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ABSTRACT

Metal cleanliness 1s 4 major concern of today’s aluminium industry. The metal
cleanliness is related to the number and size of nonmetallic inclusions
suspended in the liquid metal. A sensor, submerged in a liquid metal bath,
produces a characteristic electrical signal during the passage of a particle
through its Electric Sensing Zone (ESZ). On-line analysis of these signals
enable melt particle size distribution to be derived. The present study focuses
on s1ignals obtained during application of such a sensor to aluminium melts.

Both the sensor aad the preprocessing stages of the signal are described. A
mathematical modet of the high pass filtering transfer function is developed in
the time domain to predict its role in modifying the raw signal's transient
waveforms

Classes of signal trunsients are identified and described in anticipation of
furtherdevelopment based on pattern recognition techniques. Signal
behaviour deseription in specific situations are performed through the relative
occurrence rates of each class of transient. Attention isdirected towards
extraction of information relative to, both the production of particle size

distribution as well us for sensor control purposes.



RESUME

De nos juurs, l'industrie de 'aluminium porte beaucoup d'interét a la purete du
métal. Cette purcte  streliee au nombre et a ladimension des particules non
metalliques en suspension dans le metal liquide. Un senseur, submerge dans
un hainde metal, produit un signal électrique caracteristique lors du passage
d'unc particule & traver s sa Zone Flectrique Sensible. L'analyse de ces signaux
permet de deriver i ositu, la distribution de tuilles des particules en
suspension dans te ban de metul La presente etude porte sur 'analyse de
signuux produtts lors de 'utilisation de ce senseur dans des buins

d'aluminium,

La generation et lc taitement des signaux sont decrits. La fonction de
transfert du filtre pusse haut est predite par des modeles mathematiquesafin

de ciaracteriser son role ouant a lamodification des signaux originaux

Des classes de transionts sont identifiees et decrites pour preparer a
I'introduction de techniques de reconnaissance de forme. La frequence relative
d'vbservation des transients de chacune des classes est utilisee pour
caracteriser le comportement du signal duns divers contextes spécifiques.,
L'extraction de 'information contenue dans le signal est faite en relation avec
la production et la validation de la distribution de tailles des particules ainsi

qu'avec les aspects de controle du senseur.
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CHAPTER 1 -- INTRODUCTION

The problem of metal cleanliness is a major concern in the aluminium
industry. Many applications, and consequently volume of sales increase, are
possible only with improved metal cleanliness. The cleanliness depends on the
number, the size and distribution of nonmetallic inclusions suspended in a
melt. In aluminium alloys, inclusions with diameter greater than 15pm can be
considered potentially detrimental. Depending on the application, their
presence can yield to different types of defects which increase breakage and/or
rejection rates in the production lines. For example, the production of beverage
can body is very sensible to the presence of inclusions in thin metal sheets
since they cause the metal to tear or the can to collapse when its content is
pressurized.

A number of techniques are available to improve the metal cleanliness. These
include fluxing of the melt with active, passive or a mixture of gases,
decantation of the melt, filtration through different types of beds and finally,
combination of gas flux with mechanical agitation. A SNIF degasser unitis
such kind of technique and was encountered in the frame of this work.
Standing for "Spinning Nozzle In-line Flotation", it is a commercial product of
Union Carbide. A SNIF degasser consist of a gas bubbling injection system
equipped with a spinning paddle improving the rate of gas mixing with molten
aluminium flowing through the unit. Injection of an inert gas with a small
proportion of chlorine is performed on certain types of aluminium alloys to
remove inclusions, hydrogen and alkalis. In general, the purpose of these melt
cleaning techniques is to reduce its concentration of both hydrogen and
suspended inclusions.

Before the introduction of the Electric Sensing Zone (ESZ) technique, no rapid
quantitative analytical method was available for the monitoring of suspended
inclusion in melts. Gross chemical analysis giving bulk concentration of an
element, is not providing information about inclusion size. An other method,
the Porous Disk Filtration Apparatus (PoDFA), developed and used by Alcan
International LTD, is based on direct examination of polished surfaces. Since



the concentration of inclusion in liquid aluminium is usually low for such
examination, preconcentration of irclusion is required. Basically, the method
consist of forcing five pounds of sampled melt to flow through a porous disk.
The porous disk and its content (metal and trapped inclusions) are allowed to
cool and are recuperated for optical metallographic analysis. While this
method procures indication of inclusion size and composition, it is semi-
quantitative since it may be affected by the judgment of the metallographer.
On top of that, the performance of the method is sensible to the permeability of
the porous disk and the metallographic analysis is time consuming.

An ultrasonic technique, similar to the one used for nondestructive testing of
solid materials, has been shown to be applicable to molten metals{1]. Such a
technique has been developed by Renolds Aluminium Company [2]. While the
promises of the technique are to give the size, the shape and the concentration
of suspended inclusions, the method is confronted to a lower detection limit for
inclusion size. The method could measure the bulk concentration of inclusion
greater than 47pm while only inclusions greater than 235um could be detected
individually {3]. Smaller particle can be detected only with an increased
ultrasonic inspection frequency. In practice, the t. ansmission of a highe:
frequency requires a wave guide and is subject to strong attenuation. More
development is required before this technique becomes attractive.

1.0 Meltinclusion monitoring with an electric sensing zone
technique

The Electric Sensing Zone technique, also known as the resistive pulse
technique, was first developed by Coulter in the 1950’s for blood cells counting
and size analysis [4]. Since then, it has been widely applied to the detection of
several other types of suspensions in aqueous solutions and has been enhanced
to increase sensor’s particle detection limits down to submicron levels [5].

The application of the technique to liquid metals began with the research of D,
Doutre at McGill [3]. The primary motivation for this work was the lack nf any
rapid method for the monitoring of inclusion content of a melt, suitable for




process control. The extension of the ESZ technique to the high temperature
corrosive environment and low electrical resistivity of liquid metals was not an
easy task. Selecting preper materials for the probe assembly was important,
but the key step to make the technique reliable was the discovery that a very
high electric current passed through the orifice could clean it and wet it,
allowing restabilization of the signal. This is known as the "conditioning
current”. The apparatus implementing the technique has been named LiMCA,
the acronym standing for "Liquid Metal Cleanliness Analyzer”.

The LiMCA apparatus offers unique on-line features, providing both the
number and size distribution of inclusions suspended in a volume of melt
sampled directly from the launder. This make it a very attractive industrial
casting quality control method, as well as a powerful process metallurgy R&D
tool.

The LIMCA apparatus was fine tuned for the analysis of aluminium purity
when Alcan became involved in its development. A number of prototypes have
now been tested. Industrial models have been designed, debugged, installed
and were in full time operation in eight Alcan casting plants around the world
as of August 1988.

The application of the technique to other melts (copper, magnesium, cast iron
and steels) is under continued investigation at McGill. While it has been
shown that the technique can be applied in these melts, sensor head equipment
isstill at the prototype stage of development. For these reasons, in the present
study, the analysis of the behaviour of the ESZ of the LIMCA system will be
limited to the context of aluminium melts,

1.1 LiMCA principle of operation

The principle of operation of the LIMCA apparatus is illustrated by Figure 1.1.
The detection and measurement of suspended particles in a conducting fluid is
performed by the ESZ technique while the liquid to be analyzed isdrawn ata
constant rate through an orifice into an electrically insulated vessel, the probe.
Simultaneous to the liquid’s inhalation into the probe, a constant electric



current |, flowing from one electrode to the other is also maintained across the
orifice by a battery of potential Vg. The passage of a non metallic particle
through the orifice temporarily increases the electrical resistance of the ESZ.
This variation in resistance, in the presence of electric current |, registersas a
voltage transient superimposed on the steady state potential Vi taken across
the electrodes, as shown in Figure 1.1. To a first approximation, the amplitude
of the superimposed voltage pulse is proportional to the volume of the particle,
so that counting pulses and measuring their amplitude allows one to evaluate
the concentration and size distribution of particles within the sampled fluid.

Vg
51\ SRe '
Argon
Ve pressure or
Probe vacuum
—
Electrodes =
‘-N
7 Conducting fluid
/\/ /b
orifice —

Figure 1.1 LiMCA principle of operation

The analysis procedure is initiated when the probe is first submerged in the
melt, and metal is aspirated into the probe establishing the first contact
between the two electrodes. The melt sampling cycle then begins with the
aspiration of the melt into the probe until the level of melt inside the probe
reaches the outside melt level. In order to avoid metal freeze up, an argon
gauge pressure is applied above the melt so that the melt is flushed out of the
probe. A cycle is typically performed over a time interval in the order of one




minute. The filling and the emptying parts of the cycle are typically of equal
duration.

The analysis of the signal typically takes place during the filling up part of the
cycle. Thisis called the “up-mode analysis”. Usually, while the tube is being
emptied, no signa! analysis is done and even the electric current, |, through the
orifice, is turned off to extend the battery life. However, in particular cases
discussed in Section 5.4.1, such analysis is performed and this will be referred
to as "down-mode analysis".

The particle concentrations and size distributions are typically evaluated at
each melt sampling cycle. The accumulated counts, divided by the volume of
melt sampled, yields to the inclusion concentration. The volume sampled is
estimated by measuring the time interval over which the pulse detection
analysis takes place and assuming a fixed constant melt flow rate through the
orifice [3].

The conditioning current is generated physically, by closing (for a few seconds)
the switch S; (Figure 1.1). This action short cuts the resistor Rg. The current is
then only limited by the resistance between the electrodes. As thisismuch
smaller than Ry, a much higher current (200 to 300 A) is induced through the
sensing zone. It is believed that the beneficial effect of the conditioning current
is due to intense localized heat being generated, causing good wetting of the
orifice wall and removing any accumulated debris (i.e. inclusions ) [3]. The
conditioning current is generally applied at the beginning of each cycle in
order to improve signal stability following melt flow inversion.

1.2 The orifice

Obtaining an adequate and reliable signal depends greatly on the pattern of
melt flow through the orifice. The flow must be laminar for the baseline to be
stable. A smoothly shaped orifice together with good wetting of the orifice wall
by the melt are key parameters determining desirable laminar flows.
Fortunately, the glass blowing technique used to create the orifice in the side
wall of the Kimax tubes produces a very smoothly shaped symmetrical orifice.
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ﬁ A cross section of such an orifice is shown in Figure 1.2. Proper wetting of the
orifice wall by the melt is readily achieved in the case of aluminium by
applying the conditioning current.

Figure 1.2 Picture of a Kimax transverse section
orifice shape.

The rate of metal flow into the probe is also an important parameter. At low
flow rates, orifice blockages are frequent while at high rates, turbulent flow
may occur. Optimal operating conditions have heen determined 3] where a
positive or negative Argon pressure of 16.92kPa (2.5 psi) maintained inside the
probe produces a 16 ml/min volumetric flow rate ( 3.77 m/s average fluid
velocity ) through a 300 pm diameter orifice. However, a flow rate of 0.5 ml/see
was used for all experiments studied in later chapters.



1.3 Prediction of resistive pulse magnitude

The resistive pulse magnitude is function of d, the diameter of the inclusion
passing through the orifice, D, the orifice diameter and L,the orifice length.
The orifice length is generally taken as the thickness of the probe wall. The
problem of predicting the magnitude of the resistive pulse for all values of
(d/D) has no simple analytical solution. It has been demonstrated [6] for (d/D)
< 0.4, that for a eylindrical orifice of length L, much greater than its diameter
D, the passage of an insulating particle of diameter d, suspended in a
conducting fluid of electrical resistivity p, generates a resistive pulse of
magnitude AR given by :

AR = —— Eq 1.1

This relation indicates the dependence of AR, the resistance increase, on the
particle volume Vp, and its independence with respect to the orifice length. It
can also be rewritten as:

AR =K Vp Eq 12

where K is a function of the fluid’s resistivity and the orifice diameter :
K=—— Eq 1.3

The value of K can be computed theoretically, for a given p and D. In practice,
since the effects of a smoothly shaped elliptical orifice of short length compared
toits diameter on AR is neglected, a calibration procedure in aqueous solution
using standard spheres is recommended.

For the range 0 < (d/D) < 0.8, correction factors for AR have been published
[7] which yield to an accuracy of 99%. The correction function may be
expressed analytically as[6] :

f(‘“’)=—]——3 Eq.1.4
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For the case of (d:D) closer to unity a more sophisticated development is
needen. Thisis however of little practical interest since very large particles
would cause frequent orifice blockage.

The determination of the voltage transient corresponding to the resistance
variation of Eg. 1.4 is performed by applying Ohm's law on the current feeding
circuit of Figure 1.1. With the currents I; and I respectively with, and without
a particle in the orifice, then:

AVzu(RF+AR)—QﬁE Eq 15
with
v
1 - B Eq 1 6a)
R +R, +AR
and
Vi
]”:: Eq 1 6b)
R,+ R,
the voltage variation may be rewritten
R
- il Eq 17

I“l bi AR ak
fB+ fh.+

where AR can be neglected in the denominator. The final expression for the
variation in voltage as a function of a particle diameter is thus:

RI: 1 49(!3

=1
"R+ R, 3 np?
B h‘l_oa(wn)} nb

r

Eq 18

Measured values of Ry and Rp are used to calculate the ratio Rg/(Rp + Rp).




CHAPTER 2--THEORETICAL SIGNAL

2.1 Introduction

The theoretical signal is defined as an ideal signal to be expected from ifie
perfect behaviour of an ESZ device in the absence of sy “noise” or electrical
interference picked up from the surrounding world. Even if such signals are
not commonly found in real life, it is important to understand their
characteristics. They also can illustrate the purposes and effects of the signal
conditioning stages.

