consisting of A356 aluminum alloy and 1.5 wt% SiC was
used. The filter was not preheated. The upper portion of the filter bowl was filled with the
liquid aluminum feed material at a nominal pouring temperature of 750°C, up to a level of
100 mm over the upper surface of the filter element. An excitation current of 738 A was then
applied to the coil. Over approximately 20 seconds, metal was drawn into the filter and metal
was added to maintain a nearly constant height of 100 mm over the filter (104 mm measured
after freezing). Current was maintained for precisely 180 seconds. The power was then
stopped and the sample solidified. The filter element was then sectioned using a steel blade.
The polished section is shown in FIG. 10, showing very low porosity and complete metal

penetration of the filter element.

EXAMPLE 5
An apparatus substantially identical to EXAMPLE 4 was constructed, but without an
induction coil. The same feed recipe and filling procedure were used. Again no preheating of
the filter element was applied. After filling to 100 mm over the top of the CFF, no decrease

in metal height was observed. On disassembly of the apparatus the filter element separated
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from the 100 mm of metal, which was frozen over the filter and it was observed that only a
very minor amount of metal penetration had occurred (<20 mm) as shown in FIGURE 11.
The balance of the filter media was completely devoid of metal and priming had therefore
failed. The difference in the results between EXAMPLES 4 and 5 were dramatic, with the
only substantial difference in execution being a ‘strong’ magnetic field in the case of

EXAMPLE 4 and no magnetic field in EXAMPLE 5.

EXAMPLE 6
An apparatus substantially identical to EXAMPLES 4 and 5 was constructed, but using an 80
PPI, instead of a 50 PPI CFF. The same procedures and feed recipe from EXAMPLE 4 were
used. After filling with liquid alloy to 100 mm over the top of the filter, an excitation current
of 747 A was applied to coil 3. Over a period of approximately 30-40 seconds, metal was
drawn into the filter element and metal was added over the filter to maintain a level of 100
mm (99 mm measured after freezing). Current was maintained again for precisely 180
seconds. The power was then stopped and the sample solidified. This filter element was then
cut using water abrasive cutting. Priming was extremely successful as indicated by the

complete metal penetration, low gas porosity and good wetting shown in FIG. 12.

EXAMPLE 7

An apparatus substantially identical to EXAMPLE 6 was constructed, but without an
induction coil. The same filling procedures and feed recipe were again used. Liquid
aluminum alloy containing the SiC particles was added over the 80 PPI filter element up to a
height of approximately 100 mm. No decrease in the metal height was detected. The sample
was then solidified. On disassembly, the metal which extended 103 mm over the top of the
filter element, separated from the balance of the filter, which was completely free of metal.
Approximately 0-5 mm of filter material remained attached to the frozen metal, as shown in
FIG. 13. It was concluded that priming had completely failed. Again the only substantive
difference between EXAMPLE 6 and 7 was that a ‘strong’ magnetic field had been used in
EXAMPLE 6 and no magnetic field was applied in EXAMPLE 7.

The presence of the strong magnetic field in EXAMPLES 4 and 6 was responsible for the
good priming even in the absence of filter preheating. The lack of magnetic fields, combined
with no preheating and the low metallostatic height over the filters in EXAMPLES 5 and 7

resulted in a failure to prime.
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It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this application and the scope of the appended claims.
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CLAIMS

What is claimed is:

1. A method of priming a non-electrically conductive ceramic filter for removal of solid
inclusions from liquid metal, wherein said filter is contained in a filter bowl, and is
surrounded by an induction coil whose axis is substantially aligned with the direction
of the desired net metal flow, said method comprising:

a) applying an alternating excitation current to the induction coil;

b) adding sufficient liquid metal to cover an upstream side of the filter element;

c) allowing the currents induced in the liquid metal by the coil and the magnetic
field of the coil to create Lorentz forces which press upon and stir the liquid
metal such that the liquid metal is pressed into the ceramic, hence priming the
filter; and

d) discontinuing the excitation current once a predetermined degree of priming

has been obtained.

2. The method according to claim 1, wherein the design of the coil and magnitude of the
applied current generate an average magnetic field strength of at least 0.05T in a

space between the coil and ceramic filter.

3. The method according to claim 1, wherein the average field strength is between 0.05

and 0.25T in a space between the coil and ceramic filter.

4. The method according to claim 1, wherein the average field strength is between 0.1

and 0.2T in a space between the coil and ceramic filter.

5. The method according to claim 1, wherein the liquid metal is an aluminum alloy.

6. The method according to claim 1, wherein the liquid metal is first added to the filter

bowl and then current is applied to the induction coil.

7. The method according to claim 1, wherein the non-electrically conductive ceramic

filter is a ceramic foam filter of between 30 and 80 PPI and 25-75 mm of thickness.
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The method according to claim 1, wherein 2 or more ceramic foam filters are

combined to a total thickness of 50-150 mm.

The method according to claim 1, wherein the coil extends at least one turn and
between 5 and 10% of the radius of the coil, but less than half of a total length of the

coil, over the upper surface of the top of the filter.

The method according to claim 1 or 5, wherein the metal extends between 5 and 15

cm over the top of the coil.

The method according to claim 1, wherein the frequency applied to the induction coil

is between 1-60 Hz.

The method according to claim 11, wherein the frequency of the induction coil is
selected to give a ratio of electromagnetic penetration depth between 0.5 and 3.0 and

preferably between 0.7 and 1.4.

The method according to claims 11 and 12, wherein local electrical line frequency
can be used by adjusting the width or diameter of the filter element to achieve the

preferred ratios.

The method of reusing a previously used ceramic filter element, comprised of
applying an alternating current to the induction coil in claim 1 at a frequency greater
than 50 Hz, wherein there is sufficient current to inductively melt the solid aluminum

contained in the pores of the filter.

The method according to claim 14, wherein a second coil specifically designed for

high efficiency melting is installed co-axially with the mixing coil.

An apparatus for priming a filter, comprising:

a filter element configured to receive a liquid metal flow;
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an induction coil surrounding the filter element and configured to produce a magnetic
field, an axis of the induction coil being substantially aligned with an introduction
direction of the liquid metal flow;

a gasket configured to provide a secure enclosure to a circumference of the filter
element; and

a separator accommodating the induction coil and separating the induction coil from

the liquid metal flow.

The apparatus according to claim 16, wherein the induction coil extends, along the

axis, above an upper surface, facing the liquid metal flow, of the filter element.

The apparatus according to claim 16, wherein the induction coil is a single layer coil

or multi-layer coil.

The apparatus according to claim 16, further comprising a liquid metal feed

configured to lead the liquid metal feed to the filter element; and a discharge device.

The apparatus according to claim 16, further comprising a preheating device

configured to preheat the filter element prior to introducing the liquid metal flow.
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ABSTRACT

An apparatus and method are described for effectively priming a non-electrically conductive
filter for removal of solid inclusions from liquid metal. In one embodiment, the ceramic filter
media is surrounded by a low frequency induction coil (1-60 Hz) with its axis aligned in the
direction of the net metal flow. The coil is positioned to enhance the heating of any metal
frozen onto, or in the pores of, the filter element. In one embodiment, the coil is positioned in
order to generate Lorentz forces, which act to cause heated metal to impinge on the upper
surface of the filter element, enhancing the priming action. Once a filter equipped with such a
coil has been primed, it can be kept hot or reheated, and subsequently reused during several

batch tapping sequences.
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FIG. 4

FIG. 5
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EXAMPLE 2
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Appendix 1

APPENDIX 2

Glossary of Electrical Units, Symbols and Functions
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Appendix 2 Table 1: Glossary of Electrical Units and

Symbols
Quantity

Arbitrary
constants
Coil area
Magnetic flux
density
Differential flux
density
Water heat
capacity
Differential
length
Differential area
Insulation depth
Diameter
Electric field
Frequency
Magnetic field
Current, RMS
Square root of -1
Current density
Heat transfer
coefficient
Nagaoka short
coil factor
Modified
Nagaoka factor
Length
Inductance
Water flow
Turns
Resistive heating
Power factor
Imaginary or
reactive power
Radius
Biot-Savart unit
vector
Resistance
Northrup’s
‘coupling factor’
Time
Temperature
Coil Shape
Factor (D.y/!.)
Electric potential
Dimensionless
coil length
Reactance
Temperature
coefficient of
resistivity
Electromagnetic
penetration
depth
Delta value
(e-g. TourTin)
Permeability of
vacuum
Relative
permeability
Dimensionless
penetration
depth
Electric
conductivity
Electric
resistivity

Current-
magnetic field
cosine of phase

shift

Symbol

A, Bor
C
A
B

3B

~

=

SN

R =

52

Ho

o

Scalar Quantity
SI Unit

undefined

meter”
tesla

tesla

joules/gram/
kelvin
meter

meter’
meter
meter
volt/meter
hertz
ampere/meter
ampere
unitless
ampere/meter”
watts/meter
/kelvin
unitless

unitless

meter
henry
gram/second
unitless
Watt, RMS
unitless
VAR, RMS

meter
meter

ohm
unitless

seconds
kelvin
unitless

volt
unitless

ohm
kelvin™

meter

henry/meter
unitless

unitless

siemens/meter

ohm meter

unitless

Abbr.

N/A

mZ

g

V/m
Hz
A/m

A/m’
W/m/k

H/m

S/m

Qm

Glossary of Units and Symbols Functions

Current-
magnetic field
sine of phase
shift
Magnetic flux
Radial
frequency (27f)

Subscripts
air-gap

ambient
average Al
cs
0
c
calorific

effective
electrical
loss
r
@
R
(R)
K
w
with work piece
without work
piece
wool
z

0
w
D

*l\

Special
Functions

' unitless -
] weber Wb
® radians/s rad/s

Definition
Location from the outside of the
work piece to the inside diameter of
the coil (vertical projection of round
tubing).
Typical room temperature conditions
Average based measured values
Current sheet
Centre line or standard value as in
Coil
Calorific value based on water
magnitude which results in the
correct inductance
Electrically derived value
A loss to the environment
r-component
Function value at radius r
Outer radius of work piece
Function value at radius R
Surface
Work piece
Work piece inserted in coil
No work piece inserted in coil

Values for insulating wool
z-component

Designates infinite coil form
Work piece

®-component

Understroke = complex magnitude
Arrow over = vector quantity
Complex conjugate

Definition

Kelvin function real part

Kelvin function imaginary part
Derivative of ber

Derivative of bei

Complete elliptical integral of the
first kind

Complete elliptical integral of the
second kind

Modified zero order Kelvin Bessel
functions of the first kind
Modified zero order Kelvin Bessel
functions of the second kind

Zero order Bessel function of the first
kind

Appendix 2 Table 2: Glossary of Subscripts and Functions
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Abstract

In the present study classical induction design tools are applied to the problem of heating non-
magnetic metal billets, using 50 Hz AC. As an example of great practical industrial interest, the
induction heating of aluminum billets is addressed specifically. The predicted work piece power is
compared with the measured work piece power for a long and a short coil, using well established
methods, such as those of Burch and Davis, introduced in 1926/28, Dwight and Bagai in 1935,
Baker in 1944/57, Vaughan and Williamson in 1945, and by Tudbury in 1960. A calculation
methodology based on a combination of the available tools is also introduced and discussed. The
method has proven to give an error of <10% of the actual work piece power. An equation for
Tudbury's work piece shortness correction factor is disclosed for the first time.

Introduction

Induction heating of metal billets is a practical problem, with a geometry suitable for solution using
analytical methods. This paper will examine solutions related specifically to round work pieces in
round coils, although the methods presented can be extended to other regular shapes of work pieces
and coils[1]. The methods can also be extended to ferromagnetic materials with slight changes[2-
3]. It is assumed that the coil and work piece have a consistent diameter over their entire length and
that the work piece is at least as long as the coil. Correction factors can be derived for the cases
where the work piece is shorter than the coil.

The study of induction heating by coils began in the late 19 century with theoreticians like
Heaviside[4]. The work of Burch and Davis[5-7] in the 1920’s greatly improved the theoretical
understanding of induction applied to metallurgy. Many investigators in the 1930’s-1950’s: Dwight
and Bagai[8], Baker[1-2, 9], Vaughan and Williamson[3, 10] and others[11-12] added to our
understanding with clearer mathematics, solutions for specific applications, semi-empirical
modifications and practical design tools. Much of the accumulated knowledge is available in
books, such as Tudbury’s practical text or Simpson’s engineering guide from 1960[13-14]. Perhaps
the best description and derivation of the theoretical and semi-empirical solutions can be found in
Davies[15].
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In coreless induction heating, a work piece is placed within an induction coil as shown in Figure 1.
Both the work piece and coil can be of arbitrary shape and length. A cyclically varying voltage is
impressed upon the coil, which creates a time varying current in the coil and a strong magnetic field
along the axis. This varying magnetic field interacts with the work piece to induce circular voltage
gradients and “eddy currents,” which circulate around the axis of the coil, but in a direction opposite
the coil’s current, as shown in Figure 1. The circulation of the eddy currents, J (A/m?) and the work
piece’s natural resistivity, p (ohm-m), combine to generate heat, P (W/m’). The relationship
between the coil current, the magnetic field strength, the induced voltages and currents, is complex
and will be discussed in some detail. Due to the relative simplicity we will begin by discussing an
empty or “air core” coil.
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Figure 1. 10 turn induction coil, with billet slightly longer than coil

Derivation of Coil Impedance and Power Formulae

Let us begin by considering the coil shown in Figure 1. It has a length (&) that can be measured in
two ways: taking the centre-centre distance on the sides of the leads or top-bottom of the coil turns
opposite the leads (as shown in Figure 1).

Imagine that the coil was constructed from a solid copper tube of length (£). Let the thickness of
the copper (t.) be very small in comparison with the diameter of the cylinder (D;). (N¢-1) grooves
of thickness (s;) are cut in a helical spiral along the whole length. This forms a long coil or
solenoid, with a geometry approaching that of a theoretical “current sheet” with N, turns as shown
in Figure 2.

The coil pitch is equal to:
pe=dc +sc (1)

The coil space factor is the fraction of the side of the coil occupied by copper:

ki=d.Ne/ L=dc N/ [(Ne -1) s + d.N.] or for large N, k; ~d/pc 2)
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Figure 2. 10 turn helical “current sheet” coil or solenoid

The length of the “wire” in the coil, at the average current depth is:
Ewire =T (Dc + 80) Nc (3)

The height of each “wire” is:
do= ke /N “4)

We now apply an alternating voltage (AC), at a frequency, which has an electromagnetic
penetration depth (8.) of much less than the thickness of the conductor in the radial dimension,
(0:<<t;). Where the penetration depth is defined as the depth, which if filled with a homogeneous
current (DC current) would yield the same resistance as the AC current distribution over the whole
thickness of the conductor. At high frequency, current in a solenoid is biased towards the surface of
the wire facing the interior of the coil and attenuates in an exponential manner with each penetration
depth into the conductor.

The penetration depth can be calculated from the following commonly accepted formula[16-17]:

Be = (2 pe/ (o s o)™ = (pe / (T pr po 1)) -

Where: |1, is the magnetic permeability of free space, (4 = 107 H/m) and p. is the relative
permeability for copper and aluminum, which is equal to 1.

The angular frequency is:
o =2 nt f (radians per second) (6)

Where: fis the frequency (Hz).
A modified penetration depth can be calculated accounting for the presence of the air gaps as

derived by Howe[18] and with demonstrated accuracy according to the data of Vaughan and
Williamson [10], using the k; factor from Equation (2):

Be= (2 pe/ (ke © pr o)™ = (pe / (ke 7 e pto )™ )

The alternating current resistance of the coil can then be found using the simple formula:

Rc = Pec Ewire/ Acurrent (8)
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Where the effective area of the current path for alternating current is:

Acurrent = dec Oc = ¢ ke / Nc (9)
The resistivity of the copper is a function of temperature and composition as shown in Figure 3.
Phosphorous deoxidized copper (with up to 0.04 wt% residual P) will have an actual conductivity of

about 80% IACS (International Annealed Copper Standard of 1913[19]). 100% IACS is equivalent

to a resistivity of 1.7241E-8 ohm'm at 20°C, with copper having a temperature coefficient of
0.00393[19-21].

Actual coil copper resistivity can be estimated by:
pe = 1.7241E-8 ohm'm (1+0.00393 (T.-20°C)) 100 / %IACS (10)

We can now estimate using equations (1-10) the AC resistance of the coil to be:

Re=m (D¢ + 8c) Ne pe / (8¢ &/ Ne) =7 (De + 8c) ch Pe/ (Bc Lk ki) (1D
21T PCoFeAs Si Mn Ge Cr NbYSb Al Sn
20+ \':‘ji
r
§ Te
=19} M
©
£
]
s
>18 In
= 0
0]
r Ag
& 1.7 -
16 I 1 1 1 1 )
0 0.05 0.1 0.15 0.2 0.25 0.3

concentration of impurity, % (by mass)

Figure 3. Approximate effect of impurities on the resistivity of copper[20]

Power lost from the coil to the cooling water can then be calculated from P=I"R., where I is the
root mean square (R.M.S.) value:

P. =11 (D + 8.) N’ pe/ (3¢ £ kr) (12)

If the electromagnetic penetration depth exceeds more than half the actual conductor thickness, as
might occur at low frequency (t=>06.>0.5t;), some small error will be encountered with equations
(11-12). If the penetration depth is significantly greater than the thickness (3.>t.), the resistance can
be accurately estimated using the total conducting area (equivalent to the DC resistance in this case)
in Equation (8). Care must be taken to account for the loss of conducting area due to the cooling
channel. In other cases, either an “exact” theoretical solution[18, 22-28] or empirical data[29] must
be used. There is a tendency for the “exact” solutions to be in error for very short coils (£/D.<1), or
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coils with large spaces between the turns (k,<0.7). It is best if the coil can be designed such that
(0:<0.5t,), for low resistive losses and accurate design.

Figure 4. Examples of conductor shapes for mains frequencies (50-60 Hz), medium (500-5000 Hz),
and high frequency furnaces, each with the recommended wall thickness of 26[30]

It is standard practice in induction furnace coil design to assume that the coil is magnetically thick
(0:<0.5t;). It is then assumed that the wire of the coil has an internal reactance equal to the
resistance, which is the same as saying that the wire has an internal power factor of 0.707:

Xe=Re (13)
This is a dubious assumption except for very high ratios of thickness to penetration depth

(0:<0.25t.), but causes little error in the total estimation of reactive power. Errors are smallest at
high frequency with thin conductors as shown in Figure 4.

Magnetic Field, Inductance and Impedance for Short and Long “Air Core” Coils

If we imagine that our coil is merely a section of length £ of an infinitely long coil, the magnetic
flux density within the coil is independent of position in the coil. The magnetic flux density can
then be estimated using either Ampere’s or the Biot-Savart law to be:

Bw:uoNc Ic/é (14)
This assumes negligible flux density outside of the coil (no reluctance in the external magnetic
circuit), ignores end effects (there are no ends to an infinite coil) and assumes complete linking of

all the flux with all the turns of the coil.

The inductance of the empty long coil (“air core” inductor) is then determined from the number of
flux linkages per unit current:

Lo=Acpto N/ £=AN. B,/ I, (15)
Where A. is the area of the coil:
Ac=1 (DA8)° /4 (16)

For round tubes or if 8. t., the diameter at the centre line of the conductor should be used.
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Induction furnace coils are nearly always “short coils”, £/(D.+0.)<8, and are often very short
/(D¢+6.)<1. There are fundamental differences between long and short coils. In the case of short
coils, the assumptions of uniform internal and negligible external flux density are no longer correct.
The short coil flux density is now a function of both length and radius [Bgpor(4 1c)] and there now
exists an external magnetic flux density near the coil, with a finite reluctance. The approximation
that all the flux, links all the turns is also questionable.

In the case of short “air core” coils, exact solutions have been calculated for the “end effect” of a
“current sheet” and a correction factor (ky) tabulated by Nagaoka[31-32]. The short coil inductance
can then be calculated by:

Lo=kn Ac tto N°¢ / £ =kn Ac N B,/ 1 (17)

Equation (17) is the equivalent to saying that the actual flux density (integrated by length and
radius) of the short coil in the axial direction is:

B0=kNBw=kNIJOHOCZkN}/lONCIC/é (18)
The Nagaoka factor has been plotted in Figure 5. Alternatively, an empirical equation like that of
Wheeler[33], can be used to estimate coil inductance for a short coil. Wheeler’s equation has been

reformulated by Knight[34] to give the Nagaoka coefficient directly:

kn = 1/[1 +0.4502 (D¢ + 80) / £)] (20)
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Figure 5. Nagaoka’s short coil correction factor

If round tubing is used, it is necessary to apply a round wire correction such as Rosa’s[32] to the
calculated inductance.
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Once the inductance of the short coil has been obtained, it is then simple to estimate the inductive
reactance (Xo), the total coil impedance (Zy) and voltage drop (Vo) for the “air core” coil:

X():(DLO:Z T fLO (21)
Zo=(RZ +XH)"? (22)
V() = I() Z() (23)

Impact of the Work Piece on the Magnetic Field

In the presence of a work piece, we can see from Figure 1, that the total magnetic flux can be
divided into 3 parts: flux which links only with the coil (®.), flux in the air gap (®,) and the net
flux that links the billet (®,,). These fluxes in turn produce equivalent inductances and reactive
impedances: X, X, and X,’, as indicated in the simplified series circuit diagram, Figure 6.

Several things happen to the magnetic field when a work piece is placed into the coil:

1. The “aperture” of the coil is effectively reduced, making the effective diameter to length
ratio look smaller, changing the magnitude of the short coil correction factor ky and the flux
density in the air gap along the axial direction of the coil.

2. Space that was formerly air is occupied by the work piece, reducing the total air gap flux.

3. Eddy currents in the billet produce magnetic fields, which oppose the magnetic field of the
coil, reducing the net flux in the space occupied by the billet.

Vaughan and Williamson proposed an empirical modification to the short coil correction factor
based on the volumetric fraction of the air-gap occupied by the work piece. Their proposed
correction factor is applied to the Nagaoka coefficient to produce an “effective Nagaoka
coefficient” for a short coil containing a work piece:
kn' = kn (1 - [Dy/ Dc]?) + [Dy/ D]’ (24)

To be consistent with the previous formulae:

kn' = kn (1 - [Dy/ (De+ 80)]%) + [Dy/ (De + 80) (25)
The effective magnetic flux density in the air gap of a short coil containing a work piece can then be
calculated by:

By =kn Mo Ho=kn poNele/ £ (26)

It is assumed that this magnetic flux density is constant over the width of the air gap, and that it is
this flux density, which induces the eddy currents in the work piece.

The contribution of the air gap to the total inductive impedance of the circuit is:

Xe=wLy=2nfAN. By /L.=kx po N * (D —D,%) /2 & (27)
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Derivation of Work Piece Impedance and Power Formulae

It is difficult to make electrical measurement in the work piece. The effect of the work piece on the
circuit is normally inferred from electrical changes in the coil, with and without a work piece. As a
first approximation it can be assumed that the resistance and reactance of the coil are not affected
by the work piece and all measured electrical changes can be attributed to the work piece and
changed air gap.

One approach to the mathematics is to consider the magnetic and electrical circuits to be a series
circuit as shown in Figure 6, for a “long coil”. The picture is similar, but more complex for a “short
coil” if the reluctance of the external magnetic circuit is to be accounted for explicitly[1].

R

A
R R* O

(] w

A% VVVVVAA

Where Ry’ and Xy’ are the work piece
c resistance and reactance referred to the
coil. See Equations (39-40).

Figure 6. Series equivalent circuit for an induction furnace coil and work piece

When alternating current is applied, the coil and work piece become inductively coupled in a
similar way to the windings of a transformer over the length shared by the coil and work piece. The
magnetic flux density produced in the air gap by the coil, is the same flux density, which induces
eddy currents at the surface of the work piece:

By=Bo = ot Ny I/ f=kn" po Ne L/ £ (28)

If 4> L take & = L, i.e. it is assumed that only the length of work piece within the coil interacts with
the magnetic field of the coil. In the following derivations we take £, > £ and substitute £ in the
place of £,.

Nu Lv=kn NeLe (67 £) =kn' Ne Lo (29)
The eddy currents induced in the billet are assumed to make a single turn (Ny=1), while the current
in the coil makes N, turns. It is standard practice to refer conditions in the work piece back to the
coil (where we measure the voltage, current, resistance and impedance of the total circuit) via the

standard transformer relationship:

Ly=kn NeL/1=kn NI (30)
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By analogy to Equation (11), with Ny=1, k,=1 (as the work piece has no “air gaps”) and the average
diameter is reduced by the penetration depth:

Ry =7 (Dy - 8w) Ny pw / (8w &/ Ny) =1 (Dy - 8y) pw/ (B &) (31)
Where §,, can be calculated using Equation (5) substituting work piece (w) for coil (c¢) values.
If the work piece is shorter than the coil, the calculated resistance must be corrected by multiplying
by the ratio (4 / ).
Using Equations (30-31), the power in the work piece is then:
Py =L/ Ry =kn" (I.Ne)* Ry = k"> (INe)’ 7 (Dyy - 8) pw / (B ) (32)
Equation (32) is sufficiently accurate (about 1% error) provided that &,>3:
& =Dy / (3w \2) (33)
&w as mentioned above is a very important dimensionless parameter in induction heating theory, and
can be found in many different forms in various publications.
The actual resistance in the work piece can be “reflected” back onto the coil via:
Ry’ =Ry N (34)
and added to the coil resistance, to give the total circuit resistance as indicated in Figure 6:
Ri=Ry’ + R (35)

Higher mathematical precision requires the exact solution to the field equations using complex
numbers and involves use of (computationally challenging) Bessel functions[4, 6, 8]:

Ry’ = [ N Dy pw/ (8w £)] V2 (ber&y, ber’&y, + beily bei’Ey) / [ber’(Ey) +bei’(Ew)] (36)
Substituting Equation (33) in (36):
Ry’ = (V2 1 N py &y / £) V2 (beréy, ber’&,, + bei&, bei’Ey,) / [ber’(&y) +bei’(Ey)] (37)
Defining o(&,):
0(&w) = V2 (ber&, ber’&, + bei&, bei’y) / [ber’(&y) +bei’(Ey)] (38)
Substituting ¢(&,) in (37):

Ry’ =271 NS pw Ew 0(Ew) / (39)

Similar solutions exist for the inductive reactance of the work piece[4, 6, 8]:

Xy =21 NZ pw Ew W(Ew) / £ (40)
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Where y(&,) is defined as:
W(Ew) = V2 (bert, bei’, - bei&, ber’€,) / [ber’(&y) +bei’(Ew)] (41)

Substituting Equations (39) and (34) into Equation (32) for the power developed in the work piece:

Py=kn V27 (I No) pu & 0(Ew) / & (42)
And similarly for the reactive power of the work piece:

Qu=kn" V21 (I No) py Ew w(Ew) / (43)
¢(&w) and y(&y) are plotted in Figure 7 versus &, for use with Equations (42-43). Baker presents the
equations in slightly different format, using his functions P and Q, which are similar solutions for

the real and imaginary parts of the Bessel functions[1]. Excellent derivations of Baker’s P and Q
can be found in the literature[14-15].

The power factor of the work piece can be calculated by:

PF. = o)/ [0Ew) + w(Ew)1™ (44)

and becomes close to constant for &,>3, converging slowly towards 0.707 or ¥2/2, for very high &,

1.2

0.8 / .

0.6 - ’ —

O(EW), y(Ew), Power Factor, unitless

&.» Uunitless

Power factor ‘

[- - - o&w) — - wEw)

Figure 7. Resistance and Reactive factors for use with Equations (42-43).
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Work Piece Shortness Correction Factor

As the length of a coil increases for a fixed diameter, the Nagaoka coefficient and the modified
coefficients ky and ky approach unity and the ratio of the coil diameter to length (D./L)
approaches zero at the limit. As the diameter of the work piece is reduced with a constant coil
dia*rzneter,zthe coil increasingly looks like an “air core” coil, and at the limit of D,,/D. going to zero,
kN = kN .

The modified Nagaoka coefficient squared (kN*z) of Vaughan and Williamson[10], is plotted in
Figure 8. If this figure is compared with the original graph in the book by Tudbury[13], it is clear
that they are identical and that the equation fits the logical tests given above. See Figure 5 for the
comparison of kx” with the intercepts on Figure 7 (limit of the “air core”). Tudbury’s original book
must be referenced, as later reproductions are not drawn accurately[35].
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Figure 9. Tudbury’s Work Piece Shortness Factor and Vaughan and Williamson’s modified
Nagaoka Coefficient’[10, 13]
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Results and Discussion

Experiments were conducted using a number of aluminum billets of different sizes and
compositions, using two different coils as indicated in Table I. Billet electrical conductivities were
estimated by simultaneously minimizing the error from Equation (42) and Baker’s method, while
ensuring the conductivity fell within the range of published specifications for each alloy. Coils
were constructed using thin wall tubing for convenience (as power efficiency was not an issue),
where the AC resistance was identical with the DC resistance (6:>d:>t;). This eliminated the need
to have capacitor banks and reduced the impact of harmonics on the measurements. Copper tubing
conductivity was ~80% IACS. Measurements were taken with a Fluke 43B Power Quality
Analyzer, equipped with a calibrated Fluke i11000s current probe with an accuracy of 1%.

Work pieces were cooled to below room temperature (~10°C) and then readings were taken before
they heated beyond 30°C, such that 20°C was a typical temperature to evaluate the resistivity.
Ideally the work pieces would have been drilled through, cooled with water to achieve isothermal
conditions and the heat input determined calorimetrically; however, in the case of the magnetically
thin work pieces (2 and 3) this would have created significant measurement errors. A non-metallic
water jacket would be a possible option for cooling without influencing the electromagnetic
properties of the work piece.

Table I. Work pieces and coils used in billet heating experiments

Work Pieces: 1 2 3 4 5
Alloy:| A356 6053 6053 6082 7108
Diameter, mm 76.8 38.6 50.5 95.3 954
Length, mm 192 356 1078 258 201/340
Resistivity (ohm m) at 20 C:| 4.01E-08] 4.11E-08]| 4.11E-08] 3.59E-08]| 3.92E-08
IACS conductivity, % 43 42 42 48 44

Penetration depth (mm) at 50 Hz:| 14.25 14.42 14.42 13.49 14.09
Sw:| 3.810 1.893 2476 4.996 4.788

®(Ew):| 0.819 0.397 0.638 0.852 0.846

w(&y):| 1.014 1.060 1.104 1.004 1.004

Coil 1 X X X X X
Coil 2 X X X

Coils:| Coil 1 Coil 2

Inside diameter, mm 126 118
Average diameter, mm 132 124
Height, mm 111 300
Coil tube diameter, mm 6 6.35
Coil tube thickness, mm 1.00 0.762
Number of turns 16.5 41
"Aircore" inductance, yH 27.6 71.7

Nagaoka coefficient, Equation (20), ky:| 0.653 0.843

Resistance at maximum load, ohms| 0.0108 0.0319
Avg. temperature at maximum load, Deg C: 43 62

Modified Nagaoka coefficient for load 1, kN*: 0.771
Modified Nagaoka coefficient for load 2, ka: 0.683
Modified Nagaoka coefficient for load 3, kN*: 0.704 0.869
Modified Nagaoka coefficient for load 4, kN*: 0.835 0.935
Modified Nagaoka coefficient for load 5, kN*: 0.836 0.935
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Table II. Electrical measurements, coils 1 and 2 with work pieces 1-5

Load Power
Number \ A kVA kW kVAR Factor
1-1 13.14 969 12.7 10.7 7.0 0.84
1-1 14.84 1079 16.0 13.5 8.7 0.84
1-2 13.13 953 12.5 9.8 7.8 0.78
1-2 14.81 1067 15.8 12.5 9.7 0.79
1-3 13.14 954 12.5 10.0 7.6 0.79
1-3 14.81 1067 15.8 12.7 9.5 0.80
1-4 13.13 999 13.1 11.6 6.1 0.88
1-4 14.85 1110 16.5 14.6 7.6 0.89
1-5 13.13 985 13.0 114 6.2 0.88
1-5 14.86 1095 16.3 14.4 7.7 0.89
2-3 27.60 703 19.5 16.4 10.5 0.84
2-4 27.58 729 20.1 18.5 7.6 0.93
2-5 27.58 721 19.9 18.5 7.4 0.93

Work piece power has been determined by subtracting the coil power from the power of the work
piece and coil and attributing all resistive changes to the work piece. Where multiple readings had
been taken, averages are shown in Tables II and III. Measured coil power has been compared to
predictions using equations (32) and (42) and against various methods published in the literature[1,

6, 8].

The methods of Vaughan and Williamson[10] and Tudbury[13], utilizing the modified

Nagaoka coefficient, will give essentially the same results as Equation (42). Short coil methods of
Baker[1] and Burch and Davis[6] and the long coil method of Dwight and Bagai[8], are shown in
Table III for comparison.

Table ITII. Comparison of real and calculated work piece power by various methods

Load Measured| Equation | Equation Baker |Burch and|Dwight and
Number | Power, W (32) (42) Short Coil| Davis Bagai
1-1 692 754 759 577 821 1275
1-1 899 936 942 716 1013 1583
1-2 138 224 142 125 271 305
1-2 177 281 178 157 340 382
1-3 325 356 318 266 517 641
1-3 377 445 398 333 647 802
1-4 990 1165 1155 862 945 1656
1-4 1264 1438 1426 1064 1167 2045
1-5 1086 1176 1168 866 962 1673
1-5 1422 1454 1443 1070 1188 2067
2-3 640 674 602 569 740 798
2-4 1553 1533 1520 1591 1402 1738
2-5 1923 1810 1797 1627 1657 2054
Error +/-~2% 16.6 6.0 14.6 33.0 67.6
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It can be seen in Table III, that Equation (42) produces the best results in comparison with the
measured data, with a typical error of 6% and a maximum error of 16%. Except for work piece
number 2 with &,<3, Equation (32) gave comparable results with those of Equation (42).

Coil 1 had a length/diameter ratio of 0.84 using the average diameter. While coil 2 had a ratio of
2.42, i.e. coil 2 was relatively long, while coil 1 was quite short. It can be seen in Table III that the
use of the modified Nagaoka coefficient gave an excellent correction for coil shortness, such that
the calculation errors are comparable for both coils using equations (32) and (42). Baker’s method
gives reasonable, but less accurate results for all work pieces and coils. Burch and Davis’ short coil
correction does not work well for small D,,/D. (work pieces 2 and 3). Dwight and Bagai’s long coil
method is of course only suitable for the “long” coil number 2.

Please note that for coil 2, work piece 4 was shorter than the coil and that the suggested correction
factor of Baker[1] was applied to all methods, i.e. the calculated resistance of the work piece, e.g.
Equation (31), was multiplied by the ratio of the length of the work piece/length of the coil (4/L).
This is a direct consequence of Equation (28).

Conclusions

A method has been described using a modified Nagaoka coefficient, capable of estimating work
piece power to better than 10% accuracy, for long and short coils, including cases where the work
piece is shorter than the coil. Tudbury’s work piece shortness factor has been found to be the square
of the modified Nagaoka coefficient as proposed by Vaughan and Williamson in 1945. Given that
the presence of a work piece has now been shown to change the magnetic field inside the air gap of
a short coil significantly, the assumption that the impedance of the coil does not change due to the
presence of the work piece can be questioned. It would be of value to directly measure electrical
conditions in the work piece, e.g. circular voltage gradients, in order to separate the effect of the
coil on the work piece and the work piece on the coil.

Acknowledgements

The authors wish to express their gratitude to Egil Torsetnes at NTNU, Trondheim, Norway, for
helping with the design and construction of the experimental apparatus. Deepest gratitude is also
due to Kurt Sandaunet at Sintef, Trondheim, Norway, for the use of the Sintef laboratory and his
contribution in the execution of the experiments. Special thanks to Liss Pedersen at Alcoa, Lista,
Norway, for the supply of filter materials. The author would also like to acknowledge the funding
from the Norwegian Research Council through the RIRA project.

147



References

1. R. Baker, "Design and calculation of induction heating coils'," AIEE Trans, 57, (1957), 31-40.

2. R. Baker, "Induction Heating of Moving Magnetic Strip," American Institute of Electrical
Engineers, Transactions of the, 64, (1945), 184-189.

3. J. Vaughan and J. Williamson, "Design of Induction Heating Coils for Cylindrical Magnetic
Loads," American Institute of Electrical Engineers, Transactions of the, 65, (1946), 887-892.

4. O. Heaviside, Electrical Papers. (London: Macmillan & Co., 1892), 353-416.

5. C. Burch and N. Davis, "LXX. On the quantitative theory of induction heating," Philosophical
Magazine Series 7, 1, (1926), 768-783.

6. C. Burch and N. Davis, An introduction to the theory of eddy-current heating. (London: E. Benn
Limited, 1928).

7. C. Burch and N. Ryland Davis, "Uber eisenlose Induktionséfen," Electrical Engineering (Archiv
fur Elektrotechnik), 20, (1928), 211-223.

8. H. Dwight and M. Bagai, "Calculations for coreless induction furnaces," American Institute of
Electrical Engineers, Transactions of the, 54, (1935), 312-315.

9. R. Baker, "Heating of Nonmagnetic Electric Conductors by Magnetic Induction---Longitudinal
Flux," American Institute of Electrical Engineers, Transactions of the, 63, (1944), 273-278.

10. J. Vaughan and J. Williamson, "Design of Induction-Heating Coils for Cylindrical Nonmagnetic
Loads," American Institute of Electrical Engineers, Transactions of the, 64, (1945), 587-592.

11. H. Storm, "Surface Heating by Induction," American Institute of Electrical Engineers,
Transactions of the, 63, (1944), 749-755.

12. N. Stansel, "Induction Heating---Selection of Frequency," American Institute of Electrical
Engineers, Transactions of the, 63, (1944), 755-759.

13. C. Tudbury, Basics of Induction Heating Vol. 1, (New York: John F. Rider, 1960).

14. P. Simpson, Induction heating: coil and system design. (New York, Toronto, London:
McGraw-Hill, 1960).

15. E. J. Davies, Conduction and induction heating. (London: Peter Peregrinus on behalf of the
Institution of Electrical Engineers, 1990).

16. L. Kelvin, Mathematical Papers, Vol. 3,( London: Cambridge University Press, 1890), 484-
515.

17. O. Heaviside, Electrical Papers, Vol. 2, (London: Macmillan & Co., 1892), 396-424.

18. G. Howe, "The high-frequency resistance of wires and coils," Electrical Engineers, Journal of
the Institution of, 58, (1920), 152-162.

19. Copper Wire Tables Circular No. 31: US Bureau of Standards, 1913).

20. V. Callcut, "Coppers for electrical purposes," IEE Proceedings A Physical Science,
Measurement and Instrumentation, Management and Education, Reviews, 133, (1986), 174-201.
21. H. Coppers, "Copper Development Association," Orchard House, Mutton Lane, Potters Bar,
Herts EN6 3AP, (1990).

22. C. Hickman, "Alternating-Current Resistance and Inductance of Single Layer Coils," Scientific
Papers of the Bureau of Standards, No. 472, (1923), 73-105.

23. S. Butterworth, "Eddy-current losses in cylindrical conductors, with special applications to the
alternating current resistances of short coils," Philosophical Transactions of the Royal Society of
London. Series A, Containing Papers of a Mathematical or Physical Character, 222, (1922), 57-
100.

24. S. Butterworth, "Note on the Alternating Current Resistance of Single Layer Coils," Physical
Review, 23, (1924), 752-755.

25. S. Butterworth, "On the alternating current resistance of solenoidal coils," Proceedings of the
Royal Society of London. Series A, 107, (1925), 693.

26. A. Arnold, "The resistance of round-wire single-layer inductance coils," Proceedings of the
IEE-Part IV: Institution Monographs, 98, (1951), 94-100.

148



27. A. Reatti and M. Kazimierczuk, "Comparison of various methods for calculating the AC
resistance ofinductors," IEEE Transactions on Magnetics, 38, (2002), 1512-1518.

28. E. Fraga, et al., "Practical model and calculation of AC resistance of long solenoids," IEEE
Transactions on Magnetics, 34, (1998), 205-212.

29. R. Medhurst, "High Frequency Resistance and Self-Capacitance of Single-Layer Solenoids,"
ed. Wireless Engineer: February, (1947), 35-43.

30. O. Todnem, "Induksjonsoppvarming, Industriell Elektrovarme," ed: NTNU, 1992, 1-60.

31. H. Nagaoka, "The inductance coefficients of solenoids," Journal of the College of Science, 27,
(1909), 18-33.

32. E. B. Rosa and F. Grover, "Formulas and Tables for the Calculation of Mutual and Self
Induction," Scientific Papers of the Bureau of Standards, No. 169., (1916), 5-231.

33. H. Wheeler, "Simple inductance formulas for radio coils," Proceedings of the IRE, 16, (1928),
1398-1400.

34. D. Knight. (2010, August 25). 3.1. Solenoids: Part 1.,
http://www.g3ynh.info/zdocs/magnetics/part_1.html

35. S. Zinn and S. Semiatin, Elements of induction heating: design, control, and applications: Asm
Intl, 1988), 22.

149



150



SUPPLEMENT 2

Analytical and Experimental Validation of Electromagnetic
Simulations Using COMSOL®, re Inductance,
Induction Heating and Magnetic Fields

Mark William Kennedy, Shahid Akhtar, Jon Arne Bakken, Ragnhild Elisabeth Aune

COMSOL Conference 2011 - Proceedings CD:
COMSOL, Burlington, MA, USA, ISBN 978-0-9839688-0-1, (2011), 1-9.

151



Analytical and Experimental Validation of Electromagnetic
Simulations Using COMSOL®, re Inductance, Induction
Heating and Magnetic Fields

Mark W. Kennedy', Shahid Akhtar', Jon Arne Bakken' and Ragnhild E. Aune'?
'Dept. of Materials Science and Engineering, Norwegian University of Science and
Technology (NTNU),

N-7491 Trondheim, NORWAY
Dept. of Materials Science and Engineering, Royal Institute of Technology (KTH),
S-100 44 Stockholm, SWEDEN

Communicating author: mark.kennedy@ntnu.material.no

Abstract: COMSOL® is a powerful
numerical modelling tool for electromagnetic
calculations. The present paper examines the
numerical agreement between COMSOL® 2D
axial symmetric models, classical analytical
solutions and experimental data. Comparison
is made between the analytical solution for the
inductance of an empty ‘current sheet’ inductor
and the numerical results of COMSOL"
Version 4.2, as a benchmark of the
fundamental accuracy of the software. The
effect of the size of the computational space or
‘magnetic domain’ on the calculated total
inductance is also examined.

COMSOL®s  single and multi-turn
domains are used to model an induction coil,
and the simulations of induction heating are
made at a range of frequencies from 50 Hz to
500 kHz. Results are compared with the
predictions of a 1D analytical model at each
frequency and a representative experimental
value at 50 Hz. The obtained COMSOL”
predictions of the magnetic flux density are
compared with experimental values measured
using Hall probes at 50 Hz, for both an empty
coil and for a coil containing a work piece.
The numerical magnetic field results obtained
in the present study are in excellent agreement
with the analytical solution for the ‘air core’
coil.

Based on the present results analytical
criteria are presented as guidelines for when to
use COMSOL™’s single or multi-turn domains,
and for the minimum mesh size to be used to
achieve accurate high frequency simulations of
induction processes.

Keywords: Induction, inductance, heating,
magnetic field.

1. Introduction

Re-heating of aluminium billets before
forging or extrusion is a common application
of induction heating technology. The process
is driven by the magnetic flux created by a
time varying current flowing in the induction
coil, i.e. the magneto-motive force.

Coils used for induction heating are
generally very short, and the magnetic fields
which they produce are much weaker than
what would be expected from the following
equation for a long coil (the mathematical
terms used in this paper are listed in Appendix
1: Table 1):

_ #o/’lr NC[(’
lc

B

©

M

The magnetic field on the centre line of a
short coil can; however, be found by solving
the Biot-Savart law, as presented in Figure 1
for “air core’ coils [1]:

i[@x;

OB =
4z *

@

In Figure (1) the integral of equation (2),
B,, is plotted as a ratio of B,, from Equation (1)
versus a dimensionless coil length. Figure 1
indicates that to achieve the magnetic flux
density predicted by Equation (1) anywhere in
the coil, the coil must be extremely long, e.g. a
length of 10 times its diameter. This is much
longer than a typical induction coil, and it can
therefore be concluded that induction coils are
in general, ‘short’.
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Based on the results presented in Figure 1,
the following observations are made which
counter some of the commonly accepted
assumptions made regarding short coils:

1. A short coil does not have a homogeneous
internal magnetic field in either the axial
or radial direction (not indicated in Figure
1), or equivalently a negligible external
magnetic field.

2. The magnetic flux density at either end of
the coil is not half the value at the middle.

3. The magnetic flux density in the middle of
the coil is not equal to that of an
equivalent length of an infinite coil (i.e.
one having the same number of turns per
unit length).

In the present study the effect of the non-
infinite nature of short coils will be examined
by comparing inductance, induction and
magnetic field strength estimated by various
analytical equations, to experimentally
measured data, as well as the numerical results
of COMSOL".

2.  Governing
COMSOL®  Model
Approach

Equations of the
and Modelling

In classical induction furnace theory the
solutions are derived starting from the
magnetic field intensity created by the coil [2];
however, they can also be derived beginning

with the magnetic vector potential, A, as
given by Equation (3), and solved using the

quasi-static approach (V-J=0) as presented
in Equations (3)-(8) for zero velocity and
ignoring the displacement current. Equations
(8) and (9) are equivalent for sinusoidal
currents:

B=VxA 3)
B=p,uH O]
VxH=J )
J=cE+J¢ (6)
E:VV—%? %)
jwa%ﬁVxﬁ:? ®)
5qﬁl@&+y@,l;ﬂﬂ6§£ ©)
o ror o 7T ot

Considering the approximately cylindrical
geometry of both the coil and the work piece, a
cylindrical co-ordinate system was used in the
present study, and the equations solved using
2D axial symmetric models. It should be noted
that the errors obtained in estimating magnetic
flux density introduced by modelling helical
coils as a series of stacked loops, are generally
very small (e.g. one part per thousand), and
strongly depend on the spacing and angle of
the coil turns [3]. All solutions reported have
been calculated using current driven coils,
which ensure that the correct magneto-motive
force is present. The voltage and impedance in
the coil domains may then be in error without
causing any impact on estimated induction in
the work piece.
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Figure 1. Dimensionless Flux Density (z-component) on the Centre Line of a Short ‘Air core’ Coil
as a Function of Dimensionless Coil Length [1].
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3. Inductance of a Short Coil

The inductance of a short coil, which is
determined by the flux linkages per unit
current, can be calculated using the method of
Lorenz [4]. A more convenient method uses a
tabulated correction factor, first published by
Nagaoka [5] to six significant figures, which
contains the solutions to the double elliptical
integrals of Lorenz:

kNAch E

LG
I

¢

(10)

For induction coils, ky can also be
estimated by the method of Knight [6] to
approximately three significant figures:

1

1 + 0.4502 (DjéJ

c

k (11
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In the present study, the analytical
solutions for ky  were estimated using
numerical software available online, to more
than 12 significant figures [7]. In evaluating
ky, the centre line of the round coil tubing was
found to be the optimum reference diameter
(least overall error), over the full range of
frequencies from 50 Hz to 500 kHz.

As an example for inductance, an ‘air core’
16 turn ‘current sheet’ coil is considered. This
‘coil” was modelled using COMSOL" 4.2, and
the results compared against the theoretical
solution, ie. Equation (10), in order to
benchmark the accuracy of the COMSOL®
software. A theoretical current sheet consists
of one infinitely thin turn, with the current
increased to N.. in order to represent the
number of revolutions the current would make
in a real helical coil. Using COMSOL®, the
current sheet was modelled as a single 0.1 mm
thick by 105.8 mm high copper sleeve, using
the single-turn domain. The Nagaoka
coefficient for this coil (ky) is 0.639413 and
from Equation (10), its inductance is 26.4051
pH. The measured value for a real tubular coil
of the same overall dimensions was found to
be 26.902 pH including lead effects.

The single turn inductance of the current
sheet calculated by COMSOL® was adjusted to
the value of the equivalent helical 16 turn coil,
using the factor Nf to account for the number
of magnetic flux linkages and the true current
per turn. Results were calculated as a function

of the relative size of the ‘magnetic domain’ to
the size of the coil. This was done in order to
estimate the error introduced by the change of
the external magnetic reluctance, on the flux
density of the coil. The results obtained are
presented in Table 1. More details of the
models used in this paper can be found in
Appendix 1: Table 2.

Table 1: Comparison between COMSOL® and

Equation (10)
COMSOL -
COMSOL Analytical
Ratio of Magnetic Calculated Solution
Domain Dimensions| Inductance | Difference
to Coil Dimensions (uH) (%)
2.00 22.7563 -13.82
4.00 25.9502 -1.72
6.00 26.2783 -0.48
10.00 26.3870 -0.07
14.00 26.4057 0.00
20.00 26.4129 0.03

A ratio of 14, between the size of the coil
and the size of the computational space, was
selected as numerically sufficient to represent
an infinite external volume with a negligible
error in the coil’s average internal magnetic
flux density.

4. Induced Heating of a Cylindrical
Work Piece

When circular eddy currents are induced in
a work piece, heat is generated due to resistive
heating by the portion of the current that is in
phase with the voltage. The amount of heat
generated is affected by the size and electrical
conductivity of the work piece, the frequency
and amount of the applied current, the number
of turns in the coil, etc. The present authors
have reviewed the classical approach for the
computation of heat generation in a cylindrical
work piece [2], and the equations can be
summarized as follows:

P, =k*N2x(IN, Y p, E,0(E,)/1 (12)

2 2
ky =y | 1o 220 |14 [ 2am0u | 13)
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Equation (13) calculates the modified
Nagaoka short coil correction factor first
developed by Vaughan and Williamson [8] in
1945. This equation, which only accounts for
the fraction of the volume of the coil occupied
by the work piece and its effect on the
magnetic flux density in the air-gap, is
essential for obtaining accurate calculations for
short coils. Appropriate frequency correction
validated using COMSOL" has therefore been
added to Vaughan and Williamson’s original
equation to account for the electromagnetic
penetration into both the coil and the work
piece. For tubular coils over the large range of
frequencies examined in the present study, a
good correlation was achieved by fixing the
effective current sheet diameter to the average
coil diameter in accordance with the classical
approach for calculating coil inductance, i.e.
D.+0.= D, measured at the tube centre-line.

Model simulations were performed using
the input data summarized in Appendix 1:
Table 2, for frequencies from 50 Hz to 500
kHz. The initial mesh (Mesh 1) is presented in
Figure 2 (with the work piece indicated by a
white outline).  The heating results are
summarized in Table 2 and compared to the
values calculated using Equations (12) to (16).
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Figure 2. Mesh Quality for Mesh 1.
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The electrical conductivity of the
aluminium work piece was measured using an
AutoSigma 3000 conductivity  analyser
(General Electric Inspection Technologies,
UK) to within +0.5%, calibrated against
aluminium standards accurate to +0.01%
IACS. The electrical conductivity was not

used as a fitting parameter. Actual power
measurements were taken as described in detail
elsewhere [2], using a Fluke 43B power
quality analyser (Fluke, USA) and an i1000S
inductive current probe (Fluke, USA), with a
reproducibility of ~£6%. The resistive heating
in the work piece at 50 Hz, for a coil excitation
of 988.5 A, was determined to be 696 W,
based on 2 readings.