V
oY
Argon = High Pass Filter
pressure Ve | RC=1m$S
or vacuum +
-
+ -
Preamplifier
Gain = 1000
Low Pass Filter
Fc = 10kHz
Melt Log. Amplifier
M— Peak Detector °
o
(=]
Pulse Height
Analyzer (MCA) HHI I

Figure 2 1 ESZ device schematic diagram

Figure 2.1 illustrates, in the schematic form, the ESZ probe, the current
feeding circuit and the signal analysis system. The current feeding circuit
consists of a battery providing a constant potential, Vg (6V), and a ballast



resistance R; (0.20hm). Together, they constitute a DC current source (60 A )
connected to both electrodes. The current loop is closed when the melt
establishes contact between the electrodes after it has been sucked into the
submerged probe. The probe for aluminium melts, is fabricated from an
electrically insulating material (Kimax). The passage of electrical current
through the probe’s orifice constitutes the Electric Sensing Zone (ESZ).

The five rectangular boxes in Figure 2.1 schematize the preprocessing stages
of the actual signal analysis system. The first stage, a passive high pass filter
with 1ms time constant removes the DC component of the signal. This stage
introduces a few side effects in the transients (e.g. amplitude loss and under-
shoot). The filtered signal is than fed to the differential preamplifier having a
gain of 1000. The third stage is a low pass filter which limits the bandwidth of
the signal to 10kHz. The next box incorporates two analog electronic devices.
The {irst one is a logarithmic amplifier that proportionally applies a higher
gain to lower amplitude signals, Its purpose is to improve the detection of
small pulses. The second function is a peak detector which responds only to
signals whose amplitude are above a certain threshold, sending a “strobe
pulse” to the next stage each time such a signal is detected. This last stage is a
Multi-Channel Analyzer (MCA) used in its Pulse Height Analyzer (PHA)
mode. There, the 0 to 10V analog input range is linearly mapped to the 0 to 511
digital MCA channels. The MCA digitizes and measures the maximum
amplitude value of the incoming signal and stores a count in its corresponding
channel. The display of the MCA shows an amplitude size distribution of the
detected pulses. Through a RS-232 link, MCA control and data transfer are
performed by an IBM compatible PC. Then, the MCA voltage amplitude
distribution data is processed and converted to a particle size distribution
through the application of Equation 1.8.
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2.1.1 DC component of the signal

The characteristics of the signal, taken at the electrodes, are illustrated in
Figure 2.2. First, the signal has a standard measured DC component of
typically 0.12V testifying to the electrical resistivity introduced by the melt
path, by the melt/electrode contact, and most important of all, by the presence
of the orifice between the electrodes. Assuming the orifice to be cylindrical,
this DC level voltage may be obtained quite simply from integration of Ohm's
law [6]. For L > - D, the resistance of a cylindrical volume filled with a
conductive fluid is given by :

il

R
ul)’ Eq 21

where R is the electrical resistance of the orifice, p is the electrical resistivity
of the fluid, L and D are respectively the length and the diameter of the
cylindrical orifice. In our case huwever, because L is comparable to D, it has
been shown that (L. + 0 81)) should be substituted for . to make an
approximate correction for the end effects [6] so that .
4;)(1, 40 8/))

K- Eq 22

ah?

Taking from Table 2.1 the standard electrical conditiens for ESZ operation in
aluminium melts, the calculated value of the orifice resistance R is 4.4x10 3
ohm, corresponding to a DC component voltage level of 0.264V. While the
order of magnitude is correct, this calculated value is larger than the standard
measured value by a factor two. The error indicates that the geometrical
approximation of the crifice to a cylindrical shape is not very good. Because of
its smooth shape, the orifice’s diameter is only close to 1) around the central
portion of the KSZ, so that only a fraction of the length ., L./s = ~0.3L should be
used in Eq. 2.2. Physically this makes more sense and the resulting DC

voltage value, ~ 0.115V, is closer to the measured value. A value of R can also be

obtained by integra.ion of Ohm’s law, as was done by Doutre {3] for the
calculation of AR, when (d/D) approaches one.

1
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Figure 2 2 Principle of LIMCA operation

2.1.2 AC component

The flat characteristic of the signal’s DC component corresponds to moments
where no particle is passing through the orifice and is defined as the signal's
baseline. Superimposed on the DC level, Figure 2.2 also shows imperceptible
variations (transients) that can be attributed to variation in orifice resistivity.
Two small fluctuations are enlarged as examples in the figure. The firstis a
temporary fluctuation of symmetrical shape which is generaily related to the
passage of a nonconductive particle through the ESZ. The second is a step
change in the DC level which can be interpreted as a permanent reduction of
the ESZ volume. These types of transients are described in detail in Chapter 4.




Table 2.1
Standard values of ESZ
electrical parameters

PARAMETER VALUE
T
Rpb 0 2o0hm
| 60A
p 0 25x10-6
ohmm
D 300pm
L Tmm

Asdiscussed in Chapter 1, Eq.2.3 describes the relation between the pulse

amplitude and the equivalent spherical particle size provided that d, the

diameter of the particle, is much smaller than D, the diameter of the orifice.
~ 4pld3

AV = Eqg.2.3
nh?

Taking the values listed in Table 2.1, this last equation may be written :

3
AVIpV]=0 0024((1[;1m]) Eq.2.4

or, the other way around:

1
dlpm|=1 5(Avlpv1)3 Eq.25

Table 2.2 illustrates the order of magnitude of the voltage pulse amplitudes
before preamplification for a typical particle size range of 10 to 100 pm, as
calculated through Eq. 2.4

From Table 2.2, it is clear that the amplitudes of the transient values
corresponding to the passage of particles through the ESZ are much smaller
than the DC level of the signal. Asthese transients are sosmall, the AC
component of the signals must be amplified (typically by a gain of 1000) before

13
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Table 2.2
Particle size/Pulse amplitude
correspondence
Particlesize | Bivude
[uV]
10 | 24

20 19.2

30 64 8

40 153.6

50 300.0

60 5180

70 823.2

80 1228

90 1749

100 2400

any information can be extracted using standard analog electronic circuits.
The DC level must be filtered out so that only the AC component is amplified.
The removal of the signal's DC component is performed by using a High Pass
Filter (HPF), the first signal conditioning stage of the system, as shown in
Figure 2.1.

The remaining AC component of the signal is therefore amplified by the
preamplifier (gain = 1000) and limited in bandwidth to 10kHz by the Low
Pass Filter (LPF) stage. While these two last stages of signal preprocessing do
not have a detrimental effect on the original signal, the high pass filter (:1PF)
does. The effects of the HPF are therefore studied in some detail in the next
section.

2.2 High pass filter effects

The high pass filter circuit, also known as AC-coupling, is shown in Figure 2.3.
It consists of simple passive first order resistor/capacitor (RC) circuits. Both

14
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Figure 2.3 High pass filter schematics

the positive and the negative electrodes are connected to the preamplifier
device through RC type filters. The capacitor, following the input electrode
potential, charges itself at a rate limited by the value of R and C. As a
consequence, its potential is not able to follow rapid changes in the signal.
Since the potential at the preamplifier input is equal to the input signal minus
the potential at th=z capacitor, only "fast" voltage variations are fed to the
preamplifier input while the capacitor is still being charged up. The main
design parameter in this circuit is the value of the filter's time constant, the
RC product. In the studied case, RC = 1ms.

2.2.1 Effect onreal signal

The desirable effect of the AC-coupling circuit is shown in Figure 2.4. The DC
component of a typical baseline step transient (dashed line) is filtered out, the
falling edge follows a baseline restoration exponential decay of 1ms time
constant (solid line). A transient such as the cne of Figure 2.4 (solid line) is
referred as a baseline jump.

Figure 2.5 illustrates an undesirable effect introduced by the AC-couplingon a
typical normal ESZ transient. While the input signal (dashed line) to the filter

15




250

T ~ Y T T e T T v
200+ '
150}
5
E
- : ‘
3 100
=]
§
50+
0 v///l
_50 ) i i L i ) i 1 i
0 0.5 1 1.5 2 25 3 35 4 4.5 5

Time [mS]

FIGURE 2.4 Typical baseline step transient and corresponding
baseline jump transient

has a symmetrical bell shape to it, the output transient (solid line) is not
symmetrical, exhibiting “under-shoot” at the foot of the falling edge. Thisis a
consequence of the RC filtering circuit.

An even more undesirable effect is the reduction of the ovtput transient’s
amplitude. This amplitude loss is & function of the RC filter time constant and
of the transient frequency content. To get a better understanding of these
effects, a mathematical model of the high pass filter transfer function has been
derived.
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FIGURE 2.5 Typical normal pulse transient before and after
the high pass filter

2.3 Mathematical model of high pass filter

The purpose of this mathematical model is to allow quantitative estimation of
the distortion introduced in the signal by the high pass filter, First, a general
analytical solution of the AC-coupling circuit governing differential equation
is derived. Then, four different analytical functions are used to model the input
transient signals. For each model, a particular analytical solution was found
using the input functions and the general solution.

2.3.1 Generalsolution

The differential equation describing the AC-coupling circuit shown in Figure
2.6 can easily be derived using Equations 2.6 a), b) and ¢).
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dvc(t)
L h=C Eq.2.6 a)
¢ dt
vl)=R1 () Eq.2.6 b)
v (= (0) — vyt Eq.2.6¢)
INPUT ¢ oUTPUT
+ O0— H ® +
l((t) I |
Vi(t) +Ve(t)- R Va(t)
- @ ® —

Figure 2.6 AC coupling circuit

Eq. 2.6 a) and b) respectively represent the potential at the capacitor C, and the
potential at the output of the AC-coupling circuit. Equation 2.6 ¢) is obtained
through Kirchhoff first law, which stipulates that the sum of potentials around
a closed loop is equal to zero. Substituting Eq. 2.6 ¢) in Eq. 2.6 a) gives Eq. 2.7.

] (t):C-(-i- (v(t)+u(l)) Eq. 2.7

c d ¢ ¢

4

Substitution of Eq. 2.7 in Eq. 2.6 b) and derivation of the resulting equation
gives the following differential equation :

du,(1) dv, (0
+av ()= Eq.2.8
| where
: 1
’ W= B Eq.2.9
’ ! Integration of Eq.2.8 is readily achieved by first multiplying both sides by ewt :
18
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r duZ(l)
dt

dvl(l)
dt

“(A'

Eq.2.10

+mew’02(l)=e°’l

The left hand side of Eq. 2.10 is the derivative of ewt vg(t), so that:

‘ 21 Eq. 2.11
— e, (1) lze Y q. <.
Taking the integration on both sides ,
t g t dv, ()
‘ — 1 (L)Idt-:[ &t dv £q.2.12
t dv 2 t 14
0 0
yielding
wt 1 dUl(l)
e“”uz(l,' —e 0v2(t0) = J ! dv Eq.2.13
{ dt
4]
so that, the output voltage can be expressed as:
—wlt-t t duv (v
v () =e ( 0)02(t0)+J e_w”_“—:}—dn Eq.2.14
¢ L
0

this being the general solution to the problem.

2.3.2 Particular solutions

As mentioned previously, filtering effects are function of the transient's

frequency content. In the process of modeling the particular input signals, the

frequency content must be evaluated. A simple way to do this is to measure the

pulse half height width (in time units) and approximate the transient shape by |
a simple geometrical function. The variable b will represent the pulse half

height width.

2.3.2.1 Rectangular pulse model

This first model is certainly not realistic in describing the LIMCA bell pulse
shape fed to the filter’s input. However, for a square pulse signal at the filter
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input, the calculated output gives a good insight into the effect of the high pass
filter. A typical pulse half height width b, equal to 0.2ms was chosen to
illustrate its effect.

The rectangular pulse illustrated in Figure 2.7 can be characterized by the
following equations.

v (=0, fort<t, Eq.2.153a)
v, =a , fortzst<tl+b Eq.2.15b)
(=0, fort=t +b Eq. 2.15¢)
AMPLITUDE 4
. b :
| -— >
o
a t-------
o >
0 b ti+b TIME

Figure 2.7 Rectangular pulse model

The particular solution for this case is calculated by substituting Eq. 2.15in
the general transfer function solution, Eq. 2.14. The model is a discontinuous
function of three individual continuous time segments. Each segment is
substituted in the general solution equation with the initial conditions given
by the previous segment solution. Following this procedure, it was found that :

v (=0 ; fort<t Eq 2 16a)

ol Eq. 2.16b)
uz(l):up (t t') ;fortlst<t‘+b
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vz(t) =a

e_w("'l )_e_“(‘“‘t"b)l . fortzt +b £q.2.160

The input and the output functions are plotted in Figure 2.8 for the typical
case where:

RC=1.0ms
b =0.2ms
1-5 1 1 A T 1]
Square input
1+ \' -4
é 05t .
[+9
g
% 0 - —ceoomemeeeeesrmsesseosmessiseemsseoesooieszermemoszasess
© L/’__,——-—-"“"'
4
QOutput
0.5} : .
1o 05 1 1.5 2 2.5 3
Time [mS)

Figure 2.8 Calculated response for the rectangular pulse model

The figure clearly illustrates that DC removal affects both the peak section
and the falling edge foot of the pulse. Sharp edges (high frequency content) are
not affected at all. The peak DC section is filtered out following an exponeniial
decay until the falling edge is met. The edge being not affected, the falling step
value of the output signal must be equal to that of tae input signal.
Consequently the output signal must go negative at the foot of the falling edge
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& and then recover to zero baseline level, following the exponential 1ms time
constant pattern.

This model is a rough approximation of a real transient but has the benefit of
clearly illustrating the under-shoot effect.