Table 2: Comparison of Experimental, Analytical
and COMSOL® Results for Mesh 1

Mesh 1-
Experimental | Analytical Analytical
Frequency Power Power Mesh 1 Difference| &

(Hz) (W) W) | Power (W) (%) | (mm)
50 696 691 650 -6.0 14.50
500 N/A 2768 2604 -5.9 4.59
5000 N/A 9549 10280 7.1 1.45
50000 N/A 29697 24211 -18.5 0.46
500000 N/A 94123 25728 -72.7 0.14
Mesh Ispacing at work piece interface = 5.10

The results presented in Table 2, clearly
reveal that the accuracy of the COMSOL®
results dramatically decreases as the mesh at
the work piece/air-gap interface becomes
coarser than the electromagnetic penetration
depth; however, if the mesh is improved by the
use of boundary elements, then accurate results
can be obtained at very high frequency as
presented in Table 3. It should be noted that
with the electrical measuring technique
presently used, it is not possible to determine if
COMSOL® has any significant error in
determination of the heat generation in the
work piece. In future studies direct calorific
measurements of the heat generation in the
work piece will be performed.

Table 3: Comparison of Experimental, Analytical
and COMSOL" Results for Mesh 2

Mesh 2-
Experimental| Analytical| Mesh 2 | Analytical
Frequency Power Power Power | Difference 3

(Hz) W) W) (W) %) | (mm)
50 696 691 650 -6.0 14.5
500 N/A 2768 2597 -6.2 4.59
5000 N/A 9549 8834 -7.5 1.45
50000 N/A 29697 28305 -4.7 0.46
500000 N/A 94123 90029 -4.3 0.14
Mesh 2 spacing at work piece interface = 0.02

It is possible to use the COMSOL® multi-
turn domain with high frequency simulations
of induction processes, but only if work piece
data is the sole desired output. The work piece
remains surrounded by the same magneto-
motive force, and hence the induced power
remains virtually constant (less than 1%
change), regardless of frequency.
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If information regarding the impedance of
the coil is important, it is essential to use the
COMSOL® single-turn domain when the
electromagnetic penetration depth into the coil
is less than the thickness for a square
conductor or the tube diameter for a circular
conductor, i.e. if 0.<t,.

If the electromagnetic penetration depth is
smaller than the tube diameter, the current
distribution will not be homogeneous over the
volume of the tube. As the frequency
increases the current will first be biased to the

500 Hz

5 kHz

side of the conductors facing the coil centre
line and subsequently be redistributed over the
whole outer surface of the conductors, as
presented in Figure 3. With a tubing diameter
of 6 mm, a single-turn domain must be used
above 168 Hz.

To use the COMSOL® single-turn domain,
each turn must be modelled as a separate
domain. Failure to do so will result in a non-
physical vertical redistribution of the current as
COMSOL® attempts to achieve the lowest
possible coil impedance.

50kHz |~ 500 kHz

\

o=
3.5 mm,

1

{
\
(
5
A
(

|

mm

5=
0.35 mmf‘|

0.11 mm

Figure 3. COMSOL® Results Showing Relative Current Distribution for Frequencies
Ranging from 50 Hz to 500 kHz, (The Coil Centre Line is on the Left Side of the Conductors).

It is also necessary to insert boundary
elements into the coil domains at high
frequencies to accurately estimate: the current
distribution, the inductance and most
importantly the coil resistance. The same
electromagnetic penetration depth criterion
applies, i.e. the thickness of the boundary
elements must be less than the electromagnetic
penetration depth into the copper in the coil.
Errors in estimating the coil resistance at high
frequency using the multi-turn domain are
given in Table 4.

Table 4: Comparison between Experimental,
Analytical, Single and Multi-turn Estimates for Coil
Resistance as a Function of Frequency

Mesh 2 Mesh 1 Multi-

Experimental| Single- | Single- |Multi-Tun| Mesh2

Coil Turn Coil | Turn Coil Coil Single

q Resistan i Resistance Difference| &

(Hz) (mQ) (mQ) (mQ) (mQ) (%) (mm)
50 10.14 10.02 10.68 10.02 0.0 10.98
500 As above 10.56 13.26 10.02 -5.1 347
5000 25.70 24.57 33.91 10.02 -59.2 1.10
50000 91.40 81.78 97.90 10.02 -87.7 0.35

500000 300.30
Yellow = analytical solution

289.89 325.50 10.02 -96.5

Mesh 2 spacing at coil interface =

0.11
0.02

Based on the results presented in Table 4, it
is clear that significant errors occur in the coil

resistance estimates calculated using the multi-
turn domain at frequencies for which the
electromagnetic penetration depth is less than
the coil tubing diameter, i.e. when the skin
depth, coiling and proximity effects begin to
have a major impact on the current distribution
and therefore impedance [9-13].

5. Magnetic Field of an ‘Air Core’ Coil

A short ‘air core’ coil does not have a
homogeneous magnetic field in either the axial
or radial directions as explained in Section 1
and shown axially in Figure 1. Analytical
solutions to determine the off-axis magnetic
field strength of a coil do exist [14-17], but
experimental values are reported in this study
for physical validation. The direct
measurements of the magnetic flux density of a
real short coil in the present study were taken
using a F.W. Bell model 6010 Gauss meter
(Pacific Scientific OECO, USA). Standardized
axial and radial Hall probes, with a measuring
error of less than £1% for AC magnetic fields
were used. Accuracy was confirmed using
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axial standards of 0.05 and 0.2 T, and a
transverse standard of 0.05 T, prior to use.

In Figure 4, axial experimental data for the
air-core coil are plotted together with the
solution to Equation (2) for a coil diameter to
length ratio of 1.24. The measurements were
taken with a 6 mm diameter probe, and results

plotted allowing for the average 3 mm off-set.
As can be seen from Figure 4, there is
excellent agreement between the experiment
and analytical results, as well as the
COMSOL"  calculations. The small
discrepancies near the coil wall are likely due
to minor geometric imperfections in the
stacking of the coil turns.

0.9
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Figure 4. Dimensionless Magnetic Flux Density for a 16 Turn Induction Coil at 50 Hz, without a Work Piece.

6. Magnetic Field of a Coil Containing
an A356 Aluminium Alloy Work Piece

The presence of the work piece will
increase the magnetic flux density in the air
gap of the coil as predicted by Equation (13),
and indicated in Figure 5. The increase in the
magnetic field strength is apparent by the
difference between the Biot-Savart solution for
an empty coil (dotted red line), the blue dots
representing the measured values, and the
green lines representing the COMSOL®
calculated values 3 mm from the work piece
and coil, respectively. The agreement between
the actual measured and COMSOL® estimated
values were typically £1.5% with or without a
work piece, except near the coil wall. Physical
errors in the probe position (0.5 mm), and the
angle of alignment are the most likely source
of discrepancies.

7. Conclusions and Future Work

Based on the present study the following
conclusions and suggestions for future work
are proposed:

e Comparison of the COMSOL® predictions
against analytical models of known
accuracy, proved critical in determining
when the numerical model had achieved an
acceptable level of precision.

e A magnetic domain 14 times as large as the
dimensions of an induction coil is
sufficiently large to accurately calculate the
correct average magnetic flux density in the
air-gap of the coil in the current model.

e Single-turn domains must be used if the
frequency in the simulation is such that the
electromagnetic penetration depth is less
than the diameter of the coil tubing.

e FEach turn of the coil must be modelled
separately to prevent COMSOL® from
redistributing the current in a non-physical
manner.

e Meshing at the interface of both the work
piece and the coil must be finer than the
electromagnetic penetration depth in order
to achieve accurate results when working at
high frequencies.
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e With proper experimental validation,
meshing and selection of domains, it is
believed that COMSOL® is capable of
calculating electromagnetic phenomena as
accurately as can be reasonably measured
in the laboratory.

e Based on the accurate modelling of the
power, i.e. induced current, as well as the
magnetic flux density at the surface of the
work piece, it is assumed that COMSOL®

—_

should predict electromagnetic Lorentz
forces in the work piece with high
accuracy.

The Lorentz forces and the resulting flow
patterns developed in liquid aluminium will be
explored in a future publication in relation to
magneto-hydrodynamic modelling.

Dimensionless flux density, Bo/Boo

0 \ \ \ \

0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

Dimensionless coil length

= = Biot-Savart for air core coil

+ Experimental z-component 3 mm from work piece

—-—--COMSOL z-component 3 mm from coil

COMSOL z-component 3 mm from work piece

Figure 5. Dimensionless Magnetic Flux Density for a 16 Turn Induction Coil with 76.8 mm Diameter, with A356
Work Piece at 50 Hz.
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9. Appendix 1

Table 1: Glossary of Units and Symbols

Quantity

Magnetic
potential (vector)
Area
Magnetic flux
density (vector)
Differential flux
density (vector)
Differential
length (vector)
Diameter
Electric field
(vector)
Frequency
Magnetic field
(vector)
Current, RMS
Current density
(vector)
Nagaoka short
coil correction
factor
Modified
Nagaoka factor
Length
Inductance
Turns
Resistive
heating, RMS
Radius
Biot-Savart unit
(vector)
Resistance
Tube diameter
Time
Electric potential
Electromagnetic
penetration
depth
Permeability of
vacuum
Relative
permeability
Dimensionless
penetration
depth
Electric
conductivity
Electric
resistivity
Induction
effectiveness
factor
Magnetic flux
e

o

Symbol | Scalar Quantity Abbr.
SI Unit
A weber/meter Wb/m
A, meter’ m’
B tesla T
OB tesla T
or meter m
D meter m
E volt/meter V/m
f hertz Hz
H ampere/meter A/m
1 ampere A
J ampere/meter” A/m?
kn unitless -
kn' unitless -
4 meter m
L henry H
N unitless -
P watt w
r meter m
A meter m
r
R ohm Q
te meter m
t seconds s
v volt \%
S meter m
Ho henry/meter H/m
He unitless -
g unitless -
c siemens/meter S/m
p ohm meter Qm
[0) unitless -
(] weber Wb
External

Used for short coil form
Designates infinite coil form
Coil

Work piece

Kelvin function real part
Kelvin function imaginary part
Derivative of ber

Derivative of bei

Table 2: Model Parameters

Model Parameter
Work piece diameter
Work piece height
Work piece alloy
Work piece conductivity
Work piece conductivity

Work piece temperature
Work piece relative
magnetic permeability

He
Copper tubing diameter
Copper tubing thickness
Copper tubing
conductivity

Copper tubing
conductivity

Copper tubing temperature
Coil diameter average
Coil height
Coil current
Coil turns
Mesh 1 cells
Mesh 1 quality
Mesh 2 cells
Mesh 2 quality

Value
76.8
192
A356
48%
2.41E+07
54

1
6.0
1.0

80%

4.20E+07
43
131.5
105.8
988.5
16
12159
0.8184
33713
0.7813

mm

mm

IACS

Average

Average
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Characterization of Ceramic Foam Filters Used
for Liquid Metal Filtration

MARK WILLIAM KENNEDY, KEXU ZHANG, ROBERT FRITZSCH,
SHAHID AKHTAR, JON ARNE BAKKEN, and RAGNHILD E. AUNE

In the current study, the morphology including tortuosity, and the permeability of 50-mm thick
commercially available 30, 40, 50, and 80 pores per inch (PPI) alumina ceramic foam filters
(CFFs) have been investigated. Measurements have been taken of cell (pore), window, and strut
sizes, porosity, tortuosity, and liquid permeability. Water velocities from ~0.015 to 0.77 m/s
have been used to derive both first-order (Darcy) and second-order (Non-Darcy) terms for being
used with the Forchheimer equation. Measurements were made using 49-mm “‘straight
through” and 101-mm diameter “‘expanding flow field” designs. Results from the two designs
are compared with calculations made using COMSOL 4.2a® 2D axial symmetric finite element
modeling (FEM), as a function of velocity and filter PPI. Permeability results are correlated
using directly measurable parameters and compared with the previously published results.
Development of improved wall sealing (49 mm) and elimination of wall effects (101 mm) have
led to a high level of agreement between experimental, analytic, and FEM methods (40 to 7 pct
on predicted pressure drop) for both types of experiments. Tortuosity has been determined by
two inductive methods, one using cold-solidified samples at 60 kHz and the other using liquid

metal at 50 Hz, giving comparable results.

DOI: 10.1007/s11663-013-9799-7

© The Minerals, Metals & Materials Society and ASM International 2013

I. INTRODUCTION

CERAMIC foam filters (CFFs) have been used
commercially in the aluminum foundry industry for
more than four decades.!'! CFFs are industrially applied
to remove small (<50 um) solid inclusions (e.g.,
oxides—Al, O3, spinels—MgO-Al,O3, or carbides—SiC,
Al4C3) and large oxide films, primarily for the produc-
tion of premium quality aluminum products.

A research effort has been recently undertaken with the
objective of using electromagnetic fields to achieve
improved purification of li(j1uid aluminum using commer-
cial CFFs (30-80 PPI).>*! It was found in the current
study that the vertical gradient in the Lorentz forces
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(J x E) induced strong movements in the liquid metal.
Based on preliminary finite element magneto-hydro-
dynamic (MHD) modeling and experimental observation
of liquid movement within the equipment, velocities of up
to 0.2 m/s are anticipated to exist within the filter
elements. This velocity is approximately one order of
magnitude higher than typical casting velocity for these
types of commercial filters' and indicates that MHD
dominates the flow field development. The modified
filtration process can therefore not be understood, with-
out first comprehending the impact of the Lorentz
“driving” forces interacting with the resistance to flow
produced by the permeability of the porous media, at
these unusually high velocities.

The transition of pressure drop from first- to second-
order behaviors for 65 and 80 PPI CFFs using water has
been reported to be in the range from 0.01 t0 0.015 m/s and
to be beyond 0.015 m/s for 40 and 50 PPI filters.” In order
to model MHD more accurately using finite element
modeling (FEM) at high velocity of liquid, it was necessary
to obtain both first-order (Darcy) and second-order (Non-
Darcy) terms for use with the Forchheimer equation!®:

AP P

L ke i
where AP is pressure drop (Pa), L is the filter thickness
(m), Vy is the fluid superficial velocity (m/s), u is the fluid
dynamic viscosity (Pa s), p is the fluid density (kg/m?),
and &, (m?) and k» (m) are the empirical constants called
the Darcian and non-Darcian permeability coefficients,
respectively. Equation [1] represents the sum of viscous
(first term) and kinetic energy losses (second term).



Permeability experiments were therefore conducted
using water with commercial alumina CFFs of 30, 40,
50, and 80 PPI. In order to understand and correlate the
obtained results, it was necessary to simultaneously
study the morphology of the filters including cell (pore),
window and strut sizes, porosity, and tortuosity.

II. THEORY

Permeability is an important parameter for the
characterization of CFFs, since it is required to predict
the flow rate obtainable for an imposed pressure
gradient (e.g., the casting rate for a given metal head
and filter area) or to be able to predict the pressure drop
(and therefore the required head or elevation change)
necessary to achieve a specific flow rate for a fixed filter
area (as in the design of a casting line and filter bowl).
The correlation between flow and pressure drops can be
obtained empirically by fitting experimental data as per
Eq. [1] or by prediction using “‘easily” the measured
physical properties such as porosity, ¢ (unitless), char-
acteristic porous media dimensions, and the known
liquid properties. The Ergun equation is often applied to
predict the pressure drop in beds of solids!”:

AP o (=)’ s (1—-5)pr2
D e L N

where d;, is the “equivalent” spherical particle diameter
(m). Even “improved” versions of Eq. [2] are known to
have deviations in the range of £50 pct, relative to
actual measured packed bed pressure drops.

Given that a porous solid is not a packed bed and has
no clearly definable particle diameter, d,, it is possible to
apply the Ergun formula using alternately the diameters
of the cell, d, (m), window, d,, (m), or strut, ds (m). These
diameters are indicated in Figures 1 and 2(a) through
(d), for the 30 through 80 PPI filters used in this study.
One would expect that the estimation errors would
exceed the £50 pct typical of the Ergun equation, unless
an appropriate “‘diameter” could be defined.

Ergun defined the “equivalent” particle diameter of a
non-spherical solid, d,, as the diameter of the sphere
having the same “outer” specific surface area per unit
solid volume, S, (m*/m?) of the actual material in
question (internal porosity, and small projections or
cavities were ignored)’:

6
b=y 3

In Eq. [3], the nomenclature of Ergun is maintained.
Some confusion may ensue when referring to the recent
literature, where S, is sometimes used to represent the
surface area of solid per unit bed volume, ie., Sp.
Equation [2] can be re-written using Eq. [3] as

So(1—e)pV?
3

Ei OCS%(I - S)ZNVS

g +h

L & 4l

&
where o and f§ are unitless empirical constants found by
Ergun[g]to be approximately 4.17 and 0.292, respec-
tively.

Richardson er al'” explored the relationship between
S, and d,, for porous ceramics and suggested applying the

Fig. I—Representative SEM micrographs of 30 (a), 40 (b), 50 (¢), and 80 (d) PPI commercial alumina ceramic foam filters. Cell or pore sizes (d.)
are indicated by solid circles and window sizes (d,,) are indicated by dotted circles.
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hydraulic diameter, ¢, (m), concept. They equated the
hydraulic diameter to the measured window diameter:
wetted area

dy=dy =4———— S
v " wetted perimeter Bl

Assuming idealized regular pores, i.e., all with the
same hydraulic diameter, a simple geometric analysis
yields

4e

Sv = m [6]

Substituting Eq. [6] into Eq. [4] yields

AP uVs pV?
T—66.786[\2V+1.1782dw [7]

Recently, Dietrich ez al.l'®' proposed the following
equation after correlating 2500 separate experimental
values from 20 authors:

AP ma pV?
=110 14557 8
L o )

The similarity between Egs. [7] and [8] is obvious. If
the hydraulic diameter is assumed equal to the window
diameter in Eq. [8], then Eq. [8] will yield 40 through
50 pet higher pressure drops than Eq. [7].l'" As both
empirical constants in Eq. [8] are larger than those in
Eq. [7], it will yield higher estimated pressure drops for
any velocity. Equation [8] has recently been indepen-
dently shown to give excellent results using the optically
determined hydraulic diameter, ie., the equivalent
circular window diameter, d,,.l'”)

It should be noted that the total, ¢, and open porosity,
&0, are of very similar magnitudes, as shown in Figure 3
for an electromagnetically primed!"*! 50 PPI filter filled
with an A356 aluminum alloy. Some small areas of
closed porosity are shown in dotted circles as typical
examples of closed porosity created by the substrate
used in the filter fabrication process. Grosse et al. have
described the morphological characterization of CFFs

Fig. 2—Representative SEM micrographs of 30 (a), 40 (b), 50 (c), and 80 () PPI commercial alumina ceramic foam filters. Cell strut diameter
(ds) is indicated for the 30 PPI filter as the solid circle. The internal porosity left by the removal of the substrate is indicated as a triangle.
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in detail, including the steps required to correctly
determine total and open porosity (e.g., using mercury
at up to 4000 bar).'*'>) Grosse et al. found that the
difference between the total and the open porosity is
<5 pct of the measured value. The convention of
Dietrich, i.e., equality between the total and open
porosities has therefore been followed in the current
study.

Total porosity, & can be determined using the true
particle density, p, (kg/m?), found using pycnometry
and the measured filter mass, my (kg) for a known filter
volume V; (m?), i.e., the filter density, pr (kg/m>):

myg Pr
e=1—-——=1-— 9
Ppr Pp []

Tortuosity, t (unitless), is here defined as the ratio
between the actual length traversed by the liquid flow,
L, (m), and the linear thickness of the filter, L (m):

7La

TL

(10]

Tortuosity can be determined by electromagnetic
induction experiments using alloys of known electrical
conductivity, o, (Q~! m™!). The actual resistance of a

filter element filled with metal, as shown in Figure 3, can
be compared with the known resistance of an equivalent
path length of metal either liquid or solid and the
tortuosity determined. The conductivity is related to the
path length, area, and resistance by

/

=R (11]

Om
where oy, is the conductivity of the metal (Q~' m™") at
the measurement temperature, / is the length of the
conducting path (m), a is the area of the conducting path
(m?), and R,, is the resistance of the metal along the
conducting path (Q).

Within the filter, the available conducting area is
reduced by the presence of non-conducting obstructions
(e.g., trapped gas or solid and filter media), and the
conducting path length is increased because of the
tortuosity. Assuming that the filter media is the only
significant obstruction, the reduced apparent electrical
conductivity can be estimated as follows:

Omé
— Im® 12
or=— (12]

where oy is the apparent electrical conductivity of the
metal-impregnated filter (@' m™").

Fig. 3—Representative SEM micrographs showing a full 50-mm thickness vertical profile through a well-primed 50 PPI commercial alumina
ceramic foam filter. Areas of “‘closed” porosity can be seen in black, some of which are highlighted by dotted circles as examples. Visual inspec-
tion confirms that nearly the entire porosity is filled with metal, i.e., substantive agreement between total, ¢ and open porosity, &,.
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Rearranging Eq. [12] to solve for the tortuosity yields

T=¢— [13]

III. EXPERIMENTAL

A. Filter Characterization

Commercial filters of 30, 40, 50, and 80 PPI where
examined by a combination of light microscopy, optical
scanning, and scanning electron microscope (SEM) to
determine cell, d., window, d, and strut, d; dimensions.
200 counts were made for each cell and window
determination, on the original, uncut surface of the 50-
mm-thick alumina CFFs. 40 counts were made of the
strut dimensions, which were measured at their thinnest
point.

Porosities of the 101-mm filter sections used in these
experiments were determined using Eq. [9] by precise
measurement of the filter dimensions, calculation of the
total volume, and weighing on an analytic balance.
Overall precision was estimated to be £0.2 pct porosity.
The 49-mm-diameter filters used during testing were cut
from the center of the 101-mm filters, and the porosities
were assumed as constant. For the 30, 50, and 80 PPI
filters, porosity measurements were also taken for all the
commercially sized filter elements for comparison (23",
20”7, and 23” square).

The electrical conductivity of the solid aluminum and
sectioned metal-impregnated filter elements were mea-
sured using an AutoSigma 3000 inductive conductivity
analyzer (General Electric Inspection Technologies,
UK) to an accuracy of 40.5 pct using a 12.7-mm-
diameter 47P001 probe. The instrument was calibrated
before use against certified aluminum standards of 8.64
and 60.37 pct IACS (International Annealed Copper
Standard). For reference: 100 pct IACS conductivity is
58.0 MS/m,"'®! and typical electrical grade aluminum
(i.e., “commercially” pure) has a nominal conductivity
of ~61 pct TACS. Measurements were taken on metal
frozen over and under the filter elements, and on both
vertical and horizontal cuts through the filters. A
frequency of 60 kHz was used, which resulted in
electromagnetic penetration depths from ~0.3 to
0.5 mm, depending on the alloy’s conductivity and
filter’s tortuosity. An arithmetic average on 20 through
30 readings was used to estimate the room temperature
conductivity of the metal-impregnated filter. Circular
induced currents (i.e., eddy currents) were generated by
the probe, and these represent current flow in either the
r—phi axes (horizontal cut) or the r—z axes (vertical cut).
It was therefore expected that readings could
be different, if any anisotropy existed in the filter
morphology.

The effective electrical conductivities of the filters
were also determined from liquid metal electromagnetic
induction experiments, using procedures described in
detail elsewhere.™'71" A schematic of the apparatus
used is shown in Figure 4(a), and a photograph is shown

METALLURGICAL AND MATERIALS TRANSACTIONS B

in Figure 4(b). The power induced in a tight stack of
three 50-mm-thick, and ~100-mm-diameter filters of 30,
40, 50, or 80 PPI was determined electrically at a known
temperature (and therefore metal electrical conductiv-
ity), while being filled with “‘commercially pure” alumi-
num alloys with initial electrical conductivity from 61 to
62 pct IACS. Temperatures were logged every 100 ms
by type K thermocouples located under and over the
150-mm stack of filters.

An average temperature was used to estimate the
liquid metal conductivity within the filter elements,
starting with the literature conductivity data for ultra
pure metal, and correcting for the actual measured room
temperature conductivity of the clean metal after exper-
imentation'®):

B LACSP*
2477 x 1075 (1 + 0.000571 [T, — 933.2]) 65

[14]

Om

where IACan%K is the average room temperature
conductivity of the solidified metal used during the
experiment (pct IACS), and Ty, is the temperature of the
liquid alloy under experimental conditions (K).

A 50-Hz electromagnetic field was applied along the
long (z) axis of the stack of filters. This time-varying
magnetic field induced circular currents along the phi-
axis, through the metal-impregnated interstitial spaces
of the filter elements. The induced power was deter-
mined electrically, using high accuracy instrumentation
measuring changes in coil power. Power measurements
were taken using a Fluke 43B power analyzer (Fluke,
USA), with a resolution of 100 W. Coil current mea-
surements were made with an i1000S inductive current
probe (Fluke, USA), with an accuracy of £1 pct and a
resolution of 1A.

The effective electrical conductivity of the filter
elements where then determined from the equipment
geometry, the experimentally measured power (W), and
the applied coil current (A), with 2D axial symmetric
FEM modeling, using the commercial COMSOL 4.2a®
software. Details of the validation of the modeling
methods can be found elsewhere.["*”) The FEM model
had been previously shown to have ~£2 pct uncertainty
in power estimation, compared with direct calorific
measurements taken in solid billet heating experi-
ments.”” The effective conductivity was determined by
adjusting the model conductivity, until the model’s
induced power precisely matched the measured induced
power, for the given applied current. The tortuosity
along the phi-axis could then be determined using
Eq. [13].