*3.2.2 Triangular pulse model

A triangle pulse model is much more realistic in describing a raw LiMCA bell
pulse shape fed to the filter’s input. Its output gives a good idea of the effect of
the high passfilter on a typical LIMCA pulse of 0.2 ms width. The triangular
pulse can be characterized by Eq.2.17 as shown in Figure 2.9.

v, =0, fort<1‘ Eq. 2 17a)
a Eq. 2.17b)
v](t)Z-'; "’;’ ,forllSl<t!+b
Eq 2.17¢
v](t)z—% 1-(1‘+2b)l , forll+bSl<{‘+2h 9 )
0, () =0, forl?_rl+2b Eq. 2 17d)
AMPLITUDE } e
—
] 1
I F— |
) : )
a2 . ‘ ----:,-_-_ '
0 : .
0 %, t+b t+2b TIME
w .
‘: ' Figure 2.9 Triangular pulse madel
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Again, the particular solution for this case is calculated by using Eq. 2.17 with
the general transfer function solution, Eq. 2.14. The general solution will be
applied to each individual continuous segment using an initial condition given
by the previous segment solution.

The solution is :

v =0 ; fore<t Eq.2.18a)

ol = = 1_{“’("") fort =t<t +b Eq. 2.18b)
P b | 1 !

w

i —b —wli-
UQ(,,:ﬁ_ 90 “’(’ 4 )me w(‘ ‘;)_1] , fort +bst<t +2b Eq.2.18¢)

wh

Eq.2.18d)
forlle+2b

o t—rl—b) —w(l—tl) —m(t—t‘-—2b)

a -
v lf) = — |20 —e —e
< wb

This output function as well as the corresponding input function are plotted in
Figure 2.10 for the typical case where

RC=1.0ms

b =0.2ms

Here, both the amplitude loss and the under-shoot depth distortion features
are clearly observed. Their magnitude in relation with the input maximum
amplitude are respectively 9% and 16%. The amplitude loss and the Under-
Shoot Depth (USD) are functions of the RC time constant and the parameter b.
They are given below, both in direct and percentage form. The %LOSS is
given by dividing the function LOSS by the amplitude a and multiplying the
result by 100. The %USD function isobtained in a similar manner.

Amplitude loss function:
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9% Amphtude loss

Normalized amplitude
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Time [mS]
Figure 2 10 Calculated response for the triangular pulse model

L()SS=a—v2(t +b)
H

Eq.2.19
Eq 2.20
%LOSSzl-(-)--9 mb+e—“b—l| , for a=1 g
wb
Under-Shoot Depth function :
USD= —v2(t‘+2b) Eq.2.21
- Eq.2.22
%USD = 100'29“””-—«2‘2“’6-1] , for a=1 q
W

| 2.3.2.3 Baseline step triangular pulse model
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Applying the triangular model used for pulses to baseline jump signals is
realistic. In fact, the original baseline jump signal before filtering, is a fast
rising edge followed by a DC level equal to the maximum value of rising edge.

The baseline jump transient may be modeled by Eq. 2.23 as shown in Figure
2.11.

v, (=0 , fort<t Eq. 2.23a)
a Eq. 2.23b)
v =7 t—tl] . fort St<t +b
v =a , 1=t +b Eqg. 2.23¢)
AMPLITUDE |
- N
|
0 H .
Y t+b TIME

Figure 2 11 Triangular baseline step mode!

Again , the particular solution is calculated individually for each continuous
function segment,

The solution is :
v(0) =0 ; fort<t Eq. 2.24a)

a

02(”: b(l__‘,_m('—t'>l , fortlSl<ll+b Eq224b)

w
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—e I , [orl?t‘l+b Eq 2 24¢)

0= —
v,(f) = —
2 wb

Figure 2.12 shows input and output functions for the typical case where :

RC=10ms
b =02ms

1.5 T T v

Baseline step input signal

Normmalized amplitude

05

T

'l I 1 L
0 0s 1 1.5 2 25 3

b
-

Time [mS}

Figure 2.12 Calculated response for the baseline step tnangular mode!

As for pulse modeling, the baseline step transient suffers the same amplitude
loss at its peak level. The non-zero baseline level is filtered out following the
1ms time constant exponential decay. The real baseline step signal behavesin
a very similar manner, as was previously shown in Figure 2.4.
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2.3.2.4 Sine pulse model

A sine pulse model is closer to the real LIMCA signal than is the triangle pulse
model. The input model function is given by Eq. 11 and is shown in Figure
2.13.

v, 1=0 , fort<t, Eq.2.253)
a n(
NUES E 1+ cos ; l—t')+n ; forl‘st<tl+2b Eq. 2.25b)
v, (=0, fortzt +2b Eq. 2.25¢)
AMPLITUDE 4
a
a/2 i

0 X .

0 t+b t,+2b TIME

Figure 2 13 Sine pulse model
As for other models, the particular solution is calculated by segment.
The solution is :

v 0=0 , fort<t, Eq. 2.26a)

2
[}

2
(mb) 1

~wl -t b
e ( ‘)—cosg-(t—l >+ w——-sm(l-—t )] sfort st<t +2b
b i n 1 1 1

_a
1*2(() = '2-

Eq. 2.26b)
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n

(mh )2+ n?

~u)(l—t ) -—m(r—(—‘.!b\)
Lo 1 1

¢ —e I , fort=t +2b Eq 2.26¢)

_a
u,z(t) = E

Again, the input and the output filter signals are plotted in Figure 2.14 for the
typical case where :

RC =1.0ms

b =0.2ms

As seen, the characteristics of the output signal are the same as those for the
triangular pulse model. Moreover, the maximum amplitude loss and under-
shoot depth percentage values are the same as for the triangular pulse model,
being 9% and 16% respectively. One can conclude that, for this case (RC = Ims
,b = 0.2 ms), the triangle and sine models produce the same results for
estimates of amplitude loss and the under-shoot depth distortions.

Amplitude loss function:

2

_]____l:l_____ —wb E 27
1- > (e +1>lx100 q 2

2

(mb) +1° \

Under-shoot depth function:

%l.O8S =a

- 112
%USD = T

> e”Wb_y l X100 Eq.2 28
(wb) +1°
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Figure 2.14 Calculated response for the sine pulse model

2.3.3 Amplitude loss and under-shoot depth versus the
time constant

Figure 2.15 shows a plot of the amplitude loss and the under-shoot depth for
both the triangle and sine models as a function of the filter's RC time constant.
Obviously, both models behave similarly. In selecting a value for the AC-
coupling time constant, one wants to minimize the distortions introduced on a
pulse (with b equal to 0.2ms). For both models, the amplitude loss and the
under-shoot depth curves approach zero % for AC-coupling time constant
greater than 0.15ms. Consequently, for values of RC greater than 0.15ms, the
higher the time constant, the weaker the effects on the incoming pulse. On the
other hand, what this graph fail to show is that a higher time constant value
increases the time required to restore the baseline to the zero level. This is not
desirable since the purpose of the high pass filter is to restore the baseline to
the zero level as fast as possible, Consequently, the value of RC=1ms
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forb=02ms

30




2.3.4 Distortion effects versus pulse half height width

So far, pulse distortion effects have been studied only varying the value of RC,
keeping b constant and equal to 0.2ms. While RC is a fixed parameter for the
signal studied, the value of b (the half height width of the pulse) is not. In
exceptional circumstances, where the melt flow rate through the orifice woula
be increased, b may be slightly smaller (down to 0.1ms). On the other hand, b
will frequently be larger; for example when the flow rate through the orifice is
slowed down, the particle spends more time in the ESZ, and thus b is increased.
In practice, values of b up to 3ms have been observed.
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Figure 2.16 Amplitude loss and under-shoot depth,
as a function of b,
for the sine model with RC = 1ms

We should now consider the distortion effects of the high pass filter on the
produced transients as a function of b, the pulse half height width, Figure 2.16
shows plots of the amplitude loss function and the back shoot depth function of
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the sine model versus the parameter b. This graph illustrates that the
amplitude loss asymptotically increases towards 100% with increasing values
of b, while the under-shoot depth reaches its maximum value at b = 1.0ms. As
& consequence, a transient with a value of b equal to 1.5ms, like in the case of

Figure 2.17, yields an amplitude approximately 50% smaller than the original
input transient.
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Figure 2 17 Example of real, large half height width pulse

2.4 Discussions
2.4.1  Usage of the high pass filter models

The mathematical models of the high pass filter bring important quantitative
descriptions of the filter's transfer function. While the rectangular model is
only of academic value, the triangular and sine models can be useful in
practice, the sine model being the most realistic model in describing observed
pulses. Its relatively higher mathematical complexity compared to the
triangular model is not an important inconvenience since in practice, one only
wants to estimate the amplitude loss percentage of a pulse through Eq. 2.27,

given the half height width of the pulse, b, and the cutoff frequency of the
filter, w.
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The sine model can be used at different levels of complexity to correct the
measured amplitude of incoming pulses. At a first and lower level, one would
assume all pulses have a value of b equal to 0.2ms. This was discussed in
Section 2.3.3 and showed in Figure 2.14. With the standard 1ms filter time
constant, the output transient amplitude is 9% smaller than the input
amplitude. A global amplitude correction is performed by multiplying all
measured pulse amplitudes by a factor equal to 1.099. This process restores the
original transient size distribution from which the particle size distribution is
calculated.

At a second level of complexity, for each incoming pulse, one would measure
the value of b, calculate the correction factor using Eq. 2.27 and apply it to the
measured pulse amplitude. Such a process is the first step towards an
automatic validation of the particle size distribution. The benefit of this
procedure is that it can handle situations where a reduced melt flow rate
through the ESZ causes transients to be stretched in time (i.e. higher values of
b). On the other hand, extra measurement has to be performed since both the
amplitude and the parameter b must be measured for each detected transient.

24.2 Behaviour of signal analysis system

The signal processing performed by the signal analysis system has been briefly
described in the last paragraph of Section 2.1, At this point, some of its
features are described to illustrate its limitation to eventual improvements,

The peak detection circuit, the “peak detector” of Figure 2.1, isimplemented
by a Tracor-Northern TN-1246 Pulse sampler. It is an analog electronic device
with a positive threshold level crossing trigger system. When the positive slope
of an incoming transient activates the trigger, the circuit generates a strobe
pulse when a maximum is detected. The trigger circuit can be reactivated only
when the negative slope of the signal crosses the threshold level again. If many
local maxima are present in the transient, only the first one will be detected.

Both the transient and the strobe signals are fed to the Multi-Channel
Analyzer (MCA of Figure 2.1). The amplitude of the detected maximum is
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measured by the MCA and a count is recorded in the corresponding channel.
Accumulation of these counts over a period of time (typically 30-45 seconds),
produces a pulse amplitude distribution. The conversion of this data into a
particle size distribution is performed by a IBM-PC compatible computer. This
conversion is based on Eq. 1.8 and on the assumption that all detected pulses
were related to the passage of a particle through the ESZ. This assumption is
valid if the signal baseline is stable, which is usually the case with signal
generated by an ESZ probe in aluminium melts. However, unstable signal

baseline are common in specific circumstances and this is discussed in Section
5.4.

The main limitation of this signal analysis system is the lack of information
collected about each individual transient. Indeed, only the amplitude of a
transient is extracted. Since b is not, and cannot be measured with this system,
it is not possible to implement corrections to individual pulse amplitude value
as suggested in Section 2.4.1. This is also the reason why each pulse has to be
interpreted as being produced by the passage of a particle through the ESZ.
With industrially obtained signals, this assumption can be highly detrimental
to the particle size distribution reliability when pulses of unknown source are
present in the LIMCA signal. Thus, improvement of the signal analysis system
can only be achieve if the previously described analog electronic systemis
replaced by a more sophisticated one. With today’s digital electronic hardware,
a signal analysis system based on digital signal processing techniques would
offer the computing power and software flexibility to fulfill the realtime task of
detecting and extracting parameters from each individual pulses.
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CHAPTER 3 -- EXPERIMENTAL
PROCEDURES AND INSTRUMENTATION
SETUP

The LiMCA transient classification described in this thesisis based on a bank
of signal recorded for this purpose. Instrumentation setups and analysis
procedures have been designed toretrieve the information from the tapes and
allow for observation, display, capture, processing and plotting of the
transients.

In this chapter, the instrumentation setups and the experimental procedures
used to obtain the results discussed in Chapters 4 and 5 are described in detail.

3.1 Introduction to experimental procedures

The recording on tape of pertinent signals (i.e. signals generated under known
conditions by Alcun's LIMCA system) were carried out on two independent
occasions. The first took place in a laboratory environment, in November 1986.
The LIMCA system was operated in melts contained in a small lab furnace.
During this session, six tape reels were used to record LIMCA signals under
ideal ESZ operating conditions. The second took place in June of 1987. At that
time, in-plant performances of the LIMCA equipment were recorded on eight
tape reels, with ESZ operating conditions producing lifferent degrees of
LiMCA signal baseline instability.