The uncertainty in the tortuosity estimates then
represents the sum of the uncertainty in the model
(£2 pct), measured workpiece power (~£10 pct), and
any error in the solid (£0.5 pct) and liquid (£5 to
10 pct) estimates of the metal conductivity. Variation of
up to £20 pct should therefore be expected on a single
reading of tortuosity. Five through eight individual
power readings taken once every minute were averaged
to produce 1 power/tortuosity measurement. Three
through eight sets of measurements (depending on the
degree of thermal and electrical stability) were then
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Fig. 4—Schematic of the filter tortuosity apparatus (a) and photograph (b), showing a two-layer, 31-turn (total) induction coil, operated from

371 to 734 A, using line frequency 50-Hz AC power.

individually modeled using FEM and averaged to
produce the final estimate of tortuosity for each filter
type.

The resulting tortuosity measurements are represen-
tative of the entire cross section of the filter, as the
electromagnetic penetration depth exceeded the filter
radius (50 mm), because of the low electrical conduc-
tivity of the molten metal (~10 pct of the room
temperature solid metal electrical conductivity), com-
bined with the low frequency of operation (50 Hz).

B. Liquid Permeability: Experimental Conditions
and Procedures

The liquid permeability of 50-mm-thick commercial
ceramic foam filters (CFFs) with 30, 40, 50, and 80 PPI
were measured using water as the working fluid, in a
temperature range from 278 K to 281 K (5 °C to 8 °C)
(typical py = 999.9 kg/m>, and py, = 1.3775 1073 Pa s).
Mass flows from about 0.05to 2 kg/s of water were
circulated through 46.4-mm ID smooth plastic piping,
representing Reynolds numbers from ~1200 to 39000 and
moving from laminar flow, into transitional and partially
turbulent pipe flow in the inlet pipe.”!

Eight through ten different experimental velocities
were used to measure pressure drop for each filter. 101-
mm nominal diameter elements were cut from the full
size (20”7 or 23” square) commercial filters using
diamond bores. The 49-mm diameter filter elements
were cut from the center of the 101-mm filter elements.
The true diameter and thickness of each filter element
were measured using a micrometer, and the averages of
six readings were used in the subsequent experimental
analysis.

The main Plexiglas filter apparatus used in the
permeability experiments is shown in Figures 5(a) and
(b). The use of a transparent housing ensured that all air

was completely eliminated from the system before
recording any pressure readings. Two apparatus designs
where used: one for the 101-mm diameter filters, shown
in Figure 5(a); and the second, for 49-mm filters, shown
in Figure 5(b). The sealing arrangements were of critical
importance in the design of the filter housings. In order
to prevent wall effects from significantly affecting
the results, it is of paramount importance to prevent the
flow from bypassing the filter and moving along
the walls. Therefore, in the final experimental procedure,
high-viscosity silicone grease was used to smoothen the
outer surface of each filter (fill the outer-most broken or
cut cells), which were then wrapped in paper and pressed
tightly into the holder. Upon making contact with
water, swelling of the cellulose fibers provided a seal of
negligible permeability. It is necessary to seal the entire
side surface of the filter, as normal O-rings are unable to
stop the flow from bypassing along the wall.

In the 101-mm diameter design, the impacts of “wall
effects” are essentially eliminated by allowing the flow
field to expand within the filter element and making the
outer wall a ““stagnant” region. FEM is then required to
elucidate the flow field and calculate an “effective” flow
diameter for use with Eq. [1], which assumes a single
representative diameter. It was necessary to use soft
rubber gasket materials to press into the top and bottom
faces of the filter elements, to prevent horizontal flow at
the inlet or outlet and provide a clearly defined
“entrance/exit diameter” of 49 mm for later CFD
analysis.

The pressure transducer used was a DF-2 (AEP
Transducers, Italy), with measuring range from 0 to 1
bar, and equipped with an output range from 4 to
20 mA. The transducer was factory calibrated and
certified to an error of <£0.04 pct of reading, over the
full scale from 0 to 1 bar, using a six-point calibration.
During the experiments, the current produced by the
transducer at zero liquid flow velocity was determined
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manually using a FLUKE 26 111, True RMS Multimeter
(Fluke, USA) to a precision of 0.001 mA (6.25 Pa),
using the lowest available current scale. Currents during
the flow measuring periods were computer data logged
at 100-mS intervals by conversion to signal range from 0
to 5V, with a resolution of 0.001 V or 0.004 mA (i.e.,
25 Pa resolution). At greater than 4.1 mA, no bias could
be detected between the manual and automated current
readings, at the available 0.01 mA resolution (the
FLUKE meter switched to a lower resolution at greater
than 4.099 mA). The length between the pressure taps
was 160 mm (varying ~+1 mm). One tap was located at
1.5 L/Ds up-stream and the other 0.75 L/Ds down-
stream of the filter element.

The required inlet lengths to fully develop the flow

regime are
Laminar®?:
Sp;l ~ 0.03 Repipe "
Turbulent**):
% ~ 4.4Re)S, 1o

where Ly is the required inlet length (m) to fully
develop the flow profile (e.g., 99 pct centerline ap-
proach), dpp. is the inside diameter of the pipe (m), and
Repipe is the pipe Reynolds number (unitless).

The filter holders were used in a piping circuit
containing ten 90 deg bends, with five being located
before and five after the filter holder apparatus. There
was a total of 8.3 m of piping in the standard “‘short”
inlet configuration and 12.3 m in the “long” inlet
configuration. In the “‘short” configuration, there were
22 L/Ds of straight sections of pipe before the filter
housing, and in the “long” configuration, there were
65 L/Ds.

Differential Pressure Transducer 20 cm long,
copper impulse lines,
4 mm ID
102 mm dia.
2 mm thick
Smooth O-ring Pressure taps
Plexiglas
Pipe /
49.8 mm ID [l
60 mm OD 4 mm dia. hole
—p

30, 40, 50 or 80 / ™
PPI commercial
ceramic foam

filter ~101 mm
dia. and 50 mm thick

top and bottom of filter

Plexiglas housing with 49 mm dia. hole

~0.5 mm grease
impregnated cellulose

(a)

2 mm thick rubber gasket

From Table I, it can be seen that except at very low or
very high velocity, the “short” inlet should be adequate
to achieve fully developed flow (i.e., 99 pct approach”),
while the “long” inlet should be adequate at all
Reynolds numbers. The impact of back-to-back and
out-of-phase 90° bends on the flow will be to promote
turbulence even at low Reynolds numbers. Owing to the
difficulty of simulating such a complex flow path
(originating at a centrifugal pump), 3D fluid flow
modeling was not deemed to be warranted. Various
biased flow inlet conditions were tested for the “long”
and “‘short” inlet lengths using 2D axial symmetry FEM
and were found to have only second-order effects at the
most. For FEM modeling, an extremely simplistic
uniform inlet velocity was therefore assumed at the
entrance to the pressure apparatus shown in Figures 5(a)
and (b); the reasonableness of this assumption then is
subject to empirical verification.

The pressure in the system was produced by a 1000 W,
0.8 bar maximum submersible pump, which was located
at the bottom of a 70-cm-tall holding tank of 100-L
capacity. The water flow rate was regulated using a DN
25 ball valve, located immediately at the outlet of the

Table I. Required Inlet Length to Fully Develop Flow as a
Function of Pipe Reynolds Number
Velocity L/D Inlet L/D Inlet Estimated L/D
(m/s) Pipe Re  Laminar  Turbulent Inlet
0.03 1010 30.3 N/A 30.3
0.05 1684 50.5 15.2 32.8
0.1 3368 N/A 17.0 17.0
0.2 6736 N/A 19.1 19.1
0.4 13472 N/A 21.5 21.5
0.8 26945 N/A 24.1 24.1
1 33681 N/A 25.0 25.0
1.2 40417 N/A 25.8 25.8

doipe = 0.0464 m, p,, = 999.9 kg/m?, and g, = 13775 x 107°
Pas.

Differential Pressure Transducer 20 cm long,
copper impulse lines,
4 mm ID
102 mm dia.
2 mm thick
Smooth O-ring Pressure taps
Plexiglas
pipe
49.8 mm ID ]
60 mm OD 4 mm dia. hole
=
G —— | SOmmdaink
— RS —and 48 mm dia.

outlet to hold
filter in place

30, 50 or 80 f \
PPI commercial I ‘//, / 0.5 mm thick

ceramic foam silicone grease

filter ~49 mm dia., ‘ Rubber impregnated
and 50 mm thick Plexiglas O-ring cellulose
housing sea]b

Fig. 5—Apparatus used for the 10l-mm (a) and the 49-mm (b) diameters, 50-mm-thick filter experiments, both drawn approximately to scale.

Fluid flow was from right to left.
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pump. The flow rate was determined by accumulating
mass over the measuring period in a second 100-L tank,
located on a digital balance, equipped with an output
range from 4 to 20 mA. The scale had a resolution of 10 g
and a maximum reading of 100 kg. The zero and span of
the scale were verified for accuracy at the 10-g resolution
using test weights to 50 pct of full scale before use. The
rate of mass gain of the measuring tank was computer
data logged at 100 ms intervals. Depending on the
required mass flow, from 10 to 50 kg of water was
accumulated. ““Sloshing” of the water in the tank (mainly
at very high flows) produced noise on the weight signal
that was smoothened by taking a 1-s rolling average
(rolling average of 10 readings), which resulted in a
maximum flow rate uncertainty of ~+0.5 pct of reading.
The flow rate was found from the slope of the accumu-
lation of mass with time and determined using least
squares re§ression over the whole measuring period
(typical R” = 0.9985). Temperatures were measured
using a l-mm-diameter Inconel-sheathed Type K ther-
mocouple located in the holding tank, and the tempera-
ture data were also computer logged.

Eq. [1] was used with the measured pressure gradients
and superficial velocities to determine the Forchheimer
terms k; and k,. Each estimate used the appropriate
water temperature, and therefore density and viscosity,
representative of the individual mass flow reading.
Superficial velocity was determined using the actual
measured filter diameter for the 49-mm filter elements or
using the “‘effective” flow field diameter for the 101-mm
filter elements (to be described in more detail later).
Final k; and k, values are the arithmetic average of the 8
through 10 values determined for each filter element.

IV. RESULTS

A. Filter Characterization

SEM micrographs indicating the physical structures
ranging from 30 to 80 PPI alumina ceramic foam filters
used in this study are shown in Figures | and 2. The
filter porosity and key dimensions are summarized in
Table I1. Sample porosity was calculated using Eq. [91
from the measured particle density of 3.48 4+ 0.02 g/cm-
(average of 3 readings). Overall filter porosity indicated
in Table II is the average result of 2 through 4 readings
on industrial 20” or 23" filters.

Histograms have been made of the 200 counts of
window diameter, d,, as can be seen in Figures 6(a)
through (d) for the 30 to 80 PPI filter types. Median

values are indicated by dotted lines. Average cell
diameter, d., has been plotted vs. the average window
diameter, d,, in Figure 7, and the results correlated
according to the following equation:

d. = 1.79dy, R* =0.988 [17]

The linear relationship between cell and window
diameters implies a simple geometric relationship, likely
originating with the original substrate used during the
filter fabrication process. There is an excellent agree-
ment between the current findings and the literature
values for both cell and window sizes for similar alumina
CFFs.l*

B. Filter Tortuosity Measurements

Filter tortuosity has been determined for metal-
impregnated 30, 40, 50, and 80 PPI filters. Measure-
ments have been obtained with the metal in both liquid
and solid states. The metal used was “commercially”
pure electrical grade aluminum, which was determined
to have 61.7 £ 0.1 pct IACS conductivity (average of 10
readings) before melting. After melting, the solidified
metal samples were found to have conductivities of
59.7 pct (30 PPI), 54.0 pct (40 PPI), 60.0 pct (50 PPI),
and 61.0 pct (80 PPI). The hot metal experiments
were conducted using the apparatus already shown in
Figure 4, and detailed results can be found in Appendix
Table 1.

Hot liquid metal (FEM estimate) and cold-solidified
filter section measurements (average, vertical, and hor-
izontal cuts) and calculated tortuosity results (using the
hot metal data) are summarized in Table III, for all four
filter types. Experimental data have also been plotted in
Figure 8.

Results show reasonable agreement between hot and
average cold conductivity ratios, given the different
equipments, temperatures, and frequencies involved in
these two sets of measurements. The conductivity ratio
between the metal and metal-impregnated filters for the
liquid metal experiments was correlated according to the
following equation:

Im _ 510 -3.8 x 10%dy, R2=0981  [1§]
af

The variation in conductivity ratios between the
horizontal or vertical cuts appeared to be random in
nature. The observed variations may be the result of the

Table II. Summary of Basic Filter Physical Properties

Filter Filter Porosity Full Filter Cell Diameter, Window Diameter, Strut Diameter,
Type (PPI) (Eq. 9D Porosity (Eq. [9]) de (pm) dy (um) ds (um)
30 0.892 0.890 + 0.0002 1668 + 417 961 + 190 185 + 41
40 0.900 N/A 1306 + 251 698 + 151 211 + 46
50 0.863 0.864 + 0.004 1132 £+ 130 623 + 120 190 + 36
80 0.865 0.860 £ 0.004 683 4 87 383 £ 87 119 4 20

One standard deviation is indicated by the ranges.
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Fig. 6—Histograms of () 30, (b) 40, (¢) 50, and (d) 80 PPI window sizes, d,, (um). Median values are marked with dotted lines.
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= Filter type 1 4 Filter type 2 ¢ Experimental CFF's

Fig. 7—Commercial ceramic foam filter cell size, d. vs. window size, d,, (um), and comparison with the literature data.”” One “standard error”
is indicated by the error bars.

random location of the sections through the pore Relatively very few measured values have been pub-
structure of the filter elements and the low electromag- lished previously for ceramic foam tortuosities. Moreia
netic penetration depth of the high-frequency cold et al. measured tortuosity values using an ionic conduc-
method, which is less than one cell diameter. tion method equivalent to the induction method

METALLURGICAL AND MATERIALS TRANSACTIONS B



described here. Their values for ceramic foams of 8, 20,
and 45 PPI were 1.68, 1.71, and 1.84, respectively.””
Diedericks et al. have theoretically studied tortuosity in
some detail, proposing a value of ~1.45 at ¢ = 0.88, for

“foam-like” materials.”>*) Methods, using water and ionic
solutes, will likely underestimate the true filter tortuosity,
because of penetration of the water and ions into the micro
and nano-porosity of the filter structure itself. Liquid metal

Table III. Summary of Key Tortuosity Experimental Results

FEM Estimate of

Cold Average Cold Vertical Cold Horizontal

Filter Filter Porosity Filter Tortuosity Conductivity Conductivity Conductivity Conductivity
Type (PPI) (Eq. [9D) (Eq. [13]) Ratio (/0 Ratio (om/oy) ~ Ratio (om/y) Ratio (om/0r)
30 0.892 1.30 1.46 + 0.06 1.70 1.64 1.77
40 0.900 2.29 2.54 £ 0.18 2.15 2.27 2.02
50 0.863 2.19 2.54 £0.12 2.70 2.34 3.05
80 0.865 3.20 3.70 £ 0.06 2.79 291 2.66
4.00
80 PPI
0 \\
3.00 -
4 o .
© x T te L
=~ 250 —
£ 80 PPI cold are selfconsistent,
© but low compared to hot values -
2.00 : ~—
~ o~ . 30PPI
\ ]
1.50 ~
1.00 T T T T T T
300 400 500 600 700 800 900 1000

Window size (d,,), um

+ Liquid = Solid Avg. 4 SolidV e SolidH l

Fig. 8—Conductivity ratio of metal, ¢, and metal-impregnated filter, o¢ vs. window size, d,, (um). Comparison between liquid metal values fitted
to experimental data using FEM and average, vertical, and horizontally cut solid filter sections (cold readings).
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Fig. 9—Ceramic foam filter pressure drop measurements (Pa) as a function of water mass flow (kg/s) for the 101-mm “‘expanding flow field”

filter design.
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Fig. 10—Ceramic foam filter pressure drop measurements (Pa) as a function of water mass flow (kg/s) for the 49-mm “‘straight through” filter

design.

Table IV. Empirical Coefficients for Eq. [19]
Filter Filter Diameter A B R?
Type (PP (mm)  (Eq.[19) (Eq.[19) (Eq.[19)
30 101 8754 83.2 0.9999
40 101 13362 —974.4 0.9996
50 101 25703 428.6 0.9997
80 101 44142 2017.1 0.9998
30 49 25480 1131.9 1.0000
50 49 83965 1771.7 0.9998
80 49 129032 1960.1 0.9994

poorly wets the surface of the ceramic, and in the absence of
intense pressure (e.g., 4000 bar for mercury) will not
penetrate the micro porosity.

C. Filter Permeability Measurements, Analytic
and FEM Modeling

Permeability measurements were performed using
101- and 49-mm-diameter filters as shown in Figures 5(a)
and (b). Results for these experiments are summarized in
Figures 9 and 10. Results are nearly perfectly described
by second-order empirical equations of the following
form:

Filter Pressure Drop (Pa) = Arnir® + Brin [19]

where 4 and B are empirical constants, and m is the
measured mass flow rate of water (kg/s). Values for the
coefficients 4 and B are summarized in Table V.

The experiments conducted using the 101-mm filters
allowed the flow field within the filter element to expand,
virtually negating wall effects; however, these experi-
ments did not have a defined flow area, and therefore
had no definable velocity for use with Eq. [1]. In order
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to determine the Forchheimer k; and k, terms using the
101-mm filters, it was necessary to use computational
fluid dynamics (CFD) to solve for the flow field. An
iterative procedure was applied as described in Figure 11.
An “‘effective” flow field diameter was initially assumed
for use with Eq. [1], the resulting k; and k, terms were
then used with the CFD model, and the pressure
gradients determined. If the results were in error, then a
new “‘effective” diameter was assumed, and the procedure
repeated until convergence was achieved. Example flow
fields for the 101- and 49-mm diameter filter apparatus at
280 K (7 °C) and 0.5 m/s inlet water velocity are shown
in Figures 12(a) and (b), respectively.

Results for the Forchheimer k; and k, terms for the
49- and 101-mm filters are summarized in Table V.
More detailed results are given in Appendix Table II.
The FEM-estimated k; and k, parameters for the
“expanding flow field” 101-mm diameter experiments
do not deviate by more than 16 pct from the directly
measured ““straight through” results for either k; or k,.

Excellent agreement was found between the measured
pressure gradients and those predicted using 2D axial
symmetric FEM or analytic Eq. [1]. Deviations were in
the range of 0 to 7 pct, as plotted in Figures 13 and 14,
against the 1:1 diagonal. This level of agreement can be
taken as empirical confirmation of the adequateness of
the uniform inlet velocity profile assumed in the FEM
modeling and the use of the “effective’” diameter for the
analytic modeling using Eq. [1] of the “expanding flow
field” 101-mm filters.

Important confirmation is also evidenced by the lack
of variation of the measured pressure gradient between
experiments conducted using 50 PPI, 101-mm diameter
filters with the “long” and “‘short” inlet length config-
urations and the equivalent 49-mm filter, with the
“short” inlet configuration, as shown in Figure 15. This
figure verifies that inlet length and variation of the inlet



Measure: AP, Diameter, L, Mass Flow,
Temperature (i.e. 4 and p)

Guess an
effective
diameter

Calculate

Guess a new

k, and k,

CFD

effective diameter

Same as

flow field,
AP/L vs. V

measured?

‘Effective’ diameter
is correct

Fig. 11—FEM CFD procedure applied to the 101-mm experimental results to determine the Forchheimer, Eq. [1], parameters &, and k».

condition from laminar to turbulent pipe flow over the
range of flow conditions should not have resulted in
significant (i.e., measurable) biases to the results.

V. DISCUSSION ON PERMEABILITY
MEASUREMENTS

A. Forchheimer Eq. [1] Coefficients, k; and k,

Using the apparatus in this study, the pressure
resolution during flow was better than 62.5 Pa, i.e., the
0.01 mA manual verification of automated readings
(which had a theoretical resolution of 25 Pa), or a
gradient uncertainty of ~£625 Pa/m depending on the
sample. 625 Pa/m represented >5 pct uncertainty at flow
rates in the range from 0.03 to 0.08 m/s, depending on
the filter PPI. It has previously been reported that the
transition to second-order behavior occurs at <0.02 m/s
for 65 and 80 PPI filters similar to those used in these
experiments.””! With the limitations of the apparatus, it
was therefore necessary to determine both k; and k,
from flow conditions, where both terms were simulta-
neously significant, i.e., it was not possible to operate in
a purely “Darcy” regime.

In order to derive the Forchheimer coefficients in
Table V, three procedures were explored:

(a) An “automated” second-order regression, with a
zero intercept, using Excel 2003/2010.

(b) Ergun et al’s procedure of dividing Eq. [ll by the
velocity and performing a linear regression.

(c) An iterative procedure to first guess k; and then
correlate the remainder for k, using an exponential
regression.

It should be noted that the values for the coefficients 4
and B summarized in Table IV for Excel 2"%-order
correlations of the data can be converted to the Forchhei-
mer coeflicients through simple mathematical manipula-
tion. This clearly makes the negative coefficient (B) for the
40 PPI physically meaningless, even when R* = 0.9996.

No physically meaningful correlations could be per-
formed on the values of k; and k, found using Excel,
e.g., comparison with total porosity or window size.
Better results were obtained following the recommended
method of Ergun. The most physically meaningful
results (i.e., those with a clear trend) were obtained
following the third procedure, where k; was initially
guessed, the first-order component of Eq. [1] subtracted
from the total and an exponential regression performed
on the remainder. When the exponent on the velocity
became 2.00000, the procedure was deemed converged.
These are the values of k; and k», previously presented
in Table V. ky and k, obtained by all the three methods
are summarized in Appendix Table II for reference.

The third procedure appeared to prevent experimental
variance from appearing disproportionately in the first-
order k; term. Very small percentage errors in measured
pressure at high velocity, represent very large errors when
compared with the magnitude of pressure measured at
low velocity, given the two orders change in magnitude
with velocity, i.e., “small” errors at high velocity can
produce large changes in the estimated values for k;.
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The k; and k, values from Table V have been plotted
in Figure 16 as functions of the window Jgiiameter dy,,
and more specifically the window area, ”4“’, Empirical
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Fig. 12—Comparison of calculated flow fields for 50 PPI filters for
the 10l-mm “expanding flow field” («¢) and 49-mm “‘straight
through” (b) designs, both for 0.5 m/s uniform inlet velocity, and
280 K (7 °C) water temperature, shown with a common 0-1 m/s col-
or scale. Pressure gradients of 501.1 and 1612.4 kPa/m were calcu-
lated for these two cases with the “short” inlet k; and k, parameters
as shown in Table V.

correlations have been developed for k; (m?) and k» (m)
as functions of the window diameter d,, (m):

_ 671 x 1027,

ki i

. R* =0.974 [20]

7.27 x 10%nd,

ky = 7 , R* =0.960 [21]

From Figure 16 and Egs. [20] and [21], it is concluded
that from 30 to 80 PPI filters tested in these experiments
behave much more like a series of ““orifices,” than the{;/
do a series of struts as is assumed in simple cubic cell®*>"]
or more complex dodecahedron®®” and tetrakaidecahe-
dron®313? models. An examination of Figure 1 would
seem to support the concept of “orifices,” given the high
percentage of closed windows, particularly at higher
PPIs. A simple strut model would not appear to be valid
for the ceramic foam filters used in this study.

B. Development of the Experimental Method

Concern with regard to bypassing of the flow around
the filters and down the wall of the apparatus was the
primary consideration in the design of the filter holder
apparatus, as explained in the experimental section. The
previous literature provided little guidance on the
detailed design of the filter holder or how to produce
functional wall sealing arrangements.

A series of incremental improvements were therefore
necessary to arrive at the final procedure. The initial
“expanding flow field”” 101-mm apparatus was operated
without wall sealing, and this was found relatively
adequate, except at the highest velocity/pressure drops
and the “tightest” 80 PPI filters. High flow and tight
filters created large driving forces for bypassing.

The use of the “straight through” 49-mm apparatus
necessitated the development of adequate wall sealing.
High viscosity silicone was initially used alone, but
visual observation through the Plexiglas housing showed
that the sealant was forced out of the channel at the wall
for 50 and 80 PPI filters, particularly during operation
at high velocity and high pressure. The loss of seal was
verified experimentally by repeating measurements and
comparing with the previously “well-sealed” results as

Table V. Forchheimer Empirical Coefficients for Eq. [1]

Filter Actual Filter Water Water Water Eq. [1] Eq. [1]

Type Filter Thickness  Temperature  Density p  Viscosity ¢ Forchheimer  Forchheimer Inlet
(PPI)  Diameter (m) L (m) (K) (kg/m?) (Pas) ki (m?) ks (m) Length (m)
30 48.7 50.7 281.4 999.9 1.330E-03 5.08E—08 5.46E—04 1.0
30 101 50.7 280.2 999.9 1.374E—-03 5.57E-08 5.25E-04 1.0
40 101 47.7 279.1 999.9 1.422E-03 3.10E—08 3.38E-04 1.0
50 49.2 49.6 280.1 999.9 1.378E—-03 1.57E—08 1.66E—04 1.0
50 101 49.6 278.9 999.9 1.426E—03 1.71E-08 1.69E—04 1.0
50 101 49.6 280.0 999.9 1.382E—-03 1.52E—08 1.71E—-04 3.0
80 49.1 50.3 279.3 999.9 1.413E-03 6.52E—09 1.15E—04 1.0
80 101 50.3 280.8 999.9 1.351E-03 5.44E—-09 9.96E—05 1.0

METALLURGICAL AND MATERIALS TRANSACTIONS B



FEM Calculated Pressure Gradient, Pa/m

Fig. 13—FEM CFD results for 30 through 80 PPI filters of 101- and 49-mm nominal filter diameters, L = “long” (3 m) and S = “short” (I m)
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Fig. 14—Eq. [1] results for 30 through 80 PPI filters of 101- and 49-mm nominal filter diameters, L = “long” (3 m) and S = “short” (1 m) inlet

lengths, compared with the experimental pressure gradients (Pa/m).

shown in Figure 17 for experiments conducted using the
80 PPI, 49-mm diameter filter.

The final experimental design used water-swollen
cellulose and silicone to provide a very low permeability
seal, which was not subject to physical removal at
pressures of up to 0.8 bar. This was verified both
visually and by repeated measurements over the whole
pressure range with test filters. Results for the 80 PPI
filter using this final procedure, are also presented in
Figure 17. It is worth noting that all deviations in the
experiments resulted in lower measured pressure gradi-
ents, i.e., the highest measured pressure drop and the

lowest permeability value for a given filter are most
probably the correct values.

Recently, Innocentini et al.**! discussed the impact of
bypassing and flow field expansion on measured
pressure drops in metal foam. Examination of the
change in pressure drop with filter thickness indicated
that wall bypassing reduced the pressure drop and that
the measured pressure drop did not increase linearly
with larger thickness. It must therefore be assumed that
the equipment was operating partially as an “annular
orifice” along the wall. The flow field expansion in
Innocentini’s alternate apparatus design was not
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analyzed using CFD, and in both cases, no sealing was
indicated at the walls.**

C. Correlation of Results, and Comparison
with Dietrich and Ergun

Extensive efforts have been made to correlate the
obtained results and compare with previously published
equations. Of the previously published equations, only
the equation of Dietrich, Eq. [8], was found to ade-
quately describe the data. This comparison is made for
the 30, 50, and 80 PPI, ‘‘straight through” 49-mm
results shown in Figure 18. Agreement is considered as
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adequate being typically within £50 pct (except at low
velocity), i.e., it achieves a similar accuracy for foams,
as the original Ergun equation achieves for packed
beds.

Other equations were found to underestimate dra-
matically the measured pressure drops obtained using
the final and “‘well-sealed” experimental procedure.
Most previously published equations did describe the
obtained results for the “straight through™ experiments
in the absence of a wall seal or the “expanding flow
field” results in the absence of area correction. No firm
conclusions can be drawn from these facts, as details on
the sealing arrangements and analysis techniques used in
previous studies are generally lacking.



1.8E+06

1.6E+06
g 1.4E+06 ry
3
A
< 1.2E+06 eestifisitie -
3 ‘ et
"% .";- ......... .
= 1.0E:
% O0E+06 " .
= . .
% 8.0E+05 N Highly obvious | |
9] loss of seal.
£ .
B 6.0E+05 = -
5
] .
L 4.0E+05
= N -

2.0E+05 ry * ¢ Silicone Only m After Loss of Sealant |

A e ¢ = 4 Silicon+Cellulose Dietrich
0.0E+00 —st ; ; ; . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Superficial Velocity, m/s

Fig. 17—Impact of sealing method and loss of seal on measured pressure gradients for 49-mm diameter “straight through” design using an
80 PPI filter element as a function of water superficial velocity. Comparison is made with Dietrich’s equation [8].l'"'"]

1.6E+06

1.4E+06

s 1.2E+06

1.0E+06

8.0E+05

[=)
f=}
5
+

fe=l
wn

4.0E+05

m 30 PPI — 30 PPI Eq.[8]

4 50 PPI

Measured Pressure Gradient, Pa/m

2.0E+05

0.0E+00

x 80 PPI

——50 PPIEq.[8] |
— 80 PPI Eq.[8]

0.3 0.4 0.5 0.6

Superficial Velocity, m/s

0.7 0.8 0.9

Fig. 18—Comparison between Dietrich’s Eq. [8]'*'") and measured data for the 49-mm diameter “straight through™ 30, 50, and 80 PPI filters’
measured data. Experimental data are plotted with dotted lines and symbols, Dietrich’s predictions are plotted as solid lines.

The best empirical correlation obtained was a slightly
modified version of Ergun’s equation.!”’
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Equation [22] is plotted in Figure 19, along with the
+30 and —30 pct lines.

Equation [22] is equivalent to using 23.4 and 2.00
(based on an average & = 0.88), as the empirical

constants, instead of the values 110 and 1.45 in
Dietrich’s Eq. [8] or the Ergun equivalent values of
66.7 and 1.17 from Eq. [7]:

Vs

23.4 +2.00

2
i 23]
h

p
&2d

Applying Eq. [23] to the obtained data indicates a
significant reduction in error compared with the original

Eq. [8], particularly at low velocity and pressure and an
overall reduction in average error from ~40 pct to
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hibited poor mechanical properties and disintegrated on cutting. The
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~30 pct. Equation [23] is plotted against the 30, 50, and
80 PPI, “straight through” 49-mm results in Figure 20.

Attempts were made to use cell diameter, d, strut
diameter, ds, and tortuosity, 7, in various correlations;
however, no improvement could be made over the
accuracy of Egs. [23], [22], or [8].

D. Comments Regarding CFD Modeling

The CFD models presented here are discussed in more
detail elsewhere.*¥! Some pertinent points to achieving
adequate agreement between FEM, analytic models and
measured values are as follows:
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(d)

Iteration between high-quality measurements and
FEM to ensure validity of assumptions and accu-
racy of final models.

Correct and validated boundary conditions, e.g.,
no-slip walls, contiguous velocity fields between li-
quid and porous media domains, and the inlet
velocity profile.

Use of the low Reynolds number k-¢, and Reynolds
Averaged Navier—Stokes (RANS) model for turbulence
(ko = 0.005 m%/s* and &, = 0.005 m?/s®), to adequately
cover the difficult range of velocities in the inlet region.
Use of dense meshes in regions of high velocity
gradients (e.g., boundary mesh at the “no-slip”
walls).



(e) Precise measurement and exact geometric repro-
duction of the actual apparatus.

It is important to note that if significant bypassing
had occurred during these experiments, it would not
have been possible to achieve agreement between the
CFD model and the experimental data for the 49-mm
filter design. The agreement between the CFD results
and the 49-mm and, subsequently that between the 49-
mm and the 101-mm designs, are taken as confirmation
that the wall-sealing arrangements in fact were of
negligible permeability.

VI. CONCLUSIONS

Pressure gradients in CFFs have been found to
correlate against velocity with high precision at both
low and high velocities, using the Forchheimer equation,
Eq. [1]. Forchheimer first-order k; and second-order &,
terms were both found to correlate directly with the
measured mean window area for each filter type (30, 40,
50, and 80 PPI).

The obtained pressure drops in this study could be
best estimated using the measured total porosity ¢, the
optically determined window size d,,, and either Die-
trich’s original equation, Eq. [8], a modified version of
Dietrich’s equation, Eq. [23], or a slightly modified
Ergun equation [22].

Bypassing along the wall must be prevented if
accurate permeabilities of CFFs are to be measured
using water flow experiments.

If the diameter of the filter is larger than the diameter
of the pipe, then CFD must be used to analyze the
impact of the expansion of the flow field on the
measured pressure drop, i.e., to determine the effective
flow field diameter for use with Eq. [1].

Care must be taken while determining how results are
mathematically correlated to prevent small percentage
errors with the large pressure drops at high velocity
from producing too much “noise” in the determination
of first-order empirical coefficients for use with the
Forchheimer equation, Eq. [1].

VII. FUTURE STUDY

Experiments should be conducted to elucidate the
change of filter pressure drop with filter thickness. This

would provide further validation that wall bypassing has
been prevented by the current experimental procedures
and/or determine the impact of bypassing on measured
filter permeabilities.

Additional experiments should be conducted with
filters produced from different suppliers and with other
filter pore densities, to attempt to improve upon the
Dietrich/modified Dietrich equations presented above.

Additional experiments could be conducted with a
low range, from 0 to 0.1 bar pressure transducer, at low
velocity (0 to 0.05m/s), to study the Darcy and
transitional regions in greater detail.

The conductivity of metals is best known and can be
most easily measured at room temperature. It is
recommended that for future tortuosity measurements,
impregnate and then cool and solidify the sample. Solid
samples can then be machined to precise tolerances, and
inductive heating experiments can then be conducted at
room temperature and low frequency to determine the
tortuosity. Water cooling can even be applied to directly
measure the quantity of heat produced and allow
operation at steady-state thermal conditions, as has
been applied elsewhere.”
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APPENDIX
See Appendix Tables I and II.
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Appendix Table I. Tortuosity Experimental Data and FEM Calculated Conductivity Ratios

Estimated Hot FEM Estimate
Filter Average Metal Metal Conductivity Experimental Experimental of Conductivity
Type (PPI) Temperature (K) Using Eq. [14] (ohm m)~' Current (A) Power (W) Ratio (o/0¢)
30 947 3.70E + 06 716.9 1462 1.50
30 1000 3.58E+06 728.0 1469 1.51
30 1048 3.50E+06 517.7 764 1.42
30 995 3.60E + 06 371.2 404 1.40
Room temperature final metal conductivity: 60.0 pct IACS, £0.2 pct, 6 counts 1.46
40 940 3.34E+06 628.5 790 2.75
40 1026 3.09E + 06 628.7 836 242
40 1033 3.17E+06 629.0 827 245
Room temperature final metal conductivity: 54.0 pct IACS, 0.8 pct, 48 counts 2.54
Likely Fe or Si Al alloy contamination from melting crucible or metal skimming tool
50 933 3.78E+06 728.3 1078 2.67
50 957 3.73E+06 727.8 1105 2.54
50 983 3.68E +06 728.0 1059 2.65
50 1021 3.60E + 06 728.2 1053 2.61
50 1044 3.56E + 06 729.2 1039 2.63
50 1052 3.54E +06 632.7 840 2.38
50 1044 3.56E + 06 632.7 854 2.34
50 1032 3.58E+06 634.0 820 2.50
Room temperature final metal conductivity: 61.0 pct IACS, £0.5 pct, 66 counts 2.54
80 948 3.68E+ 06 732.4 831 3.75
80 954 3.66E + 06 732.9 832 3.74
80 963 3.65E+06 733.6 852 3.60
80 972 3.62E + 06 733.4 814 3.80
80 979 3.61E+06 733.1 823 3.72
80 985 3.60E + 06 733.1 823 3.71
80 991 3.59E+06 732.9 832 3.63
80 994 3.58E+06 732.9 817 3.72
80 997 3.58E+06 733.0 827 3.66
Room temperature final metal conductivity: 59.7 pct IACS, +0.4 pct, 37 counts 3.70
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Detailed Permeability Experimental Results

Appendix Table II.

Ergun

Excel 2003  Excel 2003 Ergun Method Method
Viscosity Forchheimer Forchheimer Forchheimer Forchheimer 3 Forchheimer Forchheimer

Method 3

Method

Water

Water

Filter

Effective
Filter Diameter Thickness Temperature

Inlet

Length (m)

Water
Density (kg/m®)

Filter

ky (mz)
5.08E—08
5.57E—08
3.10E—08

ky (m?)
4.58E—08
7.19E—08

ky (m?)

ks (m)
5.46E—04
5.25E-04
3.38E—04

ky (m)
5.48E—04
5.18E—04
3.24E—04

k> (m)

(Pa s)
1.330E-03

1.374E—03

(K)

281.4

(m)
5

(m)
48.7

Type (PPI)

30
30
40
50
50
50
80
80

2.14E-08 5.83E—04

246E—07 5.10E—04

999.9
999.9
999.9
999.9
999.9
999.9

0.7

280.2
279.1

50.7

65.5

1.09E—07
1.63E—08

3.05E-04

1.422E-03 —2.03E—08

1.378E-03
1.426E—-03

47.7

66.0

1.57E-08 1.66E—04

1.65E—04

1.65E—04

1.84E—08

280.1

49.6

49.2

1.69E—04

1.71E-08
1.52E-08
6.52E—09
5.44E—-09

1.72E-04

1.24E-08
2.17E—-08
8.68E—09
6.58E—09

1.69E—04

1.63E-08
4.67TE—08

278.9
280.0
279.3

.6
.6

66.1

3.0

1.67TE—04 1.71E-04

1.64E—04

1.382E-03
1.413E-03
1.351E-03

49

66.1

—_

1.15E—-04
9.96E—05

1.11E-04

9.68E—05

1.08E—04

1.90E—08

50.3

49.1

—_

9.69E—09 9.45E—05

50.3 280.8 999.9

66.5
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Abstract: Experiments have been conducted
with water at velocities from ~0.015-0.77 m/s
to determine the permeability of 50 mm thick
commercially available 30, 40, 50 and 80
Pores Per Inch (PPI) alumina Ceramic Foam
Filters (CFF) used for liquid metal filtration.

Measurements were made using two
different experimental setups, i.e. the 49 mm
diameter ‘straight through’ and 101 mm
diameter ‘expanding flow field” designs.
Difficulties were encountered in regards to
sealing the ‘straight through’ design to prevent
flow bypassing, as well as defining an effective
diameter for the ‘expanding flow field’ design
for use with the Forchheimer equation.

2D axial symmetric CFD modelling, using
COMSOL" 4.2a, has been performed to show
that the two experimental designs delivered
equivalent permeability data. Based on the
obtained outcome from the modelling it has
been shown that COMSOL can give results
with <7% error by including the Forchheimer
second order term in the model for the porous
media. This was also the case for flows at high
pore Reynolds numbers.

Keywords: Ceramic Foam Filter, CFF,
Permeability, Forchheimer, CFD

1. Introduction

Inclusions in liquid aluminium can have
serious detrimental effects on the properties of
the metal as well as on the performance of
products produced from such metal [1-6].
Typical particle sizes cover a large range from
0.1 to 50 um [7].  Ceramic Foam Filters
(CFFs) have since the 1990’s been used to
filter inclusions from more than 50% of the
aluminium produced world wide [4]. A typical
CFF with 30 Pores Per Inch (PPI) is presented
in Figure 1. CFFs are normally capable of
removing particulate inclusions larger then 20
um with an efficiency exceeding 50% [8].

Commercial CFFs are typically 50 mm thick
and operate in a filter bowl with a gravity
metal head producing the driving force needed
for obtaining a flow through the filter. In this
regard, filter permeability is a key property
which determines the required metal head to
produce any given flow velocity during casting
operations.

Figure 1. Image of a 30 PPI alumina CFF used for
the filtration of liquid metal.

The permeability of new and clean CFFs
can be conveniently determined under cold
conditions using water. Water is a reasonable
analogue for liquid aluminium, having the
same dynamic viscosity at 20°C, as aluminium
at normal casting temperatures of ~700°C.
With aluminium being a light metal, the
kinematic viscosity is only different by a factor
of 2.4. It should, however, be pointed out that
measurements made with clean water can only
be directly compared with new filters.
Aluminium filtration with CFFs is normally
performed in deep mode, which limits the
increase of pressure with time. In most cases,
CFFs are changed before entering cake
filtration mode, except in the case of 80 PPI
filters and/or highly contaminated metal. The
initial drop in the pressure over the filter does
therefore ~ dominate the  hydrodynamic
behaviour of the CFFs in operation.
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2. Theory

Typical superficial flow velocities during
casting are low, i.e. on the order of 0.2-1.5
cm/s [7]. It is often assumed that only the
viscous first order Darcy term is required to
predict pressure drop at such low velocity. The
transition velocity to second order inertial
behaviour has, however, been shown to be as
low as 1 cm/s for CFFs [9]. Due to this it is
therefore necessary to know both the Darcy
and the non-Darcy terms of the Forchheimer
equation [10]:

E _H V.+ L VS2 1)
L K k,

where AP is the pressure drop across the CFF
[Pa], L the filter thickness [m], x the fluid
viscosity (which for water at 280 K is
1.382x107 [Pa-s]), V, the fluid superficial
velocity [m/s], k; the first order Darcy
coefficient [m*], p the fluid

density (which for water at 280 K is ~1000
[kg/m3]), and k; the non-Darcy coefficient [m].

Equation (1) represents the sum of the
viscous (first term) and the kinetic energy
losses (second term). Implicit in Equation (1)
is that there is flow in only the axis defined by
the direction of L, e.g. the z-axis, and that a
constant area or ‘effective diameter’ can
represent the extent of the flow field. This was
approximately true for the ‘straight through’
flow design used in

the current experiments, see Figure 2 (a), but
not true for the ‘expanding flow field” design,
see Figure 2 (b).

In order to apply Equation (1) to the 101
mm diameter experimental filters it was
necessary to solve the Reynolds-Averaged
Navier-Stokes (RANS) equation for flow in
porous media using 2D axial symmetry. This
was done to be able to account for the
expansion and contraction of the flow field in
the radial direction as the flow entered and
exited the apparatus through the attached
Plexiglas® pipes.

3. Experimental

The liquid permeability of 50 mm thick
commercial CFFs with 30, 40, 50 and 80 PPI,
were measured using water. Mass flows from
about 0.05 to 2 kg/s of water were circulated
through 46.4 mm ID smooth plastic piping,
representing Reynolds numbers from ~1200-
39000, and moving from laminar flow into
transitional and partially turbulent pipe flow in
the inlet pipe [12].

8-10 different velocities (~0.015-0.77 m/s)
were used to measure the pressure drop for
each filter. The 101 mm nominal diameter
elements were cut from full size commercial
filters using diamond bores. The 49 mm
diameter filter elements were cut from the
centre of the 101 mm filter elements, and thus
should possess the same porosity and
permeability. From the 30 to the 80 PPI CFFs
the porosity varied from 89.2% to 86.5% in a
roughly linear fashion [11].

Differential Pressure Transducer 20 cm long, Differential Pressure Transducer 20 cm long,
IZI 4mmID IZI 4mmID
102 mm dia. 102 mm dia.
2 mm thick 2 mm thick
Smooth O-ring  Pressure taps Smooth O-ring Pressure taps
Plexiglas / Plexiglas /
pipe Pipe
49.8 mm ID | / 49.8 mm ID
60 mm OD _ } _ 4 mm dia. hole 60 mm OD _ _ 4 mm dia. hole
| T R
50 mm dia. inlet
—p —and 48 mm dia. —
outlet to hold
filter in place
30, 50 or 80 . - 30, 40, 50 or 80 )
PPI commercial : | "~0.5 mm thick PPI commercial ~ —
ceramic foam = silicone grease ceramic foam 2 mn thick rubber gasket
e P S W 0l top and ot of fer
and 50 mm thick Plexiglas O-ring cellulose 1a. and 50 mm thicl Plexiglas housing g 5 i greqse  With 49 mm dia. hole
housing seal impregnated cellulose

Figure 2. (a) the experimental setup used for the 50 mm thick 49 mm diameter ‘straight through’, and (b) the 101 mm
diameter ‘expanding flow field’ filter experiments (both drawn approximately to scale). The flow is from left to
right. For further equipment details, see reference [11].
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The sealing arrangements were of critical
importance in the design of the filter housings.
It was necessary to prevent flow from
bypassing the filters along the wall of the
housing (particularly in the case of the 49 mm
diameter filters), and that horizontal flow
should be prevented from occurring in the case
of the 101 mm filters. The various seals and
gaskets used are presented in Figures 2 (a) and
(b). In the final experimental setup, high
viscosity silicone grease was used to smoothen
the outer surface of each filter, i.e. to fill the
outer-most broken or cut cells, before being
wrapped in paper and pressed tightly into the
holder. Upon contact with water, swelling of
the cellulose fibres provided an extra seal of
negligible permeability. It was necessary to
seal the entire side surface of the filter, as
normal O-rings would be unable to stop the
flow from bypassing along the wall.

The pressure transducer used during the
experiments was a DF-2 (AEP transducers,
Italy) with a 0-1 bar measuring range equipped
with a 4-20 mA output. The transducer was
factory calibrated and certified to an error of
+0.04% over the full scale from 0-1 bar, using
a 6 point calibration. The zero flow current
was established to a precision of 0.001 mA
(6.25 Pa), and the current during the flow
measuring periods were computer data logged
at 100 ms intervals by conversion to a 0-5 V
signal with a resolution of 0.001V or 0.004
mA, i.e. 25 Pa resolution. The flow rate was
determined from the slope of the gain-in-
weight with time plot of a water receiving tank
placed on a 100 kg scale having a resolution of
0.01 kg. The obtained flow rate had an error of
<0.5%.

4. Use of COMSOL

In the 101 mm diameter experimental
apparatus no predefined diameter existed to
calculate the superficial velocity to be used
with Equation (1). It was therefore necessary
to iteratively solve the equation for the
effective flow field diameter using a COMSOL
42a® 2D axially symmetric model, by
adopting the procedure presented in Figure 3.
This was done in order to correctly determine
the Forchheimer coefficients to be used with
Equation (1). For the 49 mm diameter
experimental apparatus, the Forchheimer
coefficients were determined directly from
Equation (1) and the measured pressure
gradients. The Forchheimer terms where then

used with COMSOL to determine if the same
pressure gradients could be calculated
numerically, to ensure that no fluid leakage
was occurring along the walls of the 49 mm
diameter experimental apparatus.

Models were created using the “Free and
Porous Media Flow” module, with an added
second order Forchheimer term, as well as the
“Turbulent Flow, k-¢” module with the low
Reynolds number and incompressible options.
A uniform inlet velocity and non-slip walls
were assumed. Variation of the inlet
conditions were experimentally tested by using
L/D ratios from 22 to 65, and were found to
have no influence on the obtained pressure
gradients. The system pressure was defined by
setting one point at the apparatus outlet as
being at zero Pa gauge pressure. Velocity
fields were used to define the boundary
conditions between the two turbulent flow
domains and the porous media domain.

Measure: AP, Diameter,
L, Mass Flow,
Temperature (i.e. 4 and p)

Guess an
effective
diameter

I

Calculate .
kyandk, |offective diameter

CFD s
flow field, o
AP/LvS. V measured:

!
‘Effective’
—» diameter
is correct

Figure 3. The FEM CFD procedure applied to the
101 mm experimental results to determine the
Forchheimer parameters &; and k,[11].

The geometry used was a representation of
the apparatus shown in Figure 2, using
measurements with a precision of 0.1 mm.
Boundary meshes (5 layers) were inserted
along the outer walls where high velocity
gradients were anticipated. “Normal” fluid
mechanical controlled triangular mesh was
used elsewhere. Tighter meshes were tested
and found to result in increased computational
time and to have negligible influence on the
reported results.
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The pressure gradient was determined in
the z-axis, by using the COMSOL ‘probe’
function, to establish the local pressure at the
precise locations of the side wall pressure taps,
see Figure 2.

5. Results

The obtained experimental pressure
gradients for the 101 mm diameter filters, with
long (3 m) and short inlet (1 m) lengths, are
presented in Figure 4. The results for the 49
mm diameter filters are similar in appearance
and have been published elsewhere [11].

The summary of the obtained Forchheimer
coefficients for the 49 mm and 101 mm
diameter filter elements are given in Table 1.
Excellent agreement is shown between the
values directly calculated from Equation (1),
i.e. from the 49 mm results and those obtained
by using the procedure shown previously in
Figure 3, and the 101 mm filters.

A sample calculation at 0.5 m/s inlet
velocity has been performed using both the
FEM models for the 101 mm and 49 mm
diameter filter elements. The effect of the
expansion of the flow on the velocity field for

60000

the 101 mm filter element is clearly indicated
in Figure 5 (a). The resulting decrease in
velocity reduced the pressure gradient for the
101 mm filter element to 501 kPa/m, when
compared with the 49 mm filter element with
1612 kPa/m, both at an inlet velocity of 0.5
m/s.

Table 1: Empirically Calculated (49 mm)
and Numerically Derived (101 mm)
Forchheimer Coefficients for Equation (1) [11].

FEM
Actual | Effective Eq.1 Eq.1
Filter Filter | Flow Field| Forchheimer | Forchheimer | Inlet
Type | Diameter | Diameter k,; ky Length
(PPD) (m) (m) () (m) (m)
30 48.7 N/A 5.08E-08 5.46E-04 1.0
30 101 65.5 5.57E-08 5.25E-04 1.0
40 101 66.0 3.10E-08 3.38E-04 1.0
50 49.2 N/A 1.57E-08 1.66E-04 1.0
50 101 66.1 1.71E-08 1.69E-04 1.0
50 101 66.1 1.52E-08 1.71E-04 3.0
80 49.1 N/A 6.52E-09 1.15E-04 1.0
80 101 66.5 5.44E-09 9.96E-05 1.0

In Figure 6 comparison is made between FEM
calculated and measured results for all
experimental velocities, showing individual
errors between 0% and 7%, as well as average
errors between 0.6% and 4% for each filter

type.

Pa
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Figure 4. Experimentally measured pressure gradients for the 101 mm ‘expanding flow field” design [11].
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Figure 5. Comparison of calculated flow fields for 50 PPI CFF, i.e. for (a) the 101 mm ‘expanding flow field” and
(b) the 49 mm ‘straight through’ designs, both at a 0.5 m/s uniform inlet velocity and for 280 K water temperature.
The results are shown with a common 0-1 m/s colour scale.
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Figure 6. Comparison of FEM calculated and measured pressure gradients, indicating typical errors of <4% for
each filter type. S is for a short inlet (1 m) and L is for a long inlet (3 m), as shown previously in Table 1 [11].