The transients were retrieved from the tape using a digital oscilloscope.
Digitized signal transients were transferred and stored on disks through an
host IBM-PC compatible computer. Plotting of digitized transients was
possible either directly from the oscilloscope to a strip chart recorder or from
the PC to a hard copy device such as a printer or a plotter. Off-line observation
of signals allowed easy identification of the different types of transients
present in the signul
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Figure 3 1 Recording setup

Twotypes of semi-quantitative analysis were also carried out following
observation of specific sections of the tapes. First, a "Transient Type

Frequency Occurrence” analysis was carried out. This procedure estimates the
proportional occurrence of each type of transient as a function of time. For the
case of highly unstable signals, a "Stability Time Interval Evaluation" was

also performed in order to measure the time interval required for the signal to

become "completely unstable" after the occurrence of a conditioning current.
These analysis were designed to render qualitative evaluation of the ESZ’s
performance, as well as to test, for different operating situations, the
reliability of the generated particle size distribution. These two analysis
techniques are described in more detail in Section 3.5 and Section 3.6

respectively.
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3.1.1 Review of recording/play back procedures

Two different experimental setups were used. These are identified as the

"Recording Setup and the "Play back Setup" and are illustrated in Figures 3.1
and 3 2 respectively

Tape recorder Oscilloscope
Gould 6500 Tektronix 5223
o) Strip chart
ﬁ Q\p o recorder
A —T
1 1 (o]
N i | oo
T @ © i ;
NI ' ‘
Output #1 Input
AM vipu T ned IEEE-488
Module Interface
OQutpul
v Printer
@ ° .
S g—’ @ -i >
Parallel —/————
I1H 177 ||interface =——

Sound system

Figure 3 2 Play back setup

In the Recording Setup (Figure 3.1), the LIMCA'’s output signal was
transmitted to the oscilloscope input as well as to the tape recorder's FM
(Frequency Modulation) input module #1. For tape calibration purposes, the
input of this FM module could also be connected to the output of a waveform
generator. A microphone was connected to the input of the AM (Amplitude
Modulation) module of the tape machine so that the operator could “speak” to
identify different situations,
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In the play back setup (Figure 3.2), the output of the FM module #1 was
connected to the oscilloscope's preamplifier module input. The output of the
AM module was connected to a sound system so that recorded spoken
information could be heard. This way, elements of the recording context were
reminded to the operator. The oscilloscope Display Output Terminal, when
connected to a Strip Churt Recorder, allowed direct plotting of signals
displayed on the oscilloscope screen. The oscilloscope was also connected to an
IBM-PC compatible computer through an IEEE-488 interface bus, enabling
transfer of digitized signals to the computer. The PC itself was also connected
toa dot matrix printer and’or a plotter so that better quality hardcopy of the
signal could be obtained

3.2 Description of instruments

In this section, important features of the instruments used, together with
their application to the experiments carried out are considered.

3.2.1 Frequency Modulation (FM) Tape Recorder

The tape machine used tor the experiments deseribed was a GOULI 6500
model, kindly lent by Alean’s Arvida laboratories 1t wasa 1/4 inch tape, seven
inch reel FM mult track tape recorder machine. Although it can be
configured with up o cight tracks, the unit used was equipped with only four
input-output modules. three of which were FM modules while the fourth was
an Amplitude Modulution (AM) module. The machine also had variable speed
capabilities, offering five selections, i e. 30, 15, 7.5,3.75 and 1.875 ips (inches
per second).

The use of such a ligh quality tape machine (often referred to as an
instrumentation recorder) was a key element to the success of this work, In
essence, the frequency response of standard (AM) tape recorders are
inadequate. The band width of the LIMCA signal is from OHz to 10k Hz.

Atthe time of the experiments, only FM tape recorders could reproduce such
signal with high fidehity, particularly in the low frequency range. Now, today’s
instrumentation DA'T (Digital Audio Tape) recorders would be even better.
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The other useful feature of the Gould 6500 tape recorder was its variable speed
facility. The majority of tapes were recorded at the highest speed (30 ips) so
that the signal reproduction fidelity is maximized. Tape play back at slower
speeds (15 or 7.5 ips), together with the stop-and-rewind procedure allowed

visualization of phenomena not otherwise perceivable.

However, care had to be taken while playing back tapes at slower speed, as
some distortion can be introduced. The frequency band width can be reduced at
the high frequency end. A frequency response test showed that the response
was flat up to at least 10k Hz for the three speeds usedi.e. 30, 15 and 7.5 ips so
that the LIMCA si1gnal was not affected. On the other hand, the global gain of
the frequency response was slightly reduced at lower speeds. Consequently,
amplitude calibration of the tapes had to be carried out for each speed used so
as to compensate for the gain loss.

3.2.2  Oscilloscope

The instrument used for the experiments was a dual trace 12MHzbandwidth
Tektronix 5223 Digitizing Oscilloscope with a 5B25N Digitizing Time
Base’Amplifier module. a 5A22N Differential Amplifier module and an IEEE-

488 bus interface

The sophisticated and sensitive triggering system of the differential amplifier
input module was i key element in the success of many transient capture
based experiments Also very useful was the "Output Saved Display” control
and the IEEE-488 interface respectively for direct plotting of the display and

for numeric data transfer to a host computer,

3.3 Description of instrument’s interface
3.3.1 Oscilloscope/IBM-PC interface

A standard IEEE 488 interface was used to connect the Tektronix oscilloscope
with the IBM-PC equipped with a "Tecmar PC-MATE IEEE-488 Interface”
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board. Along with the board, Tecmar's IEEE-488 Software Package was also
used to control the data transfer. This software package, written in Basic
language, provided a complete set of subroutines required to control the IKEE
488 1nterface bus. However, an application program had to be written on top of
the package to implement custom functions,

The scope digitizer used had a resolution of 10 bits both for the time and
amplitude coordinates On a screen display data dump request, the oscilloscope
sends only the 1016 amplitude values (y axis), while the equally spaced time
values (x axis) must be deduced. Since the scope sends no further information
such as the signal amplitude or time scales, this information must be
independently gathered in order to restore the conditions under which the
original transients were first captured The data format used was ASCI1 The
numbers (integers) sent by the Tektronix 5223 oscilloscope were separated by
commas (no blanks) and the data transfer was terminated by CR and LF
characters

3.3.2 Plotting of data files

A commercial graphie package (ENERGRAPHICS ) was first used to ¢reate
graphics from the ASCII data files The ASCII data files format was
iransferred to the ENERGRAPHICS format using a Fortran program, written
for that purposc Later, the use of Lotus 123 spreadsheet/graph facilities
became much more attractive Files were routed to that environment through
the use of Lotus IMPORT function, nu more format conversion program being
required. Eventually, all graphs first created with ENERGRAPHICS were
replaced by ones generated with the MATLARB's graphics facilities.

3.4 Experimental procedures
3.4.1 Signalrecording sessions
The experimental setup related to this procedure has already been described

and illustrated in Figure 3.1. The first step before starting a recording session
was to clean the tape recorder heads and tape path of the recorder, This was
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particularly important in our case, because recording often took place in dusty

industrial environments

The next step wus to select an acceptable input gain level for the recorder’s
input module in order to take advantage of its dynamic range. The 0.5V peak-
to-peak input level was used in most cases. Even if with this selection, the
signal was suturating the recorder’s input once in a while, when very large
transients occurred, it was the most acceptable selection for giving good
reproduction quality of low amplitude signals.

3.4.2 Tape calibration

At the beginning of each tape reel, a calibration signal of known
characteristics was recorded. This signal provided an amplitude reference on
the tape so that the amplitudes of real recorded transients could be recovered.
Since this signal was also affected by any gain losses related to tape readings
at slower speeds as well as noises or instability introduced by the presence of
dust uon the heads and/or tape path of the recorder at recording or at reading
time, such problems could be detected.

A 10kHz 0.4V peak-to-peak sine wave was used as the calibration signal. The
0 4V peak-to-peak amplitude took advantage of most of the 0.5V dynamic
range. Note that a frequency of 1kHz would have been more appropriate,
fallingin the 100-10kHz signal’s bandwidth. The use of a complex wave form
such as a square wave would also have been better at helping in the detection
of the effects of the high pass and low pass filters of the signal conditioning
system.

After the calibration signal had been recorded during the first few minutes of
tape recording, the ESZ signal was fed to an FM input module while spoken
information could be recorded through a microphone connected to the AM
input module. The spoken information played a very important role since it
was the only source of information describing the environment in which the
signal has been recorded. Information on probe state, melt conditions,
surrounding possible noise sources etc, were tackled in the speech so that these
factors could be correlated with the signal at a later date.

41




The signal could either be recorded continuously or in an interrupted manner
In cases where e1ther up or down-mode probe sampling was used, the current s
deactivated during half of the cycle so that no ESZ signal was generated 1t
was convenient to stop the recording during these “dead signal " time intervals
so as to save tape and avoid pauses of LIMCA signal. When the up/down-mode
was used i.e when the current was always active, continuous recording was
more appropriate

3.4.3 Tape play back session

Figure 3.2 illustrates the play back instrument setup. A tape play back session
starts with the reading of the calibration signal amplitude. Computation of the
gain introduced by the recording/reading process was then performed Note
that these measurements and calculation had to be done for cach reading speed
used, since different reading speeds result in different degrees of attenuation
in the output signul Typically, the signal is amplified by a factor of
approximately five as a result of the recording/reading process

The second step 1n w session was to reset the tape counter at the end of the
calibration signul This was the convention used. All tape footage references

were made in relation to this convention

Note that the calibration signal could help in trouble shooting a spoiled or
dirty recorder tape path In fact, sometimes, the calibration signal showed
instability even if, at time of recording, the input signal was stable. Instability
could be introduced either at recording or at reading time. Cleaning the tape
path of the recorder was a good trouble shocting tool and was used any time
reading problems were suspected.

3.4.4 Distortion introduced by the instruments
In the process of recording and reproducing the signal, some distortions were
introduced. Consequently some transients or modified transients were not part

of the original signal and were therefore undesirable. The tape recorder was
responsible for most of the noise transients. The principal reason was
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saturation of the tape recorder'sinput. This was caused not only by the
electronics but also by the magnetic media. Figure 3.3 illustrates the
saturation of the tape recorder for a huge normal pulse while using a high
quality tape. The peak of the pulse is truncated and “folded” downwards. The
use of tapes of lower quality produced even more random wave forms when
such tape recorder input saturation occurred.
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Tape recorder input saturation of a large normal pulse

The same phenomena have been recreated by recording a sine wave with an
amplitude slightly exceeding the tape recorder’s input saturation level. The
result is shown on Figure 3.4. Both the maximum and minimum portions of
the sine wave are distorted by the saturation process.

The presence of dust on the recorder’s tape path is also a source of undesired

transients. The distortion can either be introduced at recording or at reading
time.

The digital oscilloscope would also introduce distortion once its saturation
level was reached. Its behaviour was not random however, as in the case of the
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Figure 3.4
Tape recorder input saturation of a test sine wave

tape recorder. The oscilloscope output is kept at its maximum (positive or
negative) value for all input levels exceeding the dynamic range of the
oscilloscope. Figure 3.5 illustrates a case where three types of saturation occur
for a huge normal pulse. In the figure, the first two steps to the left are
produced by the tape recorder. The left most is due to positive saturation while
the second one is related to negative saturation. The third step, to the right,
represents a negative saturation produced by the digital oscilloscope.

3.5 ESZ signal stability period evaluation

For some metallurgical operating conditions, such as melt treatment with a
hydrogen degasser located in the launder upstream of the probe, the stability
of the ESZ signal was often compromised. The baseline was tk :n no longer a
“flat signal”, but exhibited oscillating characteristics, whose amplitude
masked transients related to the passage of particles through the ESZ. The
signal would become relatively stable after each application of the
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Figure 3.5
Tape and oscilloscope saturation of a huge normal pulse

conditioning current, but the baseline oscillation amplitude usually grow to
reach a high level before the end of the cycle.

A method has been designed to estimate the stability level of the signal. The
first parameter measured was the time interval after a conditioning current,
for which the baseline oscillation level stayed below a reference amplitude. A
second time interval, the period between the end of the conditioning signal and
the moment that the bascline oscillation level reached the tape recorder input
amplifier saturation level was also measured. These two time interval
parameters are referred to as “Start of instability” and “Start of total
instability” respectively.

Signal baseline instability or oscillations are particularly detrimental to the
reliability of transient counts. For this reason, the reference amplitude level
related to the “Start of instability” was set as low as possible so that it would
indicate when the signal begins to be useless in terms of the measurement of
particle populations. The amplitude of low level voltage instability was
equivalent to those amplitudes related to 20 to 35pm diameter particles. It
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should be noted that the baseline oscillation level was measured from zero
baseline level to the positive peak, not from peak to peak. The purpose of the
second parameter, the "Start of total instability", is to determine the time
required by the ESZ signal to become completely unstable.

It is considered that these two parameters were sufficient to qualify the
voltage amplitude build up of baseline instabilities. The analysis is however,
“semi-quantitative” because the measurement of these parameters involved
the operator judgment as to when he perceived that the baseline oscillation
level had reached the reference levels.

3.5.1 Procedure

The procedures used to collect the data needed for calculating the two time
interval parameters are described below :

1/ The ESZ signal's amplitude was calibrated using the on-tape calibration
signal.

2. The oscilluscope's purameters were set so as to aid visualization of the
baseline oscillation level. More specifically, the time base needed to be set so
that the time window displayed more than five cycles of the baseline’s
oscillation wave.

3/ For each fill up and or flush part of the cycle being studied :
A) The tape fuotage at the end of the first conditioning signal was noted
B) The baseline level was watched such that,
i) when it exceeded the reference level for the first time, the tape
footage was noted as the "Start of instability”,
ii) when it reached amplifier saturation (if it did before the end of the
cycle) the tape footage was noted as the "Start of total instability",
C) The end of the conditioning footage value was subtracted from the "Start
of instability” and the "Start of total instability” footage values to obtain
the corresponding fuutage intervals,
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The footage intervals were then converted to time intervals by dividing the
footage intervul value by the tape speed (30 or 15 ips) as calculated by
Equation 3.1.

Footage interval {ft] X 12 [1n/fi]

1 Snterval -
tmetnterva Tapespet’d[lnjsl Eq.3.1

This type of analysis has only been used for melts treated with a hydrogen
degasser ie. far those tape signals which show clear levels of instability. It was
evidently inappropriate to apply this type of analysis to signals with a quiet
bascline, since the instability trigger levels would never have been reached.

3.6 ESZ signal transient rate of occurrence evaluation

For normal ESZ operating conditions, the method previously described is
inapplicable and another technique was developed to estimate the content of
thesignal. The number of transients occurring per unit of time, i.e. the density
of events in the signal was the important parameter to be evaluated. Even
more specifically, in this method, the relative rate of occurrence of each class of
transient was estimated The classes of transients will be introduced and

discussed in Chapter 4.