6. Discussion

The use of boundary meshes proved
critical to achieve an acceptable agreement
between model and experimental data,
particularly for the ‘straight through’ 49 mm
diameter experimental apparatus. For
example, if the results shown in Figure 5 are
recalculated without boundary meshes, an error
of -18% is obtained for the 49 mm diameter
experimental apparatus, and -8.2% for the 101
mm case. Smaller errors of ~+1% can be
generated by using inappropriate slip wall
boundary criteria, or by using significantly
biased inlet flow conditions, rather than the
assumed uniform inlet velocity.

Discrepancies between the k; and &k
derived with the help of numerical methods
(expanding flow field), and those directly
determined experimentally (straight through),
were on average within 5%, with no individual
difference exceeding 17%. Deviations were
such that they were compensated, i.e. a high &;
value was compensated by a lower k, value,
resulting in nearly identical total pressure drop
for each superficial velocity.

It proved critical to avoid using the
automatic second order correlation function

built into Excel, as it resulted in errors being
concentrated into the first order term k;, and
produced physically meaningless results, e.g.
negative k; values. Dividing the measured
pressure gradient by velocity, and using a
linear regression gave improved results. The
best results, i.e. those shown in Table 1, were
obtained by (i) guessing k;, (ii) subtracting the
first order term from the total gradient, (iii)
performing an exponential regression, and (iv)
iterating until the desired exponent of 2.00000
was obtained for the second order term [11].

7. Conclusions

A high level of agreement was achieved
between the experimental and the 2D axial
symmetric CFD FEM results for both the 49
mm diameter ‘straight through’ design and the
101 mm diameter ‘expanding flow field’
design. Errors in the range of +0-7% on
predicted pressure drop for individual readings
were obtained in both cases.

The agreement obtained between the FEM
model of the 49 mm filter apparatus, using the
analytically derived Forchheimer coefficients
and the experimental data, indicated that there
was negligible bypassing of the filter media by
the water during the experiments.
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The agreement obtained between the
analytical 49 mm and the ‘numerical’ 101 mm
Forchheimer coefficients indicated the success
of the iterative procedure applied in the present
study to deduce the effect of the expanding
flow field on the resulting pressure gradients of
the 101 mm filter media.

It has been demonstrated that COMSOL
can perform CFD calculations under
demanding circumstances with a high level of
precision, i.e. under high variation in Reynolds
numbers, as well as when using both normal
fluid flow and porous media.
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Abstract

The major drawback of the use of Ceramic Foam Filters
(CFF) for purification of aluminum is their low efficiency for
particles in the range of 10-30 um. The application of
electromagnetic force from an induction coil in combination
with a filter can cause back mixing and recirculation through
the filter media. In the present work an experimental set-up
has been designed, built and verified by studying the
meniscus behavior of molten aluminum under varying
magnetic field strength. Batch type filtration experiments
with 30 ppi CFF were also conducted with and without a
magnetic field using an A356 aluminum alloy containing
20% anodized and lacquered plates, as well as 20%
composite material (A356 base and 15% SiC particles with
size range 10-50 um). The presence of a magnetic field has
proven to have both an effect on the build up of the filter
cake, as well as on the re-distribution of particles within the
filter.

Introduction

Due to increased demand for clean high-performance
aluminum products, it has become an increasingly important
task to reduce the level of impurities, and especially
inclusions, in aluminum melts. It is a well known fact that
non-metallic inclusions not only form porosity, but also result
in stress concentration, which in turn may affect the static and
dynamic properties of aluminum alloy products[1-2].
Traditional processes such as gravity sedimentation/flotation,
degassing, flux refining and filtration, have difficulty meeting
the cleanliness levels demanded in many applications, due to
their low efficiency in removing micrometer-sized
inclusions[3].

El-Kaddah et.al[4] presented the concept of combining
electromagnetic separation with filtration to enhance the
inclusion removal efficiency. They did, however, not provide
sufficient experimental verification of the idea.

In the present work an experimental set-up including several
different induction coils has been designed and verified with
respect to the generation of magnetic pressure and hence flow
using a 50 Hz AC field. The molten metal meniscus behavior
has also been studied as a way of directly evaluating the
influence of the magnetic field on the molten metal sample.
Different coil designs and a number of different currents were
used. It was hoped to qualitatively observe mixing, the size of
the meniscus and how great a magnetic pressure that could be
developed, without damaging the apparatus or excessive
overheating the molten aluminum. In order to demonstrate
the effect of back mixing of the fluid through the filter media,

batch filtration tests have been conducted with and without a
magnetic field.

Theory

The use of electromagnetic fields is an emerging technology
for the production of high-quality aluminum alloys with
increased melt cleanliness[5]. Electromagnetic fields provide
a means of influencing separation processes, without physical
contact and added risk of contamination. The liquid metal
will be acted upon by the electromagnetic Lorentz force

1?" (N/m®) inducing motion:

F=JxB O]
- -

where J is the induced current density (A/m?), and B the

magnetic flux density (also simply referred to as the magnetic

field (T)). In addition to generating motion the
electromagnetic field will also heat the metal.

The convective flow induced in the liquid metal by the axial
variation of the electromagnetic field of a short coil, may
adversely affect the separation process[6]. In Figure 1, the
variation of the axial magnetic field along the coil length for
various coil diameters to length ratios, evaluated using the
Biot-Savart Law for an empty coil, are presented. It can be
seen in Figure 1, that longer coils give a more powerful
magnetic field, which can be very homogenous over much of
their length, but with significant end effects. Shorter coils
give less axial variation and overall weaker fields, as well as
more radial variation of the magnetic field strength (not
shown). The possible impact this has on the separation
process is not clear; however, it could be expect that a very
short coil behaves differently from a very long coil.

Bo/Bxo

0 0.1 02 03 04 0.5 06 07 08 09 1
Relative Length
Diameter over Length Ratio for Coil
[==- o 03 06— 1 15-=-2——3-x5|

Figure 1. Relative (short coil/equivalent length of infinite
coil) axial magnetic flux density for an empty coil is plotted
against the shape at constant current and turns per unit length.
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In a short coil, the presence of the work piece alters the
strength of the axial component of the magnetic field in the
air gap, due to the reduced coil aperture. Kennedy et. al.[7]
have successfully used Equation (2) to estimate the strength
of the axial magnetic flux density in a short coil, accounting
for the length of the coil and the presence of the work piece:

By* = kn™ By = kn™* pto Hoo = k™ pto Ne 1./ 1. 2)

where By* is the axial magnetic flux density in the air gap of
a short coil containing a work piece (T), B, the magnetic flux
density of an equivalent length of infinite coil without a work
peice (T), ky* a modified shortness correction factor for a
loaded coil, y, is the magnetic permiability of free space = 4
7 107 H/m, N, is the number of coil turns, Z. is the coil
current (A) and 1. is the length of the coil (m).

Vaughan and Williamson[8] developed an equation for a
modified short coil correction factor, to account for the
presence of the work piece:

k* =ky (1-[Dy/DJ’) + [D,./ DJ’ 3

where ky is the Nagaoka coefficient, D,, the diameter of the
work piece (m), and D, the diameter of the coil (m). The
Nagaoka coefficient is a theoretical factor, which accounts
for the reduced strength of the magnetic field in an empty
short coil and it has been tabulated elsewhere [9-10].

For the dimensions of typical induction coils, the Nagaoka
coefficient can be conveniently estimated by the Wheeler
formula[11] as reformulated by Knight[12]:

kN = 1/[1 + 0.4502 (Dc + 8¢) / Ic)] @)

where J, is the electromagnetic penetration depth in the coil

(m).

The magnetic flux density in the air gap is extremely
important as it directly relates to the magnitude of the
electromagnetic pressure P, (Pascals) that can be developed
as follows:

Pm=B0* 2 /(2 po ur) 5)

One problem associated with the electromagnetic separation
techniques is the difficulty in generating large Lorentz forces
deep within a highly conductive metal. This is especially true
for AC fields at high frequencies, due to the skin effect:

8=/ fuom])"™’ ()

where p is the electrical resistivity (ohm m), f'the frequency
(Hz) and g, is the relative permeability of the metal (1 for
aluminum).

The electromagnetic penetration depth (d) is reduced in
proportion to the square root of the frequency (I/\f), as
presented in Figure 2 and Equation (6). As can be seen from
Figure 2, the penetration depth becomes very small at high
frequency, e.g. ~1 mm for pure liquid aluminum at 100 kHz,
while at mains frequencies of 50 or 60 Hz, it is ~35 mm. For
magnetically thick samples (Radius/0>3) the magnetic flux
density declines nearly exponentially with each penetration
depth, resulting in that only a negligible flux remains after
about 3 penetration depths. As a result of this, it is therefore
not possible to produce significant Lorentz forces deep within
a thick work piece of a high conductivity metal at high
frequency.
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Figure 2. The electromagnetic penetration depth is plotted
against the frequency for solid and liquid aluminum.

The use of high frequency does, however, improve the
efficiency of induction heating by increasing the ratio of
(Radius/o) for a fixed work piece radius. Overheating of the
work piece will then limit the amount of current and hence
the magnitude of the magnetic field that can be effectively
used.

Conducting experiments at mains frequencies, i.e. 50 or 60

Hz, have therefore the following significant advantages:

*  deep electromagnetic penetration, and

«  powerful magnetic fields without overheating of the
work piece.

Experimental

Set Up

Two separate coil designs were produced for use with the
meniscus and batch experiments. One coil was a traditional
“long” coil (Coil 1), and the other an unusual multi-layer
“short” coil (Coil 2), as pictured in Figures 3 a) and b). The
multi-layer coil was specifically designed to produce the
most powerful magnetic field possible over the desired length
of the sample, using the available power supply. The
specifications for the coils are given in Table 1.

Table I. Specifications for the long (Coil 1)
and multi-layer coil (Coil 2).

Coll1 | Col2 | Coll2z | Coilz | Colz | Coll2
Coils:| Expt2 | 21 2-2 23 |21+2:2|22+23
Tnside diameter, mm| 118 126 140 153 126 140
Average diameter, mm| 124 132 146 159 132 146
Height, mm| 300 104 105 105 107 108
Coll copper tube diameter, mm| _6.35
Coil copper tube thickness, mm| 0.762
Number of tuns|_41.0 | 155 | 1565 | 155 310 310
Measured inductance of empty coil,pH| 717 | 251 | 200 | 332 | 1033 | 119.9
Measured resistance at maximum load, ohms| 0.0319 | 0.00928] 0.01018 | 0.01126 | 0.01962 | 0.02193
Avg. Coil at maximum load, Deg C:| 62 23 23 25 23 27

The various sub-coils in Coil 2 could be placed in series or
parallel to achieve the most advantageous configuration. The
strongest magnetic fields (~0.2 T), as well as the most stable
thermal operation, were achieved when the two inner coils
were electrically connected in series and operated at the
maximum available voltage (~28 V) with the water cooling in
parallel and flowing counter currently. A cooling water flow
of approximately 3-4 m/s was obtained at 4-6 Bar line
pressure.
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b
Figure 3. Photographs of a) the traditional long coil (Coil 1),
and b) the multi-layer coil (Coil 2).

The transformer used as the power supply was limited to a
nominal voltage of 30 V and a maximum of 1500 A. Due to
the high resistance of the coils, it was not necessary to
compensate the power factor on the secondary side using a
capacitor bank.  Electrical measurements were conducted
using a Fluke 43B Power Quality Analyzer. In Experiments
1 and 2, a 500 A Fluke current probe was used. This probe
was however, replaced with a Fluke i11000s AC current probe,
with an accuracy of 1% and a precision of 1 A, on all
subsequent experiments. The amount of energy entering the
liquid metal was determined by subtracting the power lost in
the coil (measured empty) from the total power of the system
while operating with liquid metal. Electrical values were
qualitatively verified using batch calorimetric measurements,
which agreed within the accuracy of ~ 5%. For Experiment
2, the obtained values for the current, as well as the power are
only indicative as the current probe was used outside of its
linear range (readings were later adjusted by calibration
against the 11000s probe).

The experimental apparatus were constructed using two
lengths of BIMEX 400 fiber riser supplied by Intermet
Refractory Products Ltd., with a nominal inside diameter of
102 mm, an outside diameter of 120 mm, and a length of 150
mm. The two lengths were joined together using Fibrefrax
moldable cement. The bottom portion of the apparatus was
imbedded in a sand mold to provide a leak free bottom.

Refractory blocks
Approximately 8.6

/kg

to balance possible

Bimex 400 fibre
crucible, nominal
102mm inside dia.,

300 mm high \

2 inside coils (2-1 and 2-2)
with 16.5 turns cach,

magnetic over
pressure (maximum
0.16 Bar).

30 PPI Ceramic
— Foam filter, 50mm thick

125 mm inside dia., 105 mm dia.

~108 mm high,

Casting sand
~25mm up
into crucible 5
Figure 4. a) A schematic diagram of the batch test apparatus,
and b) a photograph of the same.

In the meniscus experiments the coil was positioned in such a
way that the bottom of the coil was in level with the top of
the sand inside the fiber risers. In the batch filtration
experiments, a CFF was cemented in at the junction of the
two risers, as shown in Figure 4a). The coil was positioned
in such a way that the mid-line of the coil (and the strongest
point in the magnetic field) was in level with the bottom of
the filter.

Alloy

A standard non-grain refined A356 alloy was used for the
study of the meniscus behavior. The chemical composition of
the alloy is given in Table II.

Table II. The chemical composition of the A356 alloy in wt.
%.

Alloy | Si Mg | Fe Mn Zn Ti Al
type

A356 | 7.03 | 0.41 | 0.091 | 0.008 | 0.005 | 0.11 | Bal

For the batch filtration tests a feed recipe was prepared
containing: 60% A356 alloy, 20% anodized and lacquered
plates, and 20% A356 composite material containing SiC
particles with a size range 10-50 pm. For the meniscus tests,
as well as the filtration tests, the alloy was melted in an
induction oven at 750 °C.

Two filtration tests were conducted with 30 ppi CFF, i.e. one
test with and one without a magnetic field, in the set-up
shown in Figures 4a) and b). Maximum voltage was applied
to the coil i.e. ~28 V, for ten minutes after pouring the molten
metal. The power was then stopped and the sample solidified.

Results and Discussion

Meniscus tests

Four meniscus experiments and one batch filter test using
magnetic field were conducted as summarized in Table III.

Table III. Summary of experimental results

Magneti Theoreticall  Liquid

Total | Load | Flux |Magnetic| Metal Average
Voltage|Current| Power [Power| Density | Pressure Depth  [Meniscus|Temperatud

Coil V) AW IW| @M Bar) (mm) (mm) (oC)

1 42 4140 | 260 016 5 1 N/A

s
1

2| thicker insulatior] 27.9¢ 16536 | 680 .047 5 E 808
3 2(1+2 in series) | 28.1 11900] 1270 .16 8 7 774
4 meniscus | 2 (1+2 in series) | 144 3155 | 460 0.049 4 4 650
100 over and 100
l4 batch filtef 2 (142 in series) | 2823 | 723 122001930 020 | 0.15 | underthe filer | N/A 709

The aluminum was, as previously mentioned, heated to
750°C and added to the unheated crucible where it cooled to
~710°C. Coil 1, the traditional long coil, was used initially.
In the first experiment the lowest available voltage (14 V)
was used, and in the second experiment the highest (28 V). It
was not known at the time if sufficient heating could be
produced to hold the sample temperature at either voltage.
The meniscuses produced in the first and second experiments
are presented in Figure 5a) and b).

-

; « 5 5
Figure 5. The meniscus measurement with long coil (Coil 1)
with a magnetic flux density equal to a) ~0.06 T, and b)
~0.11 T.

It was established that the long coil (Coil 1) was just capable
of compensating for heat losses at the lowest voltage, i.e. 14
V, with 260 W delivered for heating the sample. No
temperature control was, however, possible. At the highest
voltage, i.e. 28 V, 680 W was produced heating the sample to
over 850°C within about 10 minutes. The power was

194



periodically interrupted during the experiment to avoid
excessive overheating.

Between experiments 1 and 2, it was found necessary to
improve the electrical insulation of the coil, by the addition of
a glass fiber sleeve. This caused the length of the coil to
change slightly from 275 to 300 mm, and the inside diameter
from 120 to 118 mm.

Based on the first experiments, it was realized that a more
powerful magnetic field could be produced if the coil was
shortened, and if a multi-layer coil was used (giving similar
total conductor length and impedance). Fabricating a coil in
segments gave more electrical flexibility, and better cooling
could be achieved as the length of each segment was shorter
and more cooling water could be supplied at the available
line pressure.

The inner two layers of the multi-layer coil arrangement (Coil
2) were used in Experiments 3 and 4, first at the highest
voltage and subsequently at the lowest. The meniscus
formed at the highest magnetic field strength was reduced in
diameter and increased in height as presented in Figures 6a)
and b). Its motion was extremely dynamic, and it had a
tendency to fall onto the side of the coil missing 'z of a turn.

Figure 6. The multi-layer coil (Coil 2) with a magnetic flux
density of a) ~0.20 T, and b) ~0.12 T.

The experimental data obtained from Experiment 3 and 4 are
summarized in Table III. The meniscus heights as a function
of the estimated magnetic flux density in the air gap between
the coil and the work piece are plotted in Figure 7.
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0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

Estimated air gap magnetic flux density, T
Figure 7. The obtained meniscus height (+/- Smm) is plotted
against the magnetic flux density estimated using Equation
(2) for the long coil (Coil 1) and the multi-layer coil (Coil 2).

For the long coil (Coil 1) a greater meniscus height was
created for a given magnetic flux density as the coil, and
therefore the axial magnetic field, extended well beyond the
aluminum pool. With the multi-layer coil (Coil 2), the
aluminum was pushed up and partly out of the coil by the
magnetic pressure. The observed meniscus height with the
multi-layer coil, at the maximum transformer voltage, was
sufficient to create back mixing through a filter depth of ~ 50
mm thickness.

Most of the Lorentz forces generated due to Equation (1) are
dissipated due to viscous forces (flow) and this results in
much less than the theoretically possible height increase in
the liquid metal, as indicated in Table III (~10-30% of
theoretical was observed).

Batch tests

In order to observe the largest possible difference between
the gravity and the magnetic batch tests, the highest available
voltage (~28 V) was applied to the coil to create the most
powerful magnetic field possible. By adopting Equation (2),
the magnetic flux density in the air gap between the coil and
the work piece was estimated to be ~0.2 T.

The filter element was positioned in such a way that the
bottom of the filter was located in the position of the highest
magnetic flux density, as shown in Figure 1. It was believed
that this would cause a maximum upwards flow through the
filter element.

In the batch filtration tests it was found necessary to pre-heat
the filter before starting the experiment to avoid an initial
blockage under gravity conditions. Under the influence of
the magnetic field preheating was, however, not required due
to the resulting conditions caused by the field. The
experimental data collected during the magnetic filtration
experiment are also summarized in Table III.

During the batch test it was established, that with a sufficient
metal height over the filter it was possible to avoid the
formation of an excessive meniscus when under the influence
of a stronger magnetic field. This experimental condition
could be used to reduce the degree of oxidation and dross
formation caused by the melt circulation. The degree of melt
circulation was established to be so intense, that some of the
sand from the bottom of the crucible was drawn from the
sand base of the experimental set-up and dispersed into the
liquid metal phase located beneath the filter, see Figure 4.
Sand particulates were in fact lifted and pushed into the
bottom of the filter element giving proof that intense back
mixing was taking place during the experiment. The sand
base at the bottom of the crucible remained, however, intact
during the gravity filtration experiment. The cross section of
the bottom part of the ingot with and without the influence of
a magnetic field is presented in Figures 8a) and b).

obtained from the batch filtration tests a) with a magnetic
field, and b) without a magnetic field.

The cross section of the filter media obtained from the
experiments with and without a magnetic field is presented in
Figures 9a) and b). In the sample influenced by the magnetic
field it was established that the center part of the filter media
at the top had been worn down as a result of the strong
upward melt circulation through the filter. The filter media
with the gravity pouring conditions showed, however no sign
of degradation.
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Figure 9. The cross section of the filter media obtained from
the batch tests a) with a magnetic field, and
b) without a magnetic field.

Representative  Scanning  Electron Microscope (SEM)
micrographs of the filter cake with and without the influence
of a magnetic field are presented in Figures 10 a) and b). It
can be seen from the figure, that there are more SiC particles
present in the filter cake in the sample poured under gravity
conditions, while the SiC particle density is less in the sample
poured and stirred with the magnetic field. It is assumed that
the SiC particles, in this case, were more evenly dispersed
due to the upward flow of the aluminum caused by the
magnetic back mixing.

i = v — T
o 5 NIt Py S mw ERhRes ®

Figure 10. SEM mlcrographs of the filter cake a) with a
magnetic field, and b) without a magnetic field
(magnification X 100).

Conclusions

An experimental set-up has been designed and verified for
the fluid re-circulation under different transformer voltages
and coil designs. The largest meniscus height was observed
using a multi-layer coil arrangement and a maximum
transformer voltage of 28 V. Melt circulation under the
influence of a magnetic field has proven to be effective in
distribution of SiC particles.

Future Work

In industrial casting operations, a bulk flow field is produced
in the filter by the gravity flow of metal, passing though the
filter at a velocity of ~1 cm/s[13]. An example from the
literature[14] is presented in Figure 11, indicating that a
magnetic field should be capable of generating an internal
flow velocity an order of magnitude greater than the normal
industrial flow velocity range. Additional parametric studies
will be conducted to explore the influence of the magnetic
field on aluminum and inclusions flowing through a filter
element.
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Abstract: Conventional Ceramic Foam Filter (CFF) technology has some difficulties in removing fine particulates (e.g. <20
um) from liquid aluminium. In the present work the filtration behaviour of 30, 50 and 80 ppi CFF filters have been studied in
the presence of magnetic fields in the range of 0.06-0.2T, produced by induction coils operated at 50 Hz. A feed recipe
containing 90 wt. % of the aluminium alloy A356 doped with 10 wt. % A356 composite, containing 15 wt. % SiC particles
with a particle size ranging from 13 to 23 pm, was used. When the results obtained for the experiments conducted under the
influence of a magnetic field where compared with similar reference gravity filtration experiments profound changes were
observed in the distribution of particulates within, over and below the filter. Significant improvements in the wetting
behaviour of the liquid metal to the CFF surface were also observed. It is believed that a successful change in filtration
mechanisms is obtained as a result of the presence of the Lorentz forces and the metal recirculation produced by the magnetic
field. The magnitude of the Lorentz forces, i.e. the magnetic pressure, are in the present work discussed in relation to the
filtration results, and quantified based on experimental data and validated 2D axial symmetric Finite Element Modelling
(FEM).

Keywords: electromagnetic, filtration, Ceramic Foam Filter, CFF

1. Introduction

Premium quality aluminium castings require a high level of metal cleanliness, and are crucial for critical structural
components. The development of more efficient filtration methods for liquid aluminium is therefore essential in order
to produce very clean aluminium, i.e. have conditions that allows for particulates down to 10 um to be removed. As a
result, the particulate removal efficiency of CFF’s has become a subject of interest.

The generation of a magnetic field by an induction coil in combination with a CFF causes recirculation of the melt
through the filter media, modifying the inclusion separation. Applying an alternating magnetic field produced by a
solenoid has clearly several advantages, i.e. (i) avoidance of contamination by physical contact with the stirring device,
(i1) no sub-cooling during filtration, (iii) better priming of the filter element with a lower metallic head, and (iv)
subsequently higher casting rates for high pores per inch (ppi) filter grades [1].

In the present study the influence of the magnetic field on the priming and wetting ability that the aluminium alloy
A356 has on the ceramic surface of the CFF will be studied, as well as the possible impact it may have on the filtration
mechanisms inside the ceramic filters by analysing the distribution of the 13-23 um SiC particles. 2-D axial symmetric
COMSOL" (Version 4.2) models and analytical modelling will be performed to estimate the heat and Lorentz forces
produced, as well as to study the flow pattern induced in the melt inside of the filter elements.

2. Materials and Experimental Methods

In the present experimental set-up the time varying magnetic field induces currents in the molten metal that is
contained in the apparatus. The cross product of the induced current and the magnetic field generates in turn a
magnetic pressure, and the gradient of the flux density along the axis of the coil creates a pressure gradient. The
pressure gradient results in a curl which then induces a bulk flow in the metal. The curl of the Lorentz force is highly
dependent on the conductivity of the metal and the effective conductivity of the metal within the CFF, which is
reduced due to the tortuosity and porosity of the filter. The induced liquid metal velocity within the CFF can be
determined by using the fluid permeability of the filter media. Due to the high induced velocity within the filter both
the Darcian and Non-Darcian permeability terms are required to be solved for the resulting flow field using a Finite
Element Model (FEM). A review of the pertinent theory [2], the experimental development [1], and the validation [3-
4] of the COMSOL® induction heating/magnetic field model [5] have already been published earlier by members of
the present research group. The details of the model computations are beyond the scope of the present paper and can be
found elsewhere [3-5].

Bach filtration experiments were conducted using ~5000 g of molten charge, i.e. 90 wt. % of the aluminium alloy
A356 doped with 10 wt. % A356 composites, containing 15 wt. % SiC particles with a particle size ranging from
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13 to 23 wm. The melt was heated to ~750°C in a

high frequency induction furnace, i.e. one separate 40,1434 40,5823 Type KThe"“GCOUPles
melt for each batch filtration experiment. The 0,14 inserted in top and bottom
experimental filtration set-up was energized at 50

COMSOL® flow simulation
showing the Lorentz forces and

/ the velocity in m/s

Bimex 400 Fibre Risers,
_ ~102 mm Inside,
150 mm High.