Because nosystem 1s yet available to discriminate between classes of
transient, the job has been done through human visual recognition, The rates
of occurrence were obtained by counting occurrences of each type of transient
over the up-mode, down-mode or both parts of each melt sampling cycle. The
number of counts were then divided by the time interval over which counting
has been performed, giving an average rate value. A cycle's duration was
typically 30 to 60 seconds. Averaged values were thus computed over that
time interval. For practical reasons, the melt sampling cycle was selected as
the frame of analysis even ifimportant fluctuationsin the transient rate of

occurrence could occur within a cycle time lap.

Some of the equipment’s features were particularly useful in the transient
counting process. First, the use of a slower tape reading speed reduced the
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frequency density of transients on the signal. Secondly, the oscilloscope's
triggering system wus capable of detecting a transient with an amplitude
exceeding the detection level and then freezing it until another transient
activated the trigger system. By selecting an appropriate tape speed and
triggering level, the operator could first see the transient, judge to what class
it belongs, and finally, count it.

The tape recorder's speed could not be reduced by more than a factor of four.
The amplitude detection limit was the only other way to control the density of
transient occurrences on the scope screen. Setting it high allowed only large
transients to be detected, thereby considerably reducing the rate of occurrence
of detectable transients On the other hand, this level was kept as low as
possible in order to maximize the range o transient amplitudes analyzed.
Typically, the detection level was set to transient amplitudes relating to
particles of 30pm in diameter.

3.6.1 Procedure

The main steps 1n the evaluation procedure for the rate of transtent
occurrences are described below :

1/ Select tape recorder speed according to the average rate of occurrence of

transients of the analyzed signal so that reliable count could be performed.

2/ Perform amphitude cahibration,
The calibration factor was calculated by dividing the measured amplitude
value of the cahibration signal by its original amplitude value. The
amplitude was measured at the tape recorder speed in use for this specific
experiment.

3/ Determine and set trigger level.
This was an important step where the detection limit was selected. The
criteria was based on the relation to a specific particle dimension. The
previously calculated calibration factor was taken into account. The

voltage value corresponding to the chosen detection limit was calculated
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and the uscilloscope's trigger system set to be activated whenever that

amplitude was reached by the signal.

4 Fureach cycle.
A)the cycle was assigned an 1.). number.
B) the direction of the melt (up,down or up/down mode) over the time
interval considered was determined.
C) the cycle's start and end footage values were measured so the time
interval could be calculated.
D) the termination condition for the analysis of the cycle was determined
and was assigned an appropriate name tag according to the following list.
“A” --> Melt flow inversion
"B”--> End of recording
“C" --> Occurrence of another conditioning current
“D” -- 2> Impossibility to count transients due to high rate of occurrence
“"K” -- > Oceurrence of a long non attenuated oscillation

]
[P

For each type of transient

a) the cycle was scanned and occurrences of related transients were
counted.

b) the rate of oecurrence was calculated by dividing the count value by

the time interval

The raw data obtained from this type of experiment were transferred to
LOTUS 123 worksheets for easy processing and plotting of the data.
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CHAPTER 4 -- CLASSES OF REAL SIGNALS

4.1 Introduction

The LIMCA signuls that were generated a 1d recorded from the real ESZ tubes
submerged within real melts did not behave precisely like theoretical signals
Differences were observed to varying degrees, depending on the context. While
one aim1s to miniumize such differences, one should be aware that observed
signals carry information about the sensor and its environment. A number of
hypotheses of physical phenomena generating these unexpected signal
features are discussed in this chapter.

A detailed investigation of the LIMCA's signal behuviour had not been carried
out prior to this investiration. The first step towards a better understanding
was to acquire knowledge of its content. The approach adopted was based on
the identification and definition of classes of transients. This approach was
chosenin anticipation of further work that would involve statistical Pattern
Recognition (PR) techniques which in turn will provide the basic concepts for
transient discrimination processes

From the LIMCA transients, the extraction and analysis of information other
then just their amplitude have important benefits In the first place, the ability
to identify and understand the features of the signal s a major step towards
automatic vahdation of particle size distribution data This ability may also
develop applications related to the control of the sensor. These two
improvements, if they can be performed in real time by a machine, would
significantly reduce the operating cost of the LIMCA apparatus. Indeed,
training and supplying the specialized personnel required to operate the
LiMCA represents an important fraction of the operating cost.

These developments will also benefit to the application of the LIMCA
techniques to metals other than aluminium. Indeed, while the LiMCA
technique has been successful in different melts (steel, magnesium and copper)
[8,9,10,11], the aluminium signals are definitely the ones closer to the
theoretical signal. Based on data to date, it would appear that signals

originating from other melts require more complex validation processes since
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operating problems in rclation with the probe materials tend to produce less
stable signal baseline.

In the frame of this rescarch, an important parameter measuring the density
of transients was introduced Let's define fiy,, the number of transients with
amplitudes linked to particles greater than m (given in pm) occurring on the
signal per unit time, and averaged over specific time intervals. The subscript
m, in pm, indicates the particle diameter linked to the lower limit of detected
amplitude. Ny, is usually expressed as the number of events per minute
[#/min]. Values of Ny, were acquired independently for each class of transient.

A more significant parameter metallurgically. is Ny, the number of inclusions
whose diameter is greater than m per unit mass of liquid metal. Measured in
K/Kg, Ny, ideally represents the number of tliousands of particles per Kg of
liquid melt N, isderived from Ny, and is the main output parameter of the
industrial LIMCA instrument and is obtained by assuming that all the
transients detected ure related o particles (i.e. one class of transient) and that
there 1s a constant rute of fluid flow through the orifice. Ny, is therefor
calculated according to

N - ——— s bUsmun Eq.4.1
" Vo p
{
where
Viis the volumetric flow rate (e.g. 0.5ml/s)

pisthe density of hquid aluminium (i.e. 2357 Kg/m3 at 700 °C)

Using these values 1in Equation 4.1, the numerical relationship between Ny,
and Ny, becomes .

N H l4lnun/l\'gl?zm Eq.4.2
Note thatin the aluminium industry, a widely used lower limit for the particle

detection diameter range is 20pm. Consequently the value of Ngg (i.e. N, with
m=20pm) is typically the reference parameter for aluminium cleanliness.
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4.2 Classes of transients

4.2.1 “Normal pulse”

This first class of transients corresponds to phenomena related to normal or
desired ESZ behaviour. These transients are easily interpreted as the passage
of an nonconductive particle through the ESZ orifice.
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Figure 4.1 Typical normal pulse

DESCRIPTION

In the time domain, these pulses have an asymmetrical bell shape The
asymmetry is introduced by the High Pass Filter as seen in Section 2.3.2 of
Chapter 2. Figures 4.1 and 4.2 show two typical members of the normal pulse
family. Although their amplitudes may differ, all normal pulses are
characterized by the following features.:

1/ an under-shoot effect at the foot of the falling edge

2/ an exponential baseline recovery governed by the high pass filter time

constant (RC = 1.0ms)

3/ a slightly increased falling edge slope compared to the rising slope
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Figure 4.2 Typical normal pulse

The pulse voltage amplitude, as provided in Table 2.2 for particle diameters of
10 t0 100 pm, ranged from 2.4mV to 2.4V following preamplification of the raw
transient by a gain of 1000.

The half height pulse width is typically in the order of 0.2ms. However, it may
range between 0.1 to 0.5 ms under standard operating conditions (differential
vacuum/pressure of 2.5psi, 300pm diameter orifice).

A summary of the relative rates of occurrence of normal pulsesis given in
Table 4.1. Therelative rate of occurrence data is provided for eight data sets.
In a given data set, the rate of occurrence of each class of transient was
measured for each melt sampling cycle, for a number of consecutive cycles.
Data sets #1 to #4 and data set #8 were collected from in-plant experiments,
while data sets #5 to #7 were obtained in a laboratory environment. For each
melt sampling cycle studied, an 1, (#/min) value was acquired
independently for each class of transient.

In Table 4.1, four new parameters are introduced. First, X of 11, corresponds

to g, valuesaveraged over the number, N, of melt sampling cycles studied in
the particular data set, for the normal pulse transient class. X of i, is
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& calculated using Eq. 4.3, where the : indices nfhm'l refers Lo the melt sampling
number. Secondly, S of Ny, is the sample standard deviation value of the
averaging process and is caleulated using Kq 4.4. where N and rare defined as
above. Thirdly, “ X of Normal pulse ratio is the relative proportion of each
class of transient over all classes. It is defined by g 4 5 where the ratio of the
g, value of normal pulses over the i, value of il elasses of transients s
evaluated for the 1/ melt sampling cycle and, by Kq 4.6, where the ratios
averaged over the N melt sampling cycles of the data set. Finally, in the same
manner, S of Normal pulse ratio, the corresponding sample standard deviation
is defined by Equations 4.5 and 4.7.

\Y
Xofn 0 - l n Eq 43

! N A ‘
3 _ \ J \ 9 | ‘:
Sofn, {N-—l ._( m_,) ( —_ ".m,) l[ lig. 4.4
’ , (’l S0 ) nut mal pulse l’lq. 4.5
] }t - (
n 30,4 ) wll types
1oo & . .
%X normal pulse ratio = —— Yl Fq.4.6
! -1
1 N N l
S normal pulse rati = | — Sy Pof Ny P kq.4.7
N—1 | =\ — |
-1 i -1

The X of i, values vary significantly from one duta set to another. The values
tended to be lower in the laboratory environment than for the in plant
experiments. It ranged from 58 to 109.3 [ #/min] in the luboratory and from
79.7 to 156.2 [#/min] for the plant Thus, there was a generally higher particle
concentration in the plant melts studied versus the laboratory melts. Also,
from one melt sampling cycle to another within the same data set, there are
important variationsof n

49- Thisisshown by the high S of n | valuesin the

| Y third column. These variations are large compured to the ones of usval Nyg

~

values of LIMCA particle counts. These fluctuations may he explained by the
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fact that 20-30pm particles are not counted in the N, parameter. This

population may represent up to 87% of the Ny( counts, since the rate of

oceurrence of small particles is also more stable than the one of larger

particies

Table 4.1

Rate of occurrence of normal pulses

xofn,, | Soti,, |pusaraio | puseratio
data set # [#/MI'IQ’)] [#/MIgJyJ P % o1pP S% context
T'T_'-%—Tm
2 192 6 410 525 1.7 Plant
3 128 3 18 2 87 6 75 Plant
4 156 2 1020 49 4 167 Plant
5 109.3 68 6 94 8 6.3 Lab
6 85.5 26 8 855 97 Lab
7 58 0 136 96 7 19 Lab
8 65 1 814 935 86 Plant

From the fourth column of Table 4.1, we see that the normal pulse class is
predominant in the laboratory experiments (85% to 95%) while its presence
goes down to 42% of the transient population for the worst in-plant experiment
case. However, the sample standard deviation of the %X normal pulse ratio is
very low compared to the X of 1, ones. This means that even if the number of
pulses vary considerably from one melt sampling cycle to another, the
proportion of this class of transient compared to all others is relatively steady,
along the consecutive ESZ probe cycles.

PHYSICALPHENOMENA
Normal pulses are related to the passage of nonconductive particles through

the KSZ orifice. As seen in Section 1.3, the amplitude of the pulse is related to
the fractional volume occupied by the particle within the ESZ. The diameter of
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a sphere of equivalent volume is derived as the output of the detection process.
The bell shape of the transient reflects the smooth entry and exit contours of
the orifice

The pulse width is related to the time interval over which the particle remains
within the ESZ The mean velocity of the fluid flow through the orifice is the

main parameter involved. It is usually stable and constant around its optimal
value.

The particle trajectory through the orifice may exert a small influence on the
resulting pulse shape. First, because of the fluid flow velocity distribution,
particles travelling near the orifice wall move slower than those travelling
around the center area. Consequently, in such cases, either the rising, falling
or both of the transient’s slopes are reduced and the total pulse width is

increased. Further, if the orifice shape contains sharp entrance and/or exit
corners, the potential field within the ESZ 1s not homogencous. Evidently,
potential gradients will be much steeper around these corners{12,13]. This has
the effect that any particle passing near a sharp corner will produce a resistive
pulse larger than if 1t were to pass further away from this corner However, the
Kimax probe orifices that were used within the frame of this work were smooth

and very well-contoured, so that such effects are not expected.
INFORMATION POTENTIAL

The above class of signal transients obviously carries important metallurgical
information, and the possibility of providing inclusion size distribution of the
melt. One should recall, however, that these signals provide no information

concerning the nature or chemical compositions of these particles.

The ratio of normal pulse transients to signal generated by other phenomena is
clearly useful infurmation. A high normal pulse ratio ( 2> 90%) is strengly
indicative of stable ESZ behaviour. Lower ratios should not be expected in
aluminium processing operations studied to date, except for SNIF treated
melts. Sudden variations in the normal pulse ratio, between consecutive melt

sampling cycles or within a cycle, can be strongly indicative of disturbance
within the ESZ.
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4.2.2 "Positive BaseLine Jump" (PBL.J)

This second class of transients derives its name from the behaviour of the
signal when, the potential of the baseline at the electrodes registers a sudden
positive step and stays at this new level.

DESCRIPTION

Asseen in Chapter 2, a step change in potential at the electrodes will be
characterized, after the high pass filtering stage, by a rapidly rising slope
followed by an exponential decay back towards the zero volt baseline level.
Such an exponential decay will follow the filter's time constant of 1 ms. This is
a side effect of the high pass filter which serves as a signature for any baseline
Jump transients. Figures 4.3 and 4.4 show typical Posttive BaseLine Jump
(PBL.J) signals.
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Figure 4.3  Typical positive baseline jump

The step or rising edge of the transient is found to be similar to that of the
normal pulses class and is in the order of 0.1 ms. The rising edge is however
much shorter than the fulling decay which takes a few milliseconds toreturn
to the baseline level.
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Figure 4.4  Typical positive baseline jump

This class of transients 1s much less frequently observed than the normal pulse
class. As seen from the fourth column in Table 4.2, this is particularly true of
laboratory experiments, where it forms less than 7% of the transient
population. However, in more complex experimental contexts such as those
using a SNIF degasser (data sets #1,2 and 4), the positive baseline jump class
may form up to 50 % of all the transient population. The baseline jumps are

definitely the second must important class of transients to be observed in the
LiMCA ssignal.

PHYSICAL PHENOMENA

A sudden step in the baseline can be attributed to an increase in overall
resistivity of the orifice. This increased resistivity is caused by an effective
decrease in the ESZ volume, and may be due to the attachment of a
nonconductive particle to the ESZ’s surface. Thus, a particle may stick o the
orifice wall, if it is nonwetted to the melt, and adherence to the surface can lead
to a netlowering in the surface energy. One can speculate that a certain
degree of roughness or porosity of the ESZ might also cause particles “capture”
which would again produce a posttive baseline Jump.
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Table 4.2
Rate of occurrence of positive baseline jumps
dataset # | Xofng, f#(;;ﬁ%’] PBLJX ratio PBLJsrat/o context
[ #/MIN] % %
T o e
2 1327 238 364 36.4 Plant
3 125 94 8.6 64 Plant
4 156 2 1020 45 8 179 Plant
5 23 30 31 46 Lab
6 70 54 83 68 Lab
7 02 04 03 05 Lab
8 41 50 5.2 81 Plant

The phenomenon may also be related to wetting of the orifice walls by the
melt. Thus, a sudden local, or partial decohesion of the melt from the wall of
the orifice’s sensing zone could also cause periodic posttive baseline jump
transients. The passage of “long particles” or “stretched bubbles” would also be
expected to generate PBLJ transients. However, no evidence for such
phenomena have been observed in aluminium melts, not in the micrographs of
solidified melts, where inclusion tyfes, composition and shape can be
measured.

INFORMATION POTENTIAL

It is not obvious whether such transients should be interpreted as inclusions
(and therefor counted) or disregarded. Like normal pulses, the amplitude of a
BLJ can be related to a particle diameter using the same mathematical
relation, i.e. Kquation 1.8. Consequently it would be logical to interpret a BLJ
signal asindicative of a particle entering, but becoming attached to the walls
of the ESZ during its passage from the melt bath into the sampling probe.
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However, any BLJ 1s undesirable and indicates a certain degree of bad
behaviour of the ESZ 1t 1s supposed that the relative rate of occurrence of Bl.J
transients indicates how “sticky™ an ESZ surface 1s to particles. Baseline jump
transients may herald unperfect wetting or indicate surface porosity. Often, a
huge baseline jump may be associated with important perturbation within the
ESZ such as blocking or unblocking of the orifice, and when the pressure is

reversed within the probe as to change the direction of melt flow through the
ESZ .

4.2.3 “Negative BaseLine Jumps” (NBLJ)

This third class of signal, as its name indicates, is similar to the one of 4
posttive baseline jump excepting, the baseline step is negative. This
charactenstic is sufficient to make it a distinet class. In practice, no attention
was paid to negative transients since the most interesting transients were
positive and the triggering system was set to be activated only when a rising
edge crosses a positive threshold level above the signal's baseline The
negative transients were therefor ignored by the LIMCA electronics even
though they probably exist.

DESCRIPTION

The time domain characteristics of a Negative BaseLine Jump are identical to
that of its positive brother except that the pulse is reversed relative to the
voltage axis. Figure 4.5 shows a typical waveform of this class. The transientis
initiated by a fast falling edge of typically 0.1 ms while the rising edge recovers
exponentially within a few milliseconds up to the zero baseline level, in
accordance with the time constant of the high pass filter.

It is interesting to compare the values of X of gy and S of Ry for both the
positive and the negative baseline jumps transients Table 3 3 gives these
numbers for each duta set. The X of nyg values of posttive and negative baseline
Jumps do not balance but do exhibit a certain degree of correlation and are
approximately of the same order of magnitude. As their positive brothers, the

transients of this class are much less frequently observed than normal pulses

60



100 ~4-———n—f - - ~—
[1¢] —_—
80
40 ——t — =
s 20
E ° PP POl o
g |
g -20 1
s
- 40 +
3
< -80 1 f/v
-80 "'/'
/~L7
=100 /\/
-120 -
140 A %
~180 : -
oo [ X} 10 '8 20 28 30 3.8 40 .8 8.0
TIME [mS)

Figure4.5 Typical negative baseline jump

and even less than the positive baseline jumps. They were found mostly in te
context of an unstable ESZ.

Table 4.3
Occurrence of positive versus negative baseline jumps
POSITIVE BLJ NEGATIVE BLJ
data set # X of figg S of figo X of figg Sof iz context
{#/min} {#/min} {#/min) { #/min}
2 1327 238 59.0 2240 Plant
3 125 94 24 2.0 Plant
4 156 2 1020 27.3 6.7 Plant
5 23 30 1.7 16.0 Lab
6 70 54 21 14 Lab
7 02 04 08 0.8 Lab
8 41 5.0 9.6 93 Plant
1
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PHYSICALPHENOMENA

A negative baseline jumyp 1s the consequence of a reduction of the overall
resistivity of the orifice and can be due to a sudden increase in the ESZ volume
If so, the amplitude of the transient can be related to the increase in the ESZ,
volume through Eq 1.8 The ESZ volume increment is presumably caused
either by the release of particle(s) previously “captured” by the walls or by
erosion of the orifice wall itself. The second hypothesis is not relevant to
signals in the present work, since it has been shown experimentally that very
little wall erosion occurs during LIMCA operations in aluminium with Kimax
probes Asfor the PBLJ the NBLJ may also be associated with unstable
wetting conditions of the KSZ walls by the melt, i.e. cohesion/decohesion of the
metal stream.

INFORMATION POTENTIAL

A high rate rate of occurrence of many large negative baseline jumps may
indicate. 1) erosion of the ESZ or 2) the release of captured inclusions (i.¢
orifice cleanup) or 3) imperfect wetung of the ESZ walls by the melt flow. A
high rate of occurrence of NBLJ should be interpreted as an alarm relative to
the condition of the ES7

4.24  "Long pulseys”

This class of transients takes its name from the fact that the transients spread
themselves over a longer time interval than the normal pulses. More
specifically, the class regroups those pulses having a long rise time, into a
separate set.

DE{ " RIPTION
A rising edge thatis much longer (>2 times) than that of a normal pulse of
comparable height is the key common feature that distinguishes members of

the long pulse class. The falling edge dues not have distinet characteristics in
this class, it can be fast, slow, exponentially decaying, etc.
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Figure 4.6  Typical long pulse

Figure 4.6 illustrates the case of a normal pulse stretched along the time axis.
In this case, as predicted in Section 2.3, the back shoot effect is amplified
because the transient's frequency content is shifted towards low frequency. It
can also be noted that the exponential baseline recovery following the back
shoot is not pure, since sume very low frequency variations are superimposed.
Another case is illustrated by Figure 4.7, where a long rising edge is abruptly
interrupted by a sharp fast falling edge similar to those of the normal pulses.
The third case of Figure 4.8, exhibit both very long rising and falling edges,
suggesting an abnormally low melt flow rate through the ESZ.

The X long pulse ratios for the data sets shown in Table 4.4 are low, i.e. below
6%. The rate of occurrence also fluctuates from one melt sampling cycle to
another and even within a cycle. Note that long pulses are often of low
amplitude because they are partially filtered out by the high pass fi'ter stage.
As a result, within the context of this study, the 30pm lower limit for .. -
particie detection range detracts from observations of these transients.

PHYSICALPHENOMENA
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Figure 4.8 Typical long pulse

40

A long rising edge is the consequence of a longer residence time of the particle
in the orifice, at least for the first portion of the ESZ. The particle entrainment
velocity may be decreascd either by friction of the particle with the orifice wall
or because the whole melt flow through the orifice has slowed down. A drop in
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Table 4.4
Rate of occurrence of long pulses

data set # f(;;c;{u r{ﬁ'] i‘5{’{0/%‘VI ﬁlﬁ] pu)fs%:?agt/o puS/sIeZ[ ?gtro context
2 26 6 16 76 17 Plant
3 55 26 38 19 Plant
4 96 75 44 42 Plant
5 17 19 20 20 Lab
6 56 32 6.2 35 Lab
7 19 11 3.1 16 Lab
8 28 62 13 29 Plant

melt flow rate through the orifice may be the result of an obstruction or a

deficiency in the vacuum system.

In the case of Figure 4.7, a particle trajectory close to the orifice wall while

entering and in the main stream for the exit may explain the shape of the

transient. Within the entry section of the orifice. the particle is slowed by wall

proximity but becomes entrained within the normal melt flow main stream

when it is half way through the passage and is therefore ejected at a normal

rate.

In the case of Figures 4.6 and 4.8, abnormally reduced ESZ flow rates are the

probable explanation. In this connection, one should recall from Section 2.3.4

that the amplitude loss effect of the high pass filter is much more severe on

longer pulses. As explained in Section 2.3.4 and illustrated in Figure 2,16, the

amplitude of the transient in Figure 4.8 would be only 50% that of the original

signal amplitude.

INFORMATION POTENTIAL
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While an isolated long pulse event does not allow one to conclude anything
about the state of the ESZ, many such long pulses spaced within a few seconds
of each other, together with u reduced density or complete absence of normal
pulses,1s a strong indication of urifice obstruction This hypothesis can be
tested on-line by applying a condittoming current and then checking if the
rates of occurrence of trunsient classes are affected and brought back to
normal Long pulses with fast falling edges orisolated long pulses are

indicative of normal flows through the orifice

4.2.5 Oscillatory transients

This class of trunsicuts derives its name from the oscillatory nature of these
signuls

DESCRIPTION

This class of transicnt does not form an independent group Its members
primarily belong to one of those previously defined The charactenstic feature
is the presence of u superimposed osaillation over the typical transient
wavetorm Most classes of trunstents have been observed to have superunposed
oscillutions o occasion Those oscitlations are in the form of 4 periodic damped

or undamped simple waveform

Figures 4.9 and 4 1oallustrate barge normal pulses, followed immediately, i
their under shoot, by an oscillation, In both cases, the wavelength of the
oscitlation is of the urder of magnitude of the pulse width. While the oscillation
in the first one 1s damped the second one isnot Figure 4.11 displays the case
of 4 posttive baseline pump on which a damped oscillation is superimposed. In
all these three cases the underlying typical transients are evident In some
‘ases, when the oscillation 1s not damped, the resultis a “pure” oscillation like

that shownin Figure 4 12
The vscillation phenomena was only significantly detected 1n two contexts as

seen from Table 4 5 For data sets #2 and #4, 40% and 50 % of the detected

pusitive transients where found to exhibit oscillatory features. In both cases, a
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Normal pulse with undamped oscillation

other plant circumstances, this phenomenon was almost nonexistent.

ISR
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Figure4.12 Undamped high amglitude free oscillation

The case of data set #6 is special. While 9% of the transients showed
oscillatory features, the amplitudes of oscillation that were encountered were
much lower than those for data sets #2 and #4. From observations of the
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Table 4.5
Rate of occurrence of oscillatory transients

l
dula set # f#%ﬁi{?] context

1 01 Plant

P2 404 Plant
3 00 Plant
4 505 Plant

.5 NA Lab
6 91 Lab
7 00 Lab

| 8 NA plant

signal, the phenomena ussociated with data set #6 were definitely not of the
same hature and cannot be compared to the cases of data sets #2 and #4.

Note thatin the case of data sets #1 and #3, where the SNIF unit was also in
operation, a "spoon” was used to protect the probe from the direct bulk: flow of
the melt. Using this means, the oscillation problem was almost completely

eliminated. This uspect will be discussed more extensively in Chapter 5.
PHYSICAL PHENOMENA

It1s presumed that the oscillatory features superimposed on the ESZ signals
were caused by non-wetting of the the melt flow on the ESZ walls. The
assumption is that when the wetting characteristics of the ESZ become
sufficiently altered as to cause decohesion of the melt from the surface of the
ESZ andsets up oscitlating waves that contract and expand, inducing
variations of 1ts overall resistivity. The consequence is induced oscillations on
a typical LIMCA signol

The precise reasons for un alteration of the wetting characteristic within the
ESZ are not known The presence of micro bubbles, thin oxide films or a high



degree of turbulence within the bulk melt flow around the probe could be
possible causes One thing 1s clear, the phenomenon oceurs as a result of the
SNIF process, upstream trom the probe, in the launder. In fact, taking the
probe further downstream from a SNIF unit constderably reduces these
oscillation problems However in practice, the location of the probe in the

launder is often restricted by plant layout to a small area close to a SNIF unit
INFORMATION POTENTIAL

The presence of osatlating transientsis adirect indication of bad wetting of
the crifice. Being related to a highly unstable signal baseline, they should be
taken as a serivus warning. The reliability of a particle size distribution
generated with a sipnal analysts system simtlar to the one desceribed 1in Section
2 4.2 would be compromised hy the presence of oscillating transients since each
oscillution eyele would he counted as a particle related pulse Frequent
oscillutions on the signad makes such a system unusable for particle size
distribution measurement purposes.