Hz, and the molten metal was poured into the 0,5
apparatus until a metallic head of ~100 mm above
the filter was reached. For each filter grade,
experiments were conducted at 3 and 10 minutes
treatment times. Gravity reference experiments were
also performed for each filter grade. Special trials to
investigate the required gravity priming height of the

0,1

. ; 0,08 Double Coil
different grade CFF’s studied were also executed.
. . . ~140 mm Avg. O,
For the metallographic evaluation of the obtained o .
126 mm © Inside,
results 12 samples were extracted from each of the 0,06 .
112 mm Height,

filter elements. Scanning Electron Microscopy
(SEM) was used to analyse the samples using the
Back Scattered Electron (BSE) mode. The magnetic 0,04
field density was estimated using FEM by

integrating from the bottom to the top of the

innermost coil along the surface of the work piece, 0,02
and the average Lorentz force along the surface of

the filter integrated from the bottom to the top of the

filter. The Lorentz force obtained under the filter o
was, however, integrated from the bottom of the

liquid metal to the bottom of the filter.

6mm tube-0, 31 turns

Ceramic Foam Filter

30, 50 or 80 PPI

50mm Thick, 100 mm &
Re-usable

Casting Sand
Alumina Ceramic
Plate, 20 mm thick

In Figure 1 the experimental apparatus used (i) for Figure 1: Presently adopted experimental setup with COMSOL®™ FEM simulation

: : i of the flow field (arrows and shading), as well as the Lorentz forces (cones), for a
the 50 and 80 pp1 experiments, (1 1) for the FEM 50 ppi CFF. The applied conditions are summarised in Table 1. A detailed
calculated flow ﬁeld. for a 50 ppi CFF, and (iii) for description of the coil design has been presented in earlier papers by members of
the FEM calculated induced Lorentz forces on the the present research group [2-51.

outer surface of the work piece is presented. It should be mentioned that due to the effect of the Lorentz forces, the
flow velocity inside the filter is estimated to be one order of magnitude higher compared to normal industrial casting
conditions (as indicated in Figure 1). Typical experimental data and FEM model results are summarised in Table 1.

Table 1: Summary of experimental and modelling data obtained using a magnetic field and various CFF grades. The apparent porosity has been calculated
from the total filter density (e.g. 0.47 g/cm’) and the density of the ceramic particles (i.e. 3.48 g/cm’).

CFF | Temp Apparent Metal Amps FEM FEM Effective Average Surface Lorentz Force
. o Porosity Conductivity Magnetic Calculated Resistivity of Filter Filter/Under-Filter

(ppd) | (°O) (%) (MS/m)®! A Field (T)  Power (kW) (Ri/Ry) (10*N/m®)

30 727 89.3 3.22 715 0.166 1.70 1.5 10.8 / 10.9

50 765 86.3 3.16 719 0.156 1.54 2.5 548 / 11.0

80 705 86.5 3.26 718 0.157 1.44 3.7 251/ 114

3. Results and Discussion
3.1 Priming and wetting

CFF’s are normally operated in a “filter bow]” and are primed using a gravity head of liquid metal with a
recommended pre-heating procedure. In other words, the gravity head forces the metal into and through the CFF,
displacing much of the entrapped air. The poor wetting characteristics of alumina by aluminium [7], and the need to
remove the trapped air, can lead to difficulties at the start of the filtration process (particularly with high pore density
filters). The typical heights of industrial priming heads are, for different grades of commercial filters, plotted in Figure
2. As can be seen from the figure, the presence of an electromagnetic field secures a significant reduction in the
required metal head during priming.

In Figures 3 a) and b) metallographic pictures of the 50 and 80 ppi CFF’s after a gravity priming experiment with
100 mm metal head above the filter element is presented. As can be seen from the figures the experiments failed and
the molten metal solidified over the filter elements with nearly complete lack of penetration of metal into the filters.
This was, however, expected based on the industrial priming data presented in Figure 2.
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Figure 2: The presently measured priming height from the electromagnetic field experiments are plotted as a function of the filter cell size. The measured
priming height from earlier publications has been included as a comparison [8].

When applying a magnetic field of ~0.16 T, the filters studied were nearly perfectly primed and wetted using the same
100 mm of metal head, see Figures 3 c) and d) representing the results obtained for 3 and 10 minutes treatment time.
The SEM micrographs obtained shows a greatly improved wetting, as well as successful removal of gas with an
increased electromagnetic stirring time. The electromagnetic priming phenomena are now the subject of an US patent
application filed by the present authors [9].

3.2 Particle redistribution

For gravity filtration it is common to observe a dense filter cake above the CFF, as well as bridging and clogging in
the upper part of the filter. Profound changes in the distribution of particles, both inside and below the filter

Figure 3: Unsuccessful gravity experiments with (a) 50 ppi CFF’s and (b) 80 ppi CFF’s. Fully primed and well wetted filters were obtained after 3 minutes
of electromagnetic stirring, for (c) 50 ppi CFF’s, and for (d) 80 ppi CFF’s shown as half filter sections. Complete gas removal was obtained after 10
minutes of electromagnetic stirring for 80 ppi CFF’s. The arrows represent the flow direction of the melt.

media have, however, been observed in the present work due to the influence of the electromagnetic field, see Figure
4. As can be seen from the figure, when using electromagnetic forces the highest particle density obtained was
observed in Area 2. In addition, the backflow of the melt caused by the curl in the Lorentz forces has resulted in Area 3
also having a higher concentration of particles. Area 4, however, was nearly particle free due to that clean metal re-
enters the filter from below.
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Figure 4: Observed distribution of particles in a 30 ppi half filter section and the FEM estimated flow field (arrow) inside the filter media. The numbers
mark the areas clockwise starting at the centre on the top (Area 1) and ending in the centre below the filter (Area 4). In Area 2 the highest density of
particles was observed, followed by Area 3 and Area 1 with a more or less equal distribution of particles. Nearly no particles were observed in Area 4. The
original gravity feed of metal was from the top to the bottom.

4. Conclusion

The present study has proven that by applying an electromagnetic field a substantial improvement of the wetting
between alumina and liquid aluminium in 30, 50 and 80 ppi CFF’s can be obtained with a significant reduction of the
required metal head. Nearly perfect priming of high pore density filters was demonstrated. A redistribution of particles
inside the CFF was also observed. Based on this it is clear that the electromagnetically induced bulk flow secures that
the filter media do not clog, and changes the filtration mode from cake-filtration to deep-bed and in-bed-cake-filtration
for the high pore density filters.
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Electromagnetically Modified Filtration of Aluminum
Melts—Part |: Electromagnetic Theory and 30 PPI
Ceramic Foam Filter Experimental Results
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In the present work, laboratory-scale continuous filtration tests of liquid A356 aluminum alloy
have been performed. The tests were conducted using standard 30 PPI (pores per inch) ceramic
foam filters combined with magnetic flux densities (~0.1 and 0.2 T), produced using two dif-
ferent induction coils operated at 50 Hz AC. A reference filtration test was also carried out
under gravity conditions, i.e., without an applied magnetic field. The obtained results clearly
prove that the magnetic field has a significant affect on the distribution of SiC particles. The
influence of the electromagnetic Lorentz forces and induced bulk metal flow on the obtained
filtration efficiencies and on the wetting behavior of the filter media by liquid aluminum is
discussed. The magnitudes of the Lorentz forces produced by the induction coils are quantified
based on analytical and COMSOL 4.2% finite element modeling.
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I. INTRODUCTION

A typical aluminum melt normally contains a large
number of small non-metallic inclusion particulates, less
than or equal to 50 um in size. These include particles of
oxides (Al,03), spinels (MgO-Al,03), and carbides (SiC,
Al4C;), with a higher melting point than the host metal.
The presence of these inclusions in the aluminum melt
not only reduces the static and dynamic mechanical
properties of the material but also decreases the corro-
sion resistance and has detrimental effects on the surface
finish of the end product. Non-metallic inclusions can
also act as nucleation sites for hydrogen porosity.l")
Remelting of post-consumed and process aluminum
scrap also reveals new challenges not only in relation to
environmental issues but also with respect to the metal
yield and quality.

Removal of inclusions from liquid aluminum alloys is
today an important melt treatment process. The increas-
ing demand for high purity aluminum components to be
used in the automotive and aviation industry, as well as
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for construction and electrical purposes, has put a strain
on the manufacturers to produce cleaner aluminum.
Attention is therefore being given to finding new or
improved processes and/or process routes for the removal
of non-metallic inclusions from aluminum melts.”!

Many different methods for the removal of inclusions
from molten aluminum already exist, i.e., (i) settling, (ii)
flotation, (iii) degassing, and (iv) liquid metal filtration.
Each of these methods is capable of removing a size
range of inclusions, but the methods are generally
ineffective at removing inclusions of <10 ym and each
have unique process limitations.!

The filtration process has a complex mechanism
influenced by hydrodynamic factors such as fluid flow,
turbulence, surface and body forces, as well as chemical
and metallurgical interactions between the inclusions,
the filter media, and the liquid metal. These filtration
mechanisms are not thoroughly understood and deeper
theoretic and experimental analyses are needed to
explore the potential for improving the cleaning effi-
ciency of the filter media.! In the aluminum filtration
process, the most frequently used filter media are
ceramic foam filters (CFFs).

The principle of electromagnetic separation by Lor-
entz forces (J x B) was described mathematically in
1954 by Leenov and Kolin.’! A schematic representa-
tion of the Lorentz forces and the reaction forces acting
on a non-conducting particle in a curl-free magnetic field
is presented in Figure 1. Figure 1 does not represent the
geometry used in the current work, but is meant to be
illustrative of the electromagnetic principles applied. In
this concept, non-conductive particles migrate through
the melt in a direction opposite to the Lorentz forces
produced by the cross product of a homogeneous
magnetic field and a uniform current distribution. The
non-conductive particles present in the fluid will expe-



rience a pressure gradient created by the Lorentz forces,
but not the Lorentz forces themselves. This will cause
the particles to migrate in a direction counter to the
Lorentz forces. An early example of the application of
this technique was reported in 1968 by Vilinskas and
Schiltz,'! i.e., the removal of zirconium oxide spheres
from liquid sodium. Various methods of applying this
principle in metallur%ical processing were patented by
Conti et al. in 1989.!

There are several studies reported in the literature
illustrating the migration of oxide and SiC inclusions
under the influence of electromagnetic fields.”*'?! Based
on metallographic examinations, it has been established
that in the presence of an electromagnetic field, the
particles are collected into the stagnant hydrodynamic
boundary layers. While the potential of this innovative
method has been demonstrated in small batch tests, its
implementation in industrial application under contin-
uous flow conditions has not been reported for alumi-
num. A significant problem at present is that powerful
and curl-free Lorentz forces are difficult to achieve in
industrial practice.!'”!

In 1990, El-Kaddah et al.l'"*'* presented the concept
of combining electromagnetic separation with filtration
to control secondary mixing effects and to enhance the
inclusion removal efficiency. Sufficient experimental
verification of this concept was, however, not provided
at that time. A more recent patent application on the use
of flow modifying devices of a high collection area has
been filed by other researchers.!'®

The current authors have recently shown that the melt
circulation through the filter media is driven by the
strong curl present in the Lorentz forces.!'” A figure
indicating the electromagnetic field and Lorentz forces
present in the filtration apparatus used in these exper-
iments (as modeled with the commercial finite element
code COMSOL 4.2®) is shown in Figure 2. If a standard
induction coil of constant pitch is used in such an
experiment, a large curl is always present in the Lorentz
forces due to strong coil end effects (i.e., practical coils
are not infinite in length). The magnitude of the curl in
the experimental apparatus is increased by the reduced
effective electrical conductivity of the filter element itself.

Fig. I—The Lorentz forces (Fr) and the reaction forces (F,) acting
on a non-conducting particle in a curl-free magnetic field. Note the
impact of the particulate on the current distribution (J/ = current
density (A/m?); B = magnetic flux density (T); ¢ = liquid phase
electrical conductivity (S/m); g, = particulate electrical conductivity

(S/m)).

For the 30 PPI filters used in these experiments, there is
~50 pct higher electrical resistance or 33 pct lower
effective electrical conductivity inside of the filter due
to the obstructions (tortuosity) and reduced conducting
area (Forosity), as has recently been reported else-
where!" In Figure 2, the impact of the variable
“effective” electrical conductivity between the metal
and filter regions is very clearly indicated by the shape
and intensity of the electromagnetic field and the
resulting magnitude of the Lorentz forces produced, as
indicated by the length of the arrows. The resulting curl
is figuratively illustrated by the rotating dotted circle.

With strong melt flow driven by the Lorentz forces, it
was expected that the melt recirculation and not the
Leenov-Kolin “pinch” effect would dominate the distri-
bution of the particles over, within, and under the filters
used in these experiments. Only at the outer wall, where
velocities are low (i.e., in the hydrodynamic boundary
layer) and the Lorentz forces are maximized, is it
reasonable to assume that magnetic particle migration
may occur under the influence of the “pinch” effect.

In the present study, an experimental setup was
designed for laboratory-scale continuous filtration flow
testing. The tests were conducted with standard 30 PPI
CFFs under the influence of a magnetic flux density of
~0.1 and 0.2 T. One reference gravity flow test was also
conducted for comparison. A new analytical expression
of the time average Lorentz forces will be presented and
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Fig. 2—Actual experimental geometry showing a COMSOL 4.2%
simulation of the RMS magnetic flux density (T) as well as the rela-
tive magnitude of the Lorentz forces acting on the surface of the test
samples (solid arrows) for Coil #2. The direction of the expected
bulk aluminum circulation is marked as a dotted circle with arrows.
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compared with finite element modeling using COMSOL
4.2®. The filter elements used in the filtration flow tests
were characterized using standard metallographic tech-
niques. Overall quantitative filtration efficiency and
efficiency as a function of particle size are reported for
gravity reference and high field strength conditions using
a computerized macro-automated photographic particle
analysis technique.

II. THEORY

Leenov and Kolin™ derived the following equation
describing the reaction force acting on a low conduc-
tivity particle present in a high conductivity fluid when
subjected to a curl-free Lorentz force field:

3 g—o0 nd:
Fo——2>27% ™p 1
22 +0, 6 " (1]

where F, is the reaction force experienced by the par-
ticulate (N), Fy is the Lorentz force acting on the fluid
(N/m®), o is the electrical conductivity of the liquid
phase (S/m), o, is the particle electrical conductivity
(S/m), and d, is the particle diameter (m). For non-
conducting particles, Eq. [1] can be reduced to the fol-
lowing:

nd’
F.=-——LF_ 2]
8
where
FL=JxB 3]
assuming that
VxFL =0 4]

It is a well-known fact that a curl-free Lorentz force
field can be effectively produced by combining a
homogenous direct current and a non-varying magnetic
field working at 90 deg as figuratively illustrated in
Figure 1. However, if a curl exists in the Lorentz force
field, it will produce electromagnetic or magneto-hydro-
dynamic (MHD) stirring. This is referred to as the
secondary mixing effect, as observed by several investi-
gators.['**'* These mixing effects result in particles being
rapidly transported from the bulk of the melt to the
crucible walls (in crucible batch experiments) where the
stagnant hydrodynamic boundary layers exist. The
particles can then be collected into the boundary layers
through the reaction force presented in Eq. [1] or [2]. A
limited volume, however, exists within which to accu-
mulate particles and the ability of the particles to resist
re-entrainment can be questioned.

In the present study, two different induction coil
designs have been used to simultaneously produce (i) a
magnetic field, (ii) induce eddy currents to produce
resistive heating, and (iii) produce Lorentz forces
through the interaction of the magnetic flux density
and the induced currents. The eddy current density (J) is
related to the curl of the magnetic field intensity (V x H)
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and the magnetic flux density (B) as presented in the
following equation:

V xB
n

where J is the eddy current density (A/m?), H is the
magnetic field intensity (A(-turns)/m), B is the magnetic
flux density (T), and u is the electromagnetic perme-
ability of the conductive fluid, which is equal to
47 x 1077 for aluminum (H/m). Further details related
to the magnetic fields produced by “‘short” solenoidal
coils and induction heating can be found elsewhere.!'*>"!

Most coils used for induction heating are “short,”!'*!
and have a significant radial and axial variation in their
magnetic flux density. This is axially evaluated using the
Biot-Savart law”” and presented in Figure 3 in a
dimensionless form. As indicated in Figure 3, a large
variation in the magnetic flux density does exist for
“short” coils along their z-axis when the diameter to
length ratio of the coil (D.//) lies between 0.3 and 2.0,
which are typical values for induction coils.

It is the time-varying value of the local magnetic flux
density in the z-direction which induces the current in
the liquid metal in the phi direction. It should be pointed
out that this is in accordance with Eq. [5]. The variation
in the local flux density will result in a similar variation
in the local current density. In other words, an axial
variation in H and B will produce a similar variation in
J. These local variations will then combine to produce a
powerful curl in the z-direction of the Lorentz forces,
resulting in strong MHD mixing.

Lorentz forces orders of magnitude stronger than the
gravity forces can easily be generated using ‘‘short”
induction coils. This will in turn result in MHD mixing,
which will dominate the hydrodynamic flow and cause
robust recirculation. The investigation of the curl in the
Lorentz forces, and the resulting recirculation of the
melt, is the main focus of the present study.

It is important to point out that in Eq. [3], J and B are
both vectors and phasors (time-varying functions) that
can be represented by complex vector quantities, i.e., by
J and B. The phase shift between J and B changes with
the penetration depth into the workpiece, making the

J=VxH= (5]
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Fig. 3—The dimensionless flux density By/B.. (z-component) for dif-
ferent coil diameter to length ratios (D./l.) as a function of the
dimensionless coil length (x).*")



solution for the Lorentz forces challenging. The follow-
ing formula is proposed for the time-averaged values,
i.e., the real part of J x B:

[FL| = Re{J" x B} (6]

where J* is the complex conjugate of the root mean
square (RMS) current density (scalar values of A/m?)
and B is the RMS complex magnetic flux density (scalar
values of T). From the definition of the vector cross
product and the right hand rule, the time average force
is known to be in the negative r-direction. The Lorentz
component in the z-direction is in the present study
assumed to be negligible.

Inserting the relevant phi and axial components of J
and B in accordance with Eq. [3] into Eq. [6] and
applying the modified zero order Kelvin Bessel functions
will result in the following expression for the time-
averaged Lorentz forces:

* 2
FRMS = 7%’;% <w> (p(R l‘) = 7”:37/?0 H%(/)(R l‘)
c

7]

where pu, is the relative magnetic permeability with a
suggested value of 1.0000 for air, copper, and alumi-
num (unitless), po is the magnetic permeability of free
space 4 x 1077 (H/m), k¥ 1s the modified short coil
correction factor (unitless), N. is the number of coil
turns, I, is the coil RMS current (A), /. is the length of
the coil (m), ¢ is a dimensionless correction factor
accounting for the magnitude and phase shift of J and
B at depth r, 9, is the electromagnetic penetration
depth in the liquid metal (m), and H, is the average
z-component of the surface magnetic field intensity
(A(-turn)/m). The negative sign in Eq. [7] indicates an
orientation in the negative radial direction. The dimen-
sionless correction factor ¢@(R,r) can be expressed as
follows:

V2(beré,ber’¢, 4 beié,bei'é,)
ber?(¢R) + bei’(¢r)

where ¢, is the dimensionless reference depth where
the Lorentz force is to be evaluated and &g is the
dimensionless reference depth at the surface. Ber, ber’,
bei, and bei” are the real and imaginary parts of the
zero order modified Kelvin Bessel functions and their
derivatives, the solutions to which can be found using
numerical solvers["] or lookup tables.** The following
is valid for the dimensionless reference depths:

V2RV

s Cr =
()1 T 1)

P(R,r) = 8]

R &

where R is the outer radius (m) and r is the radius at
which the Lorentz forces are to be evaluated (m).
For the electromagnetic penetration depth, the fol-

lowing is valid:
1/2
N Pi
o= 10
] <7T‘Llnu()/{> [ ]

where p; is the resistivity of the liquid metal (Q m) and f
is the frequency (Hz).

Equations [7] through [10] are similar to the equations
prev1ously published by Korovin®**; however, the real
and imaginary parts have been separated in E? [8]. In
the Enghsh translations of Korovin’s work,”** the real
and imaginary parts of his equations were confounded
by the accidental omission of the V—1 and the resulting
equation cannot be used for any practical purpose. The
present authors have also modified Eq. [7] to include the
frequency adjusted “short” coil correction factor,?”
without which it is not possible to analytically estimate
the Lorentz forces with less than about a factor of two
errors, i.e.,

D -8\ <lea‘1>2
Ky =kn|1- L 11
N N( (DC+6C>>+ D + o (1]

99

where ky is the “air-core” “‘short” coil correction factor
of Nagaoka,”™ D, is the outside diameter of the liquid
metal (m), D, is the inside diameter of the coil (m), and
. 1s the electromagnetic penetration depth into the coil
(m).

The empirical formula proposed by Knight?”

k ! [12]

N 1+ 0.4502(122))

conveniently estimates the “air-core” ““short” coil cor-
rection factor to ~3 significant digits. It should be
pointed out that Eqgs. [11] and [12] are one-dimensional
correction factors. To compare the analytical results
with 2D axial symmetric finite element modeling, a line
integral must be calculated at each radial position of
interest, i.e., a line taken from the top to the bottom of
the coil.

To evaluate Egs. [7] through [12], it is necessary to
estimate the electrical resistivity of the liquid aluminum
as a funetlon of temperature. The data of Brandt and
Neuer®! have in the present study been selected for the
calculation of the electrical resistivity of the liquid metal.
Their data for metal containing 7 wt pct Si and
0.6 wt pct Mg can be represented as follows

1= pol(l + osoq [T — 894 K]) (13]

where po is the resistivity of the liquid metal at the
reference temperature 7 (Q m) 0go4 18 the temperature
coefficient of resistivity (K™'), and T is the reference
temperature [8§94 K (621 °C)]. The following values are
recommended po = 2.883 x 1077 Qm, ogos = 5.59 x
1074 K~

The conducthlty of the experimental alloy with
additions of SiC and oxide particles can be estimated
by dividing Eq. [13] by the fraction of the molten metal
excluding the additions of particles. It should be noted
that Eq. [13] only gives the resistivity of the metal and
cannot be used to estimate the effective resistivity within
the filter media. The “effective” resistivity of the filters
must be found experimentally due to the reduction in
the conducting area produced by the non-conducting
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ceramic filter and the increased tortuosity. Values for 30
to 80 PPI filters have been found to be 1.5 for 30 PPI,
2.5 for 40 PPI, 2.5 for 50 PPI, and 3.7 for 80 PPI,
expressed as a ratio to the metal resistivity.”!

In Figure 4, the correction factor, ¢, calculated from
Eq. [8], is plotted for different values of the dimension-
less radius, r/R, as a function of the dimensionless
reference depth at the surface, {g. As can be seen from
the figure, at larger values of &g, a higher value is
obtained for the correction factor, ¢, at the surface. It
can also be seen that the correction factor ¢ decreases
rapidly with the penetration into the liquid metal.

For a fixed outer radius, R, a large dimensionless
reference depth, g, corresponds to a low electromag-
netic penetration depth, ¢;, and thus a high frequency, f.
At high frequencies, the magnitude of Eq. [7] becomes
very large at the surface (due to the low electromagnetic
penetration depth obtained in the denominator as well
as the high value of the correction factor, ¢), and the
obtained electromagnetic force becomes very powerful,
but confined to a thin layer, i.e., the Lorentz force
boundary layer. This effect is clearly seen in Figure 5
where the time average Lorentz forces, Frms, are
plotted against the dimensionless radius, r/R, for differ-
ent values of the dimensionless reference depth at the
surface, &g, equivalent to frequencies from 16 Hz to
14.4 kHz.

III. EXPERIMENTAL

A. Coil Specifications and Electrical Measurements

Experiments were conducted using a flow test appa-
ratus with two different coil designs for high and low
magnetic flux densities (~0.1 and 0.2 T). For compari-
son, one gravity experiment was also performed in the
same apparatus. Each of the coils used in the present
experiments was constructed from copper tubing with
6 mm inner diameter and 1 mm wall thickness. The coils
were electrically insulated using a 0.7-mm-thick high
temperature glass fiber sleeve and wrapped with glass
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Fig. 4—The solution to Eq. [8] as a function of the dimensionless ra-
dius (r/R) for different values of the dimensionless reference depth at
the surface (g).
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fiber tape to prevent vibration. Detailed information on
the coils is summarized in Table 1.

Electrical measurements (kW, kVA, V, A, and cos ¢)
were taken using a power analyzer from Fluke, USA
(Fluke 43B), with a resolution of 0.1 kW. Current
measurements were made with an inductive current
probe from Fluke, USA (i1000S), with an accuracy of
+1 pct and a resolution of 1 A. The coil resistance was
determined first without the liquid metal present, when
operating at steady state conditions. The electrical
parameters were then measured under actual test con-
ditions with the presence of liquid metal. The net power
input to the liquid metal was further determined using
the measured current and the obtained change in the
measured resistance.

B. Setup

The experimental apparatus was constructed using
three lengths of BIMEX 400 fiber riser supplied by
Intermet Refractory Products Ltd., U.K., with a nom-
inal inner diameter of 102 mm, an outer diameter of
~125 mm, and a length of 150 mm. The three lengths of
riser tubes were joined together using Fibrefrax® mold-
able cement.

In the continuous flow filtration experiments, a
30 PPI CFF was cemented into the junction of the two
bottom risers, as shown in Figure 6. The coil was
positioned in such a way that the mid-line of the coil and
the strongest point in the magnetic field were in line with
the bottom of the filter, as shown in Figures 6 and 7.
The bottom section of the apparatus was glued to a
20-mm-thick ceramic alumina plate, in which a 3.2-mm
hole was drilled to provide a flow control orifice.
Casting sand was placed around the coil and the fiber
riser tubes to ensure proper insulation of the equipment
assembly and further to avoid the risk of any molten
metal leakage during testing.

The temperature over and under the filter was
measured using Inconel-sheathed K type thermocou-
ples. The liquid metal flow through the filter per unit
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Fig. 5—Comparison of the time-averaged Lorentz force estimates
from Eq. [7] and from COMSOL 4.2%. The calculations were per-
formed for 100 mm in diameter of liquid A356 alloy (with 4 pct
non-conductive solids) at 980 K (707 °C) using 932 A in a “‘short”
coil (Coil #1).



Table 1.

Summary of Data for Single and Double Layer Coils

Coil #1 Coil #2
Coils Single Coil Double Coil
Inside diameter (mm) 126 126
Average diameter (mm) 132 140
Height (mm) 111 107
Diameter to height ratio 1.18 1.31
Coil copper tube diameter (mm) 6 6
Coil copper tube thickness (mm) 1 1
Number of turns 16.5 31.0
Measured inductance of empty coil (uH) 27.6 103.3
Measured resistance at maximum load (Q) 0.01082 0.01962
Avg. coil temperature at maximum load [K (°C)] 316 (43) 296 (23)

A 0185 4 0T Type K Thermocouples

inserted in top and bottom
COMSOL? flow simulation
showing the Lorentz forces
and the velocity in m/s
3 Bimex 400 Fiber Risers,
- ~102 mm & Inside,
150 mm High.
Double Coil
~140 mm Avg. @,
/ 126 mm @ Inside,
107 mm Height,
6 mm tube-@, 31 turns
L 30 PPI Ceramic Foam Filter
50 mm Thick, 100 mm &

Re-usable
Casting Sand
Alumina Ceramic
«~ Plate, 20 mm thick

3.2 mm discharge hole

0l

Fig. 6—A schematic drawing of the flow test apparatus with COM-
SOL® FEM simulation of the flow field (arrows and shading), as
well as the Lorentz forces (cones), for a 30 PPI CFF in the absence
of bulk flow, i.e., in “batch” mode.

Fig. 7—Photographs of the flow test apparatus: («) the double coil
and fiber crucibles with alumina base plate and (b) the apparatus
fully assembled.

time was determined by measuring the weight change as
a function of time on a 100-kg scale with an accuracy of

0.01 kg. The temperature and weight values were
recorded using a digital logger system.

During the experiments, metal was continuously
added to maintain 250 mm of metal head over the filter.
This was continued until the supply crucible (which had
a capacity of 18 kg) was empty. The tests were termi-
nated when the metal ceased to flow from the bottom
orifice of the apparatus.

C. Materials and Sample Analysis

A standard non-grain refined A356 alloy was used for
all the continuous filtration flow tests. The chemical
composition of the alloy is given in Table II.

For the flow filtration tests, a feed recipe was prepared
containing 60 pct A356 alloy, 20 pct anodized and
lacquered plates, and 20 pct A356 composite material
containing 15 wt pct SiC particles with a reported size
range of 13 to 23 um. The feed recipe alloy was melted
in an induction furnace at a target temperature of
1023 K (750 °C). The melt was skimmed to remove the
dross formed on the surface of the melt prior to pouring
into the flow test apparatus. The dross consisted mainly
of thick oxide films originating from the added anodized
and lacquered plates.

For the filter element metallographic investigations,
the filter media were cut into five slices using a high
speed water jet. After cutting, the specimens were
mounted in a cold mounted resin and further sanded
using SiC-based papers (P80-P4000 Grit) to a surface
finish of 5 um. After sanding, the samples were polished
using diamond suspensions with nominal grain sizes of 3
and 1 um, each for 2 minutes with the lowest possible
force on a polishing disk. Ethanol was used as a
lubricant during the polishing, until a mirror-like
surface finish was obtained. The hard SiC particles
and soft aluminum matrix made developing a successful
polishing method challenging.

The quantitative filtration efficiency for both gravity
and electromagnetic field operation was determined in a
second round of experiments, using 90 pct by weight
A356 alloy and 10 pct by weight of the same A356
composite material containing SiC particles as used
previously. A large batch of 150 kg of melt was
produced in a graphite mixer-agitated resistance heated
furnace for use with several experiments. The anodized
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Table II. Chemical Composition of the A356 Alloy in Weight Percentage

Alloy Type Si Mg Fe Mn Zn Ti Al
A356 7.03 0.41 0.091 0.008 0.005 0.11 bal
plates were eliminated due to the quantity of dross they 1050 15
produced and the significant loss of SiC particles that 1000 e
resulted. The initial quantity of SiC was reduced by 950 ==
50 pct for these experiments. * 900 4 - — 10 o

Rapidly solidified metallographic samples were ana- g 8504 P — .
lyzed from before (eight samples averaged) and during % 800 4 = ol
the flow filtration trials (two each for gravity and gm0 s
electromagnetic field operation averaged, taken during 004 o
the initial constant flow velocity phase). Quantitative 6o - — Weight

. . . . . 600 + 0
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determined using a series of digital images taken from
the rapidly solidified samples. The samples were
machined flat, polished to a mirror-like finish using
the same procedure as for the filter sections, and
optically analyzed using an LEICA MEF4M white light
microscope, equipped with a Jenoptic ProgRes-C10
Plus, 10 MP digital camera. 40 pictures at 10 times
magnification were taken of each sample and computer
analyzed using Image-Pro® Plus Version 7.0 macro-
automated image processing and analysis software. The
software ran a macro to load and analyze all the pictures
for each sample as a batch to determine the number and
area of each individual particle and the fraction of the
total area of the sample occupied by particulates.
Overall efficiency (E) could be determined by
comparing the normalized count of particles (i.e.,
particles per total area) before and after filtration.

Normalized Count In — Normalized Count Out

Eioal = -
total Normalized Count In

(14]

Efficiency by size (Egjze fraction x) Was determined using
the equivalent spherical particle diameters in the ranges
from 2 to 5, 5 to 10, 10 to 15, 15 to 20, and 20 to 25 um
and comparing the particle counts before and after
filtration for identical photographic areas.

Normalized Count Inge fraction x — Normalized Count Outgie fraction x

Time, s

Fig. 8—Gravity test experimental data.

magnification used. Below 2 um, “objects” like den-
drites and scratches began to be counted in addition to
particles.

IV. RESULTS AND DISCUSSION

The obtained results from the gravity experiment are
plotted in Figure 8 and the obtained results from the
experiment using the highest magnetic flux density, i.e.,
Coil #2 at ~0.2 T, are plotted in Figure 9. As can be seen
from the figures, a decrease in the feed metal temper-
ature with time was obtained. In the case of Coil #2,
however, the outlet temperature remained stable due to
the resulting induction heating effects. In the case of the
gravity experiment, the outlet temperature proves to
have equalized with the inlet temperature, which also
declined throughout the experiment. It can also be seen
from Figures 8 and 9 that the discharge rates were
slightly higher in the experiments performed under the
influence of a magnetic field. This is believed to be due

Esize fraction x =

Normalized Count Inge fraction x

[15]

The equivalent spherical particle diameter is the
spherical particle with the same area as the observed
particle, correcting for the fact that the observed particle
has been cut at a random “latitude” by the machining
and polishing. The stereoscopic effects have been cor-
rected by multiplying the obtained particle diameters by
the average correction factor of V1.5 approgriate for
spherical particles cut at a random location.*”!

Particles less than 2 ym could not be counted by this
automated method with any precision for the 10 times
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to thermal/viscosity effects or the magnetic pressure
produced by the Lorentz forces.

All the experimental values logged during the present
study are summarized in Table I11. It should be pointed
out that the resistivity values presented in Table III are
for the metal alone and that the electromagnetic
penetration depth in the metal phase has been adjusted
to allow for 96 pct of the theoretic conducting area, i.e.,
the presence of non-conducting particulates. The metal-
free space velocity over the filter area was 15 mm/s in



the case of the gravity discharge and 20 mm/s in the case
of the coil operation.

In Table IV, the magnitude of the Lorentz force is
analytically estimated by using Eqgs. [7] through [13].
The obtained results are compared to the data generated
from the finite element modeling using COMSOL 4.2°.
Both solutions indicate that the Lorentz forces are
approximately one order of magnitude greater than the
gravity forces. As a result, the Lorentz forces can be
assumed to dominate the hydrodynamics of the process.

It should be pointed out that as the COMSOL 4.2
model is 2D axial symmetric, there is no exact corre-
spondence between the geometry in the experimental
setup and the model. A 17 turn coil (Coil #1) was used
to model the experimental coil of 16.5 turns. In the case
of the two-layered coil (Coil #2), one 16 turn layer and
one 15 turn coil layer were used to model the two 15.5
turn layers of the experimental coil. For Coil #2, Egs. [7]
through [13] were numerically solved taking the average
coil diameter located between the two coil layers into
consideration. These equations are only valid for a
single layer coil; however, this procedure has even
proven to give good agreement between the calculated
and measured power input (discrepancies of +10 to
20 pct).

— ————————Poweroff on Coil #2
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Fig. 9—High magnetic field experimental data obtained for Coil #2
at ~0.2 T, i.e., the highest magnetic flux density.

In the absence of the ““short” coil correction factor,
i.e., the result of Eq. [11], errors of more than a factor of
two would be experienced in the estimated Lorentz
forces using Eq. [7]. It should be noted that the Lorenz
forces estimated using both COMSOL 4.2% and Eq. [7]
are evaluated only at the surface, i.e., radius = R, and
represent an averaged or integrated value over the full
height of the coil. In this comparison, the effect of the
filter was excluded as Eq. [7] does not allow for variable
electrical conductivity, i.e., metal was assumed along the
full coil height.

A representative magneto-hydrodynamic (MHD)
simulation has been performed for Coil #2 using
COMSOL 4.2 and is included as part of Figure 6.
The flow field was calculated for the physical parameters
presented in Table V. A separate article describes the
careful measurement of pressure drop, Forchheimer
equation®! parameter derivations, and the filter phys-
ical characterization (porosity and effective electrical
conductivity measurements} required to ensure the
validity of the simulation.[*’

In Figure 6, the flow field resulting from the curl in
the Lorentz forces can now be clearly seen from the
arrows in the liquid metal and filter domains. The
velocities in the two domains are shown by the two scale
bars, indicating a maximum velocity in the liquid metal
of 0.73 and 0.19 m/s in the filter media. The filter
velocity is approximately one order of magnitude larger
than normal velocities encountered in the gravity
filtration of aluminum by CFFs, showing the dominat-
ing influence of the electromagnetic Lorentz forces on
the resulting flow field.

A. Filter Cross Sections

In Figures 10(a) through (c), representative cross
sections of the filters used during the flow tests are
presented. In the case of the filtration tests performed
under gravity conditions, almost no wetting is obtained
in the top section of the filter, while some wetted grains

Table III. Summary of Experimental Data

Average Equation [13] Equation [10]
Voltage Current Power Net Power Temperature Estimated Metal Feed Recipe
Experimental Case \%) (A) (kW) (kW) [K (°O)] Resistivity (Q m) 8 (mm)
Coil #1 13.30 932 10.0 980 (707) 3.02E—-07 39.9
Coil #2 28.58 715 12.7 1005 (732) 3.06E—07 40.2
Gravity N/A N/A 0 959 (686) N/A N/A

Table IV. Comparison of Calculated Lorentz Force Estimates from Analytical Equations and COMSOL 4.2%

Equation [11] Calculated Equation [9] Equation [7] COMSOL
Short Coil Average £r and &, at Lorentz Forces Estimate of
Experimental Correction Factor Air-Gap Flux Surface Equation [8] at Surface Lorentz Force
Case (unitless) Density (T) (Unitless) ¢ (Unitless) (kN/m?%) (kN/m?)
Coil #1 0.725 0.126 1.77 0.351 —111 -93
Coil #2 0.697 0.181 1.76 0.351 —229 —182
Gravity N/A 0 N/A N/A 0 0
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Table V. Summary of Data Used in FEM Flow Field Simulation

Model Criteria Value Units References
Forchheimer Darcy term, k, 5.08 1078 m? [29]
Forchheimer non-Darcy term, k, 5.46 1074 m [29]
Filter total porosity, ¢ 0.892 Unitless [29]
Liquid metal density, p 2390 kg/m? [46]
Liquid metal viscosity, u 1.0 mPa S [47]
Ometal-CONtaining particles 3.14 MS/m [28]
Filter resistance ratio, ogiier/Ometal 1.5 Unitless [18]
Current, 715 A —
Frequency, f 50 Hz —
Coil #2 — —

Fig. 10—Filter cross sections from flow tests performed under differ-
ent experimental conditions, i.e., (¢) gravity, (b) low magnetic flux
density (Coil #1), and (¢) high magnetic flux density (Coil #2).

are observed at the bottom section, see Figure 10(a).
Even from the filtration tests performed with low
magnetic flux density (Coil #1 at ~0.1 T), non-wetted
grains are obtained at the top section of the filter, but
complete wetting is observed at the bottom section, see
Figure 10(b). Filter grains are completely wetted by the
molten metal when performing the filtration tests with
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high magnetic flux density (Coil #2 at ~0.2 T), see
Figure 10(c). The presented cross sections clearly dem-
onstrate the effect that the magnetic field strength has on
the molten metal when filtered through a conventional
non-conductive filter media.

B. Particle Distribution Inside the Filter

In Figures 11 to 14(a) through (c), representative
optical micrographs resulting from gravity flow tests
and high magnetic flux density tests, using Coil #2 at
~0.2 T, are presented. As can be seen from Figures 11(a)
and 12(a), the filter cake is intact and dense in the case of
the gravity filtration test, while the cake is disrupted and
less dense in the case of filtration under the influence of a
electromagnetic field. It can also be seen from the figures
that there are more SiC particles present on top of the
filter in the sample poured under gravity conditions,
while the SiC particle density is less in the sample poured
and stirred with the electromagnetic field. Under gravity
conditions, there is clearly no wetting of the filter grains
in the central regions of the filter, while complete wetting
is obtained in the case of filtration combined with a
“strong” electromagnetic field. Another observation is
that more particulates are found at the bottom of the
gravity filtration sample, see Figure 11(c), compared
with the bottom of the electromagnetically stirred
sample, see Figure 12(c). This is believed to be due to
the “strong” upward flow located in the central part of
the filter, as shown in Figure 6.

C. Filter Side Wall

In Figures 13 and 14(a) through (c), the comparison
between the SiC particle distributions inside the filter
media and along the filter side walls for the gravity flow
test, as well as the high magnetic flux density test with
Coil #2 at ~0.2 T, is presented. As can be seen from the
micrographs, the wetting conditions are visibly im-
proved by the application of the electromagnetic field
during filtration. It is, however, qualitatively observed
that the number of particles collected along the filter side
wall in the gravity filtration experiment is less than in the
case of the filtration combined with the electromagnetic
forces. It is believed that particles are transported and
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Fig. 11-The SiC particle distribution, inside the filter media along
the filter center line, resulting from the gravity flow tests. The overall
direction of flow is from the top to the bottom of the figure. The
magnification for each of the micrographs is 50 times.

collected at the filter side wall as a direct result of the
strong upward fluid circulation through the filter center
and the downward circulation along the side wall,
caused by the strong curl present in the Lorentz forces,
as shown in Figure 6.

D. Quantitative Filtration Efficiency

The Image-Pro® Plus Version 7.0 software success-
fully counted the areas of >93 pct (when compared
against a meticulous manually controlled count) of the
individual particles from each micrograph for sizes
>2 pum. Representative initial and final micrographs are
shown in Figures 15(a) through (c). The adjusted
equivalent spherical particle diameters have been mea-
sured for each sample and assembled into histograms of
particle count in and out for both the gravity and the
electromagnetic experiment using Coil #2, as shown in
Figures 16(a) and (b).

The overall filtration efficiencies for both the gravity
(0.844) and the electromagnetic filtration experiment
(0.472) have been calculated using Eq. [14], and the
results have been plotted against “typical” results for the
same type of 30 PPI commercial filters in Figure 17. The
obtained overall filtration efficiencies are found to both
be within the wide range of expected performance for
this type of commercial filter. The gravity result is
located very near the maximum and the electromagnetic
result is toward the average of the “typical” values.
Given that both are within the normal range, it is
difficult to reach a firm conclusion, although the
preliminary data appear to indicate a decrease in the
overall filtration efficiency for the electromagnetic
experiment.

Empirical models of filtration proposed for this type
of CFF are of the following form!**:

—KoL
Esize fraction x = 1- e( VO ) [16]
f

where Eg,e fraction » 18 the fractional collection efficiency
of size fraction, x, based on observed particle counts in
and out using Eq. [15]; K, is an empirical constant (1/s)
for each range of sizes, having reported values of©*? 0.205
for 15 to 20 pm, 0.250 for 20 to 25 um, and 0.283 for 25
to 30 um particles; L is the filter thickness (mm); and V;
is the interstitial velocity of the melt within the filter
(mm/s). Typically, K, is determined from LiMCA data in
and out and such data are not available for sizes <15 yum
due to limitations in the measuring principle applied.

Based on Eq. [16], it would be expected that individ-
ual and overall filtration efficiency will vary inversely
proportionally to the aluminum *“casting” rate in the
range of typical velocities from 3 to 19 mm/s.*?! The
high efficiency found for the gravity filtration experi-
ment is likely explained by the fact that a low interstitial
velocity on the order of 2 mm/s was used when
compared with typical filtration velocities.

The low efficiency of the electromagnetic experiment
could also be expected in light of Eq.[l16] and the
extremely high flow velocities induced by the curl in the
electromagnetic Lorentz forces inside the filter region,
ie., 10 to 189 mmy/s, as shown previously in Figure 6.
The higher melt velocities may have broken internal
“bridges,” which typically form during deep filtration in
CFFs as shown in Figure 18,57 or re-entrained material
collected at the walls and hence elutriated previously
collected particles from the filter.
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Fig. 12—The SiC particle distribution, inside the filter media along
the filter center line, resulting from a high magnetic flux density test
(Coil #2 at 0.2 T). The overall direction of flow is from the top to
the bottom of the figure. The magnification for each of the micro-
graphs is 50 times.

If the fine nature of the particles used in this

experiment is taken into account, Eq. [16] would indi-
cate that the overall observed electromagnetic filtration
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Fig. 13—The SiC particle distribution, inside the filter media along
the filter side wall, resulting from gravity flow tests. The overall
direction of flow is from the top to the bottom of the figure. The
magnification for each of the micrographs is 50 times.

efficiency (0.472) is representative of a bulk velocity of
about 12 mm/s. Given that the actual range of velocities
induced by the Lorentz forces was up to 15 times higher,
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Fig. 14—The SiC particle distribution, inside the filter media along
the filter side wall, resulting from the high magnetic flux density test
(Coil #2 at 0.2 T). The overall direction of flow is from the top to
the bottom of the figure. The magnification for each of the micro-
graphs is 50 times.

this could indicate that bulk recirculation of the melt
driven by the Lorentz forces or “enhanced” removal by
the Leenov-Kolin “pinch” effect in the hydrodynamic

boundary layer at the sides of the filter may have had a
compensating effect. More optimized results might be
experienced by testing alternate filters with different
permeability, utilizing a different magnetic flux density
or alternate coil configurations (e.g., variable pitch),
producing different magnitudes and curls of the Lorentz
forces.

Particle efficiency by size has been calculated for both
the gravity and the electromagnetic filtration experi-
ments using Eq. [15] and plotted in Figure 19. Results
indicate that each experiment has both different overall
efficiencies and also substantially different variation of
efficiency as a function of particle size. In the case of
gravity filtration, the efficiency is relatively constant,
increasing slightly with particle size in the size range of 2
to 25 um. In the case of the electromagnetic experiment,
the filtration efficiency decreases monotonously with
increasing particle size. An examination of the micro-
graphs presented in Figures 11 through 15 indicates a
high degree of agglomeration of individual particles. It
may be that particle agglomerates are formed (during
the master alloy solidification or during remelting) and
can be subsequently collected, with some common
efficiency, rather than as individual particles being
collected with differing efficiencies. In Figure 20, a
typical “‘cluster” or agglomerate from the “cleaned”
side of the electromagnetic filtration experiment is
shown. Expanded bifilms are often observed decorated
with numerous particles over, inside, and under the
filters.**) Bifilms appear to play a role as a “scaffold,”
building bridges across the open windows within the
filter porosity and may play a role in the overall
filtration efficiency, as has been described in previous
investigations.*"

The decrease of efficiency with increasing size in the
case of the electromagnetic filtration may be due either
to greater re-entrainment at the high velocities induced
by the electromagnetic Lorentz forces or more likely due
to rapid settling of the largest particles once they have
made their “first pass” through the filter, i.e., large
particles and agglomerates are more likely to settle once
below the filter and not have a second or third chance at
“re-filtration” due to bulk fluid recirculation as shown
in Figure 6. The decrease in efficiency with increased
particle size is a strong indication that bulk recirculation
and not the Leenov-Kolin effect is “maintaining” the
overall efficiency at these high interstitial velocities
during the electromagnetic filtration.

Clustering or agglomeration effects with SiC as
well as other particles, such as intermetallics®” and
TiB,,** have been reported many times in the literature.
These clustering effects lead to rapid settling of partic-
ulates in liquid aluminum, at rates about an order of
magnitude higher than would be expected from the
Stokes law. Stokes law is only valid for freely falling
individual particles. This rapid particle settling was also
observed during batch testing conducted as part of this
study.®¥ 1t is hypothesized that these clustering effects
dominate the filtration efficiency of particles in the size
ranges used in this study, which would invalidate models
based on single particle efficiency and negate the value
of so-called “particle tracking” using MHD-FEM.

35,36]
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(a) before filtration

(b) after gravity filtration

(C) after electromagnetic filtration

Fig. 15—Representative micrograph («) before and (b) after gravity
and (c¢) electromagnetic filtration at ~0.2 T, taken at 10 times magni-
fication with a light microscope.

Cluster effects emerge in processes when the particle
density becomes high enough (highly likely just over or
inside of a filter), or the level of turbulence becomes
large enough, for particles to have a high probability of
“encountering” and interacting with one another, for
example to minimize their net surface energy. These
“particles” can be liquid organic media in solvent
extraction mixer-settlers, liquid metal prills in molten
slag containing furnaces, or even solid particles in gas-
particle cyclones. These effects have become better
known within particle-gas physics for highly loaded
cyclones, where particles at and below 1 yum can be
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Fig. 17—Overall filtration efficiency for 30 PPI gravity and electro-
magnetic experiments, plotted vs “typical” industrial filter perfor-
mance, for the same type of commercial filters.*”!

Fig. 18—Particle bridges formed during filtration of aluminum.*”)

collected with extremely high efficiency when cyclones
are ogﬁ)erated with high inlet loadings due to cluster-
ing.®! These solid “clusters™ are not broken up in such
cyclones, even with many gs of gravity force, so it is
further hypothesized that the clusters encountered in the
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Fig. 20—SiC Agglomerates found in the “cleaned” metal taken from
the outlet of the 30 PPI electromagnetic filtration apparatus.

current experiment will not be deagglomerated by the
mixing effects induced by the curl of the Lorentz forces.

Previous publications could not be found giving
filtration efficiency by size in aluminum for the range
of particles used in this study, as the industry standard
LiMCA equipment has difficulty to accurately detect
particles below 20 um.P****1 The macro-automated
computerized optical analysis technique used in this
study may offer a reasonable way to explore the
efficiency of filtration for very fine particles in molten
metal processes.

V. CONCLUSIONS

The powerful mixing caused by the curl in the Lorentz
force fields (produced by “short” induction coils) has a
profound impact on the wetting behavior and resulting
distribution of SiC particles during filtration of liquid
aluminum using CFFs. In the case of electromagnetic
stirring, fewer particles have been found on top of the
filter, and more particles were located close to the side
walls of the crucible. The higher velocities induced inside
the filter by the influence of the Lorentz forces appear to

have resulted in a reduction in the overall filtration
efficiency from 0.844 to 0.472, for the 30 PPI commer-
cial CFFs used in this study, and a significant change in
the variation of the particle filtration efficiency with size.

The filtration efficiencies have been reported as a
function of size using a macro-automated computerized
optical analytical procedure suitable for very fine
particulates from 2 to 25 um. The observed efficiency
of filtration for the very fine particulates used in these
experiments was higher than expected (e.g., 0.844 for
gravity) and did not appear to vary substantially as a
function of particle size under gravity filtration condi-
tions. Clustering effects appear to create agglomerates of
fine particles, which are subsequently collected with high
and nearly uniform filtration efficiency. This would not
be possible to measure using industrial measuring
devices of the LIMCA type as agglomerates would be
counted as individual “large” particles.

A new analytical expression for the time-averaged
Lorentz forces has been proposed, incorporating a
frequency modified “short” coil correction factor which
shows good agreement with estimates found using finite
element modeling (COMSOL 4.2%).

VI. FURTHER WORK

In order to better understand and optimize the
electromagnetically modified filtration process, the
physical (permeability at high velocity and porosity)
and electrical conductivity properties of CFFs must be
combined into a MHD model of the type shown in
Figure 6. The physical and electrical properties of CFFs
from 30 to 80 PPI have been measured, modeled
analytically and using CFD, and reported in a separate
article.*”]

The obtained efficiency for gravity and electromag-
netic filtration, using 30 to 80 PPI filters at both low and
high bulk filtration velocities, has been measured and
will be reported in a future publication.*? Results are
compared with flow fields computed with MHD mod-
eling using validated filter properties and with represen-
tative micrographs.

Practical implications of the current research on the
design and operation of cast house filter equipment and
a detailed description of the optical anal}lsis technique
are to be published in future articles.***
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