4.3 Discussions
4.3.1 Complexity of the LiMCA signal

Three baste distinet classes of transients of aluminium LIMCA signals have
been presented in this chapter. They are the normal pulses, the long pulses and
the positive and negatice baseline jumps. The hypotheses or explanations
presented as for the physical phenomena giving rise to there classes and the
information that could be retrieved from these transients partially illustrate
the complexity of a4 given LIMCA signal in liquid aluminium. While the
transtent classes mentioned above can be characterized, and explained, others
cannout Indeed, from the signal, one could observe an infinite set of randemly
occurring transients of unknown source. These can be generated by
coincidence of more than one particle in the KSZ, from noise pickup from the
environment of the sensor, from switching devices, bad behaviour of an

element of the LIMCA equipment, etc ... One can rationalize such events by
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defining a class of unknown signals so as to include all transients that cannot
be associated with one of the three classes identified.
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Superposition of a normal pulse with a positive baseline jump

Because of the low concentration of inclusions in the studied melts and the
very small volume of the ESZ under the circumstances investigated, the
cuincidence of event in the ESZ s rather rare. However, the cases of
coincidence tn the ESZ are interesting. A transient corresponding to a
coincidence of events might have unique i™e domain characteristics. The
characteristics of the trunsients of the - ' .idu~1events may still be distinct
but will be superimposed on each other..: the ase of Figure 4.13, a normal
pulseand a positive baseline jump occurred «lmost simultaneously. The
passage of a particle was almost complete, producing a normal pulse, when
probably another particle caused a positive baseline jump. Many other
examples of multiple normal pulse transients or multiple baseline jumps
transients have also been observed. All these examples illustrate how complex
a complete LIMCA signal recognition procedure could become.

4.3.2  Machine recognition of transient types
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In any case, an important potential of information is latent in the LiIMCA
signal without being taken advantage of. From the above discussion, it is elear
that the task of properly monitoring and controlling the LIMCA signal is
beyond the ubility of & human operator. A complex machine could however
fulfill this task The schematic of such a machine 1s shown in Figure 4 14
Some basic signal condiuoning stages (High pass filtering, preamplification
with gain of 1000, and logarthmic amplification) could be performed by
standard high precision unalog electronics. The rest of the monitoring and
control of the LIMCA signal could be performed by a machine with three level
of complexity

Ata first level, a detectod transiert would be digitized and its characteristic
features tamplitude. durution, frequency content, ) extracted using Digital
Signal Processing (DSPitechnigues This could be implemented using a
dedicated DSP microprocessor board or custom hardware installed in o I1BM
PC so that real timie processing may be achieved. At the seeond level, the
extracted features of the transient would be used to categorize it in one of the
LiIMCA signal class Staustical Pattern Recognition (PR) techniques could be
used to perform such a tusk  Another dedicated microprocessor board would be
required here since this tusk s computationally hungry. Finally, ata thard
level, both the features and class data of each detected trunsient, together with
other information provided by external sensors and by the operator, are used to
generate a vahdated purticle size distribution as well as far control of the
LiMCA probe. This stage of processing could be implemented by the processm
of the host IBM-PC running software built on ruled based Artificial
Intelhigence (Al techniques.

While the system described above is a design proposition, some work has heen
done to evaluate the supgested statistical pattern recognition approach [ 14}
In the frame of that investigation, the classification task was Iimited to a two
class problem, 1 e. discrimination between the normal pulses and baseline
Jumps. For each cluss, u sample set of typicn! transients was used The time
domain transients were converted to the frequency domain and/or
autocorrelation domain and were approximated by polynomial curve fitting as

a mean of dimensionality reduction of the resulting vectors Using the

72




R LIMCA probe ! External
g ] sensors
LiIMCA signal
l ' 9 (temp,
ressure,
Signal conditionin P )
(analog electronic
Conditioned
LiMCA signal
Transient classification Transients digitization
(PR technmiques) and feature extraction
(DSP techniques)
Transient Transient Transient
class features features
Computation and vahidation of particle size distribution data

and —
Control of the LIMCA probe

(Al techniques)

‘, T

Display of the Information provided
particle size distribution by the operator
data
Figure4 14
Schematic for the control and monitoring of signal generated by a LIMCA
probe

coeffictents of the polynomial fitting, a simple linear categorizer method was
used to assign a class to each transient of the data sets. Very encouraging
recognition rates were obtained (up to 90%) for the test data sets. Although
these results were obtained with limited data sets (40 transients per class), off-
line computations and only for a two-class problem, they proved that the

pattern recognition approach can be used for LIMCA transient classification.
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CHAPTER 5 --SIGNAL BEHAVIOUR IN
SPECIFIC SITUATIONS

In thischapter, the eight data sets collected from the signal recorded on tapes
are analyzed 1n more detail. The relative rate of occurrence of the different

transient classes will be used to characterize the signal behaviour within the
contextof each of the data sets.

5.1 Normal conditions of operation

The operation of the LIMCA system 1n a laboratory furnace is usually not as
problematic as compared to in-plant operation, since noise level (acoustic,
electromagnetic) and the presence of dust, which are the main causes of
troubles in the plant environment, can be eliminated. The melt flow around
the probe is also far more quiescent 1n a small, closed, laboratory furnace than
in a plant launder Forall these reasons, the signal obtained in the laboratory
experiment represents the optimal signal

From the previous chapter, we can conclude thatin ar optimal signal, the
proportion of normal pulses dominates over the suin of all other classes. Such a
case isillustrated in Figure 5.1 from data set #7. The N, valuesof the
normal, the base line jump and the long pulse classes are plotted for 10
consecutive cycles. The plotted i, values correspond to the number of
observed events per unit time. For a given class of transient, they are obtained
by counting pulses (related to particles with diameter >30pm) during a melt
sampling cycle and dividing that number by the time interval over which the
counting procedure took place.

Itis clear from Figure 5.1, that the rate of occurrence of the normal pulse class
ismuch larger than that for other classes. While there are a few occurrenres of
long pulses, baseline jumps are almost nonexistent. The count rates are also
relatively steady from one melt sampling cycle to another, Together, these
considerations characterize a stable signal. With such a signal, reliable
particle size distributions can be easily extracted without the need for a
transient type discrimination procedure.
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Figure 5.1 A3p occurrence rate
Up-mode analysis from laboratory experiment

The count rate of the normal pulse class tends to decrease with increasing cycle
number. Metallurgically, this can be interpreted to be caused by the settling
out of large ( >30pm ) particles from the sampled melt.

Note that the occurrence curves are obtained from counts of transients with
amplitudes related to particles of 30pm and greater. No data are available for
the transient occurrence rate related to the 20-30pm particle range. However,
qualitative observation of the signals suggest that there is a significant
correlation between the relative count rates observed over, and below, 30um.

5.2 Orifice obstruction

The obstruction of the orifice is a relatively frequent problem while operating
the ESZ probe in liquid aluminium, Physically, the melt flow is reduced or
even interrupted while the electric current still passes through. The resulting
signal shows little sign of activity where only long pulses and a slowly moving
baseline are observed. Because of its quietness, such situations often do not
draw the attention of the operator.
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If a constant melt flow rate through the IXSZ7, is assumed, an orifice obstruction
is deleterious to the reliability of measured particle conecentration as they
cause underestimation of the true density of particles in the o It sinee the
orifice melt flow is reduced.

The conditioning current is a powerful on-line method 1o test the hy pothesis of
orifice sbstruction When abnormally low count rotes or suspretously quiet
signals are observed, a conditioning currentis applied by the operter The
high densityof energy created in the ortfice from the apphication  f ihe
conditioning current clears the orifice of uny dirt blockimnyg the o ap ol
through it. In a case of orifice obstruction, if the normal rater of ccurrence ol
the transients are recovered immediately after the appheation of one or two
conditioning currents, the diagnostics will have been confirmed Measuiing

the orifice voltage drop 1s also an effective mean of detecting blockae

The N, oceurrence curves fordata set #5 are shownn Figure 5.2 and micely
illustrate cases of orifice ubstruction. The figure shows the rate of occurrence of
the normal, the long and the baseline pump type of transtents over 14
consecutive cycles. The count rates have heen obtuined from up down maode
analysis for cach melt sampling cyele. Cycle #1 corresponds to the very first
cycle of the experiment, immediately following the establishment of the first
contact of the inelt with both electrodes The experiment was run in a smatl
laboratory furnace.

The occurrence curves show some of the characteristics of normal conditions,
The count rate of normal pulses s generally much larger than thiut for the
other types of transients. The count rates of hoth the long and the huseline
Jump transient classes are very low, if not null, However, the normal pulse
occurrence curve shows unusually low level fluctuations both at eyele #2 and
cycle #10.

With regard to qualitative observations that can be made with respect to the
datain Figure 5.2, it was found that :

1/ After the autoniatic conditioning of cycle # 1, the signal behaved as for

normal conditions of operation. This shows that the probe can produce reliable
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Figure 5.2 fizp occurrence rate
Up/down-mode analysis from laboratory experiment

signals even at the first melt sampling cycle, immediately following the first
melt/electrodes contact.

2/ A manual conditioning current was activated by the operator before the
end of the first cycle. The signal remained good. The normal pulse occurrence
rate however is particularly high.

3/The automatic orifice conditioning of the beginning of cycle #2 was than
activated. Thereafter, the signal behaved as for normal conditions of operation
for a few seconds, followed by a huge saturated baseline jump, shown in Figure

5.3. Very few normal pulses are thereafter observed, while some long pulses or
baseline instability, are present.

4/ The operator detected this abnormal behaviour and activated the manual

conditioning procedure (before the end of the cycle). Instantaneously, the
signal's normal characteristics were recovered.

5/The rest of the experiment behaved as for normal conditions of operation

up tocycle #10. At this point, the operator observed a reduced number of
normal pulses and suspected that something was going wrong. He therefore
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Figure5.3  Huge saturated baseline jump
mark the beginning of an orifice obstruction

activated a manual conditioning current just before the end of the cycle but the

situation became even worse such that almost no transients were observed for
the last seconds of the cycle.

6/ The occurrence of the automatic conditioning of cycle #11 reestablished
adequate signal behaviour.

The sudden decline in the normal pulse rate of occurrence was strong
indication of an eventual obstruction of the orifice. Other symptoms such as
the observation of long pulses and slow baseline fluctuations reinforce this
hypothesis. The use of the conditioning current as an on-line test should be
taken advantage of, as often as these features are detected, and data collected

from melt sampling cycles with confirmed orifice obstruction should be
disregarded.

By analyzing Figure 5.2, it is not obvious at all that the long pulses are
indicators of orifice obstruction. However, as is demonstrated in section 2.3.4, a
significant amplitude loss is introduced by the low pass filter for the long
pulses. Consequently, the Ny, occurrence curve of long pulses is always under
estimated and most long pulse's amplitude fail under the threshold detection
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level. Thisexplains why the number of such transient does not appear to be
significantin Figure 5.2, Curvesof i, , would probably show stronger

correlations between the long pulse occurrences and orifice obstruction with a
lower threshold detection level.

5.3 Effects of stirring the melt around the probe

The LiMCA instrument allow for the on-line detection of fast surges of
particles thus providing the ability to observe a problem in real time. This is of
great helpin searching for its origin. The occurrence curves of data set #8
shown in Figure 5.4 illustrate a detection of fast particle population increase.
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Figure 5.4 1g3goccurrence rate curves
Up-mode analysis from in-plant experiment

The experiments were performed in-plant and the data presented were derived
from the up-mode analysis of the melt by LIMCA over nine consecutive melt
sampling cycles. The probe was submerged in the launder, downstream froma
SNIF unit, and was protected by a "spoon” with an opened down flow side ( see
Section 5.4.2 for the description of the "spoon”).
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As seen, the count rate for the normal pulse class started at a low value. It
increased abruptly at cycle #6 and decreased back to its original level at cycle
#17, before going up again at cycle #8 and finally coming down at cycle #9.
These two drastic surges of particles are directly linked to external
phenomena. Indeed, both at the time of cycle #6 and cycle #8, an operator had
stirred the melt in the spoon around the probe. This action remixes settled
particles increasing the local particle population around the probe. However,
the density of particies decreases rapidly, within one or two cycles from the
disturbance, indicating the particles were probably carried along, away from
the probe.

In the case of cycle #6, the number of long pulses and baseline jumps

transients also increased slightly. This indicated a certain degree of induced
ESZ flow disturbance.

54 In-plant use of a SNIF degasser and its effect on the
ESZ signal

The in-plant use of a SNIF degasser in the melt path, upstream of the probe,
created the most problematic condition for the operation of the LIMCA
instrument in liquid aluminium,

In attempts to operate the LIMCA apparatusin a launder downstream from an
operating SNIF unit, the operators were confronted with a major problem of
signal instability. Moving the LIMCA probe away from the SNIF unit, the
gravity of the problem tended to be reduced. However this solution was often
impractical because of space restriction in many of the plants. A large
proportion of long and baseline jump transients, as well as oscillatory features
were observed on the transient signals. Typically, the instability is at its
minimum level immediately following a conditioning current and this
increases constantly, reaching a saturated level of oscillation prior to the end
of a melt sampling cycle.

Essentially, in these conditions, the standard ESZ up-mode analysis was
virtually incapable of producing a stable signal from which reliable particle
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size distribution data could be extracted. Special procedures were designed for
the operation of the LIMCA under these circumstances and tested in-plant, in
order to minimize signal instability. These procedures, and the results from
investigations of them are discussed in the following sections.

54.1 Down-mode versus up-mode analysis

The down-mode analysis was investigated in order to determine if its usage
would improve the signal's stability when operating the probe downstream
from a SNIF unit Theoretically, one would expect to obtain comparable
particle size distributions for a particular melt sample analyzed both in the up-
mode and the down-mode. In practice this was not the case. Typically, the
down-mode analysis (not unexpectedly) gave lower count values. This could be
explained using the assumption that a certain percentage of the incoming
particles are trapped in the probe either when they float out, settle down or
stick to the wall inside the probe,

In-probe melt rest, periods were also investigated. After the up-mode analysis
is completed, i.e. when the probe is full with melt, rather than flushing the
tube right away, the melt was allowed to rest for a certain time inside the
probe, Again, the objective was to test whether this procedure would improve
the signal's stability. Assuming that the presence of oxide films in the melt
causcs instability of the signal, the idea was that, prior to the down-mode
analysis, the rest period could favor the separation of the phase and therefore
stabilize the signal. Rest periods of 30, 60, 90 and 120 seconds were tested.

An experimental procedure, as described in Section 3.5, was designed in order
to evaluate the baseline stability period. The goal was to evaluate how long the
baseline oscillation level takes to reach a specific amplitude. Two such
amplitude levels were used in conjunction with the following results. The first
one is the transient amplitude linked to 25pm particles. On the first observed
occurrence of such an oscillation level, the tape footage is noted as the “Start of
Instability”. Note that when the baseline oscillation level has reached t'iis
amplitude, the transients of all particles of 25pm and smaller cannot be
discriminated from the "noise”. In a typical particle size distribution, the 20-
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25pm range forms 70% of the particle population [3]. This illustrates how
deleterious such a level of oscillation is on a signal’s utility. The second
amplitude level is the one at which the baseline oscillation level saturates the
tape recorder input level. On the first observed occurrence of such an
oscillation level, the tape footage is noted as the "Start of Total Instability”.

For each of the rest periods mentioned above, the down-mode analysis was
tested with a number of melt sampling cycles. For each of these cycles, the
“start of instability™ and the “start of total instability” parameters were
measured, for both the up-mode and down-mode analysis. The results are
shown in Figure 5.5. The graph shows the values for the "start of instability"
(25pm related level) and the "start of total instability” (completely unstable

baseline), averaged over a number of cycles, for rest periods of 0, 30, 45, 60,90
and 120 seconds.
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The curves in Figure 5.5 show that in the up-mode analysis. the baseline
oscillation level reaches the 25um related level within 2 to 5 seconds and that
the saturation levels reached in roughly 5 seconds. For down-mode analysis,
the baschine’s oscillation growth tends to take more time the longer the rest

periods, The 25pm related level s reached within 10 to 22 seconds, while the
baschne saturated level occurs between 12 and 25 seconds, The saturated
baseline state 1s reached within afew seconds of the 25pm bascline oscillation
level, suggesting that the oscillation builds up in a geometrical or exponential

manner.

These facts clearly indicate that direct up-mode analyses downstream of a
SNIF unit produce useless signals Fven in the down-mode analysis, 120
second rest periods do not yield useful signal stability. The 15 to 20 seconds
interval of baseline oscillation level under 25um obtained is not sufficient to
allow the gathering of useful particle size distribution. Morcover, even if the
down-mode analysis reduces the baseline instability somewhat, it does not
climinate the oscillation features found on the transients This is particularly
deleterious to the reliability of the particle size distribution since each cycle of

an oscillation that crosses the threshold level is registered as a particle.

A better picture of the phenomena resulting from the down-mode analysis of
melts processed by a SNIF degasser is obtained by looking at the occurrence
curves. The rate of occurrence of the normal, the baseline jump and the long
types of transients for data set #4, are plotted for 8 consecutive melt sampling
cyeles, and given in Figure 5.6.

For this data set, the measurement of the rates of occurrence could not be
performed over the whole down-mode section of each melt sampling cycle.
Indeed, the counting procedure was interrupted at the point where the
instability level became too high for transient types to be detected and
identified. Consequently, the ovecurrence rate values of data set #4 describe
only the best KSZ behaviour intervals of the eycles studied.

The large proportion of baseline jump transients is the most important feature

of Figure 5.6. In fact, the rate of occurrence of the haseline jump transients was

even higher than the normal pulses for the first three cycles and was still high
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for the others. Cycle #4 was the only one offering worthwhile conditions for the
extraction of a particle size distribution. The fluctuations in the rate of

occurrence of both the baseline jump and the normal pulse are also particularly
high.

The presence of long pulses in this data set is not important and is relatively
constant. Nosign of orifice obstruction was observed, the only ¢cxception being
the last cycle (#8), where both an increase in long pulses and a significant
decrease in normal pulses were observed. In this case, partial orifice
obstruction is a legitimate diagnosis.

Figure 5.7 shows another view of the same datla set where only two occurrence
curves are plotted. The first one corresponds to the summed rates of occurrence
of all positive transients, i.e. normal pulses, baseline jumps and long pulses.
The comparison can be interpreted as the signal's activity on the baseline. The
second one corresponds to the number of transients of the first curve that have
been observed with oscillatory features. It is consequently a measure of the
degree of oscillation of the signal. Frem Figure 5.7, it can be seen that for most
cycles at least 50% of the transients exhibited oscillatory features. This
indicates the high degree of oscillation from which the signal suffers.
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Naturally, reliable particle size distribution cannot be extracted from this
signal, using a straight peak picking mode of interpretation.

5.4.2 Probe protection by a “spoon”

It is believed that the operation of a SNIF degasser introduces gas micro
bubbles, oxide films as well as turbulence in the downstream flow of melt in
the launder. This turbulent flow can be expected to hinder the disengagement
of bubbles and oxide films from the melt. The passage of such micro bubbles or
oxide films through the ESZ could cause ESZ instability by altering wetting of
the orifice’s wall. In the process of seeking a way to protect the probe from
these effects by allowing bubbles and films to separate before they reach the
ESZ, a "spoon” was used to test the principal.

A schematic of the so called “spoon” is given in Figure 5.8. It comprises a
coated metallic open-top box fixed to a handle. The downstream face is
equipped with two holes, allowing the melt to penetrate when the “spoon” is
partially submerged in the melt. The probe is then plunged in the melt. The
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melt in contact with the probe can then only recirculate through the holes on
the downstream face of the “spoon”.

The use of this device considerably reduced the level of signal instability.
Figure 5.9, similar to Figure 5.7, gives the rate of occurrence curves for the
sum of all positive transients versus those for oscillatory transients. Thisdata
set #1 covers 25 melt sampling cycles over a range of 43 consecutive cycles.
The oscillation problem was practically eliminated through use of the “spoon”
protection. Indeed, only a few occurrences of oscillatory signals were observed
in the first four melt sampling vycles of the experiment. This number is very
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The summed rate of occurrerce of all positive transient classes in Figure 5.9
show a relatively high degree of variability. This is often linked to the
instability of ESZ. The standard occurrence curves of normal, baseline jump
and long pulses are shown in Figure 5.10. The most obvious observation from
this graph is the high rate of occurrence of baseline jumps which exhibit
similar, or higher rates of occurrence than those of normal pulses. The high
variability between these two occurrence curves also indicates dissimilar
behaviour of the ESZ from one melt sampling cycle to the other.

The rate of occurrence of long pulses in Figure 5.10 is relatively stable and low
compared to the rates for the other classes of transients. No obvious complete
or partial orifice obstruction can be identified from these curves.

From these experiments, it is clear that the use of a "spoon” protection does
reduce the signal instability level by creating a zone of low turbulence around
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the probe, allowing micro bubbles and/or oxide films to separate. This, in
practice, eliminates the oscillation problem. On the other hand, the rate of
occurrence of baseline jump is stil! as important as the one for the normal
pulses. The use of this device is consequently not a complete solution.

The interpretation of the positive bascline jump transients is not
straightforward. Presuraably, their occurrence is related to penetration of a
particle or a bubble into the orifice as well as a local non-wetting of the orifice
wall. Figure 5.11 shows the occurrence curves for data set #3. This data set
was extracted from the signal of an experiment analyzing the melt upstream of
a SNIF degasser unit. The experiment was performed within the same cast as
data set # 1. The normal, baseline jump and long pulse occurrence curves are
drawn for five melt sampling cycles over a range of eight consecutive cycles.

This graph shows a clear separation between the rate of occurrence curve for
normal pulses and the others. It shows near ideal conditions of operation. The

rates of baseline jumps and long transients are stable and relatively low.

Upstream of the SNIF, the rate of occurrence of normal pulses ranges from 110
to 150 per minute, while downstream, using a “spoon” (from Figure 5.10), it
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ranges from 30 to 150 per minute. A comparison of these numbers suggests
that the use of a SNIF unit helped to reduce the concentration of inclusions (of
diameter >30pm) within melt. This conclusion is correct only provided the

baseline jump counts are not interpreted as deriving from the passage of
particles through the ESZ.

Including the baselinejump rates, it is obvious that there is much more
activity on the signal downstream from the SNIF than upstream from it. This
confirms the fact that the SNIF degesser introduces either flow turbulence, a
second micro bubble phase and/or oxide films into the melt and therefore
affects the behaviour of the ESZ. The ESZ signal activity is related to the ESZ
instability as well as the inclusion content of the melt.

5.5 “Positive” versus "negative baseline jumps”

In Chapter 4, the negative baseline jump class of transient was defined and
described. Occurrence curves for this class of transient have yet to be
discussed. Thus, negative triggering is required to detect them. Positive
triggering is always used in LIMCA signal analysis because the principal

89




classes of transients require positive triggering. The significant occurrence of
negative baseline jumps was only observed when positive ones had an
important rate of occurrence. Figure 5.12 illustrates three occurrence curves
for data set #1 ("spoon” protection experiment). The first corresponds to the
grouped positive transient classes, representing positive activity on the signal.
The second and third are respectively the positive and negative baseline jump

rates.
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The negative baseline jump count rate tends to follow the positive baseline jump
rates, particularly for the first nine melt sampling cycles of the data set. The
rate of occurrence of negative baseline jumps were always lower than that for
BL.J. From cycle #21 to the end of the data set, the rate of occurrence of
negative baseline jumps was much lower than those for positive BLJ’s and the
two curves did not correlate.

A much larger rate of positive baseline jumps compared to its negative

relatives, may be an indication of the accumulation of particles on the orifice
walls. Strong correlation of these two curves would, on the other hand, indicate

90




a balanced situation in terms of accumuiation and release of particlesin the
orifice. Monitoring negative baseline jump rates of occurrence would be
particularly useful while operating the LIMCA apparatus in a melt, different
than aluminium, in which the probe material is subject to alteration. This
way, orifice erosion could be detected.

5.6 Discussions

The sampled data sets studied in this chapter have been derived from only a
few minutes of LIMCA signals. One cannot claim that they constitute a
complete and sufficient set for representing the LIMCA signal generated in
aluminium melts. Drawing a complete picture of the LIMCA signal was
beyond the scope of this work. However, the slices of signals and their
corresponding data sets were chosen because they reflected a number of
identified ESZ states.

The goal of the work presented in this chapter was to show how the ESZ states
can be characterized through the relative rates of occurrence of the different
types of transients. While examples of such characterizations have been
presented, analysis of a much larger set of signals sample should be carried on
so that a set of ESZ states and decision rules can be established, bascd on the
relative rates of occurrence of the different transient classes. These rules could
be integrated in the third level of the LIMCA signal monitoring and control
machine presented in Section 4.3.2 and illustrated in Figure 4.14.

The relative rates of occurrence could be computed over each melt sampling
cycle. Making a decision on the ESZ state for each particular cycle allow to
validate, correct or disregard, the particle size distribution data generated
during that cycle. Monitoring of fluctuations of the relative rates of occurrence
over shorter time irtervals (every 5 seconds for example) could allow the
machine to activate the conditioning current whenewer the ESZ state is judged
unstable. This way, some melt sampling cycles could be recuperated for the
production of reliable particle size distribution data.
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The decision rules could be based on fixed relative rates of occurrence
threshold values for which an ESZ state is defined (ex.: if more than 50% of the
detected transients are baseline jumps, the signal is judged useless for the
extraction of particle size distribution daca). The rules could also be based on
comparisons with previously acquired relative rates of occurrence. For
example, for normal conditions of operation, the values of relative rates of
occurrence should be relatively constant over consecutive melt sampling
cycles. Therefore, comparison of such value of previous melt sampling cycle
could be indicative of an at normal ESZ behaviour.
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CONCLUSIONS

Metal cleanliness can be measured on-line by the LiMCA apparatus, based on
the Electric Sensing Zone (ESZ) technique, The sensor, submerged in a liquid
metal bath, produces a characteristic electrical signal transient during the
passage of a particle through its sensing zone. Detection of these signals allow
to derive the size distribution of the particles suspended in the liquid metal.
Signals generated by the LIMCA apparatus, when used in liquid aluminium
baths, have been studied.

The transfer function of the high pass filtering stage of the LIMCA apparatus
was described using mathematical models and was best characterized by the
sine model. As a side effect, the high pass filter modifies the original LIMCA
signal transients by reducing their am plitude by a factor of 9%, typically. This
amplitude loss is detrimental to the particle size distribution accuracy, leading
to underestimation of the particles size. The sine model, through Equation
2.27, can be used to correct the transients amplitude value.

Three basic LIMCA signal transient classes were identified. They are the
normal, the long and the positive or negative baseline jump pulses. The normal
pulses are related to the passage of a particle through the ESZ and yield to the
evaluation of the particle size distribution of the liquid aluminium bath under
analysis. The long pulses are generated by the passage of a particle when the
melt flow rate through the ESZ is abnormally low. Their amplitude value are
reduced more drastically with increasing length. The positive and the negative
baseline jumps are respectively related to a sudden reducticn or increase of the
ESZ volume and correspond to undesirable behaviour of the sensing zone. The
detection of transients and the identification of the class to which they belong
allow to validate the particle size distributions derived.

When the LIMCA apparatus was operated 1n a launder downstream from a
SNIF liquid metal cleaning unit, oscillatory features were observed cn all
classes of transients. These oscillatory features were highly detrimental to the
reliability of particle size distributions derived from such operations. A few
sensor operating techniques such as down-mode LiMCA signal analysis and
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protection of the LIMCA probe by a "spoon”, were tested in order to limit the
oscillatory features of the signal. They failed in providing a stable LIMCA
signal from which a particle size distribution can be derived.

Rates of occurrence of all class of transient were estimated for a number of ESZ
sensor operation conditions. It * as shown that the LiMCA signal behaviour
and consequently the ESZ sta'e can be characterized using the relative rates of
occurrence of the different transient classes.
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