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ABSTRACT 

MetH 1 t'lean li ne::,::. I~ :.i major concern oftoday's aluminium industry. The metal 

cleanllnes::, i~ related lI) the number and size ofnonmetallic inclusions 

:)u::.pended in the Ilquid rnetal. A sensor, submerged in a liquid metal bath, 

(Jrodut'e~ a chaf(jl'teri::.tll' electrical signal during the passage ofa parti cie 

through it::, Electril' Sen~ing Zone (ESZ), On-line analysis ofthese signais 

enable melt partir/l' ~IZl' dist.ribution ta be derived. The present study focu'3c", 

on !:>lg"nab ohtainl'd dun ng application ofsueh a sensor to al uminium melts. 

Both the sen~()r h.ld thl' preproCt:'sslng stages of the signal are described. A 

ma thcmatical m(J(h: luf t he high pa:ss filtering transfer function is developed in 

the lime domain III prl'dll't its role in modifying the raw signal's transient 

wHvefllrm::. 

Cla::.::.e::.of::,ignal tra Il::'1 l'nt::. are identified and described in anticipation of 

furtht'J' development ba::.ed on pattprn recognition techniques. Signal 

behaviour de:)rriptlOIl ill ::.pecific :)ltuations are performed through the relative 

OCl'U rrence rate!:> uf eal'h das::, oftransient. Attention is direclt'd towards 

cxtractil,lI ofinformatlOll relative tu, both the production ofparticle size 

distribution as weil H!"I fllr ::.ensorcontrul purposes. 
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T, . , 

RESUME 

De n()$juur~, j'indu::,tril' dl'I'aluminium purte benucoupd'interêta la purl'le du 

métal. Cette purdl' t ~t It'liee nu nombre et a la dimension des partil'ulc~ nOll 

metallique:::, ('11 ~lI~pl'Jl~IIJf1 dan~ le metalliquide, Un senseur, ~ubmergc d<ln~ 

un halll de met.!!. pl t,du 1 t un ~.,Ignal électriq lie caracteristique lor::. du passage 

d'ulle Pdrticuk [1 tr .1\'\..1,::,.1 Zone Electrique SensIble. L'analy~e de l'l'~ :::.ignaux 

pCl'llld de dcnvel. III :"It LI, la dl~tnhution de taille:-, de~ partIcule!:> en 

::,u::,pl:n::'llJn dun~ IL- hdlll dl' metl1l La pre!:>cntc etude porte ::.ur l'allaly~l' dl' 

sIgna llX prud Ul b 1(11::' dl l'uti li::,ation de ce sen::.eul' dans de::. balll::' 

d'aluIllinlum. 

La genNution et Il tI dltL'lnenl de::. ::>ignaux :::,unt decnt::;, La fonction dl' 

tran::.fert du filtrl IIl1::':-'l' haut e~t predite par des mode les math2matlqlH.':-' :dlll 

de caracterber ::'011 1'1 dt, tillant [l la modificati()n de:::, ::,ignaux originaux 

Dl'::' das::,e~ de tran:-.ll nh ::,unt identtfiee::, et decrite:::, pour preparer i1 

l'intruducltun de techIllquc::. de recunrHtI::,::.anec de forme. La frequelHT relative 

d\Jb::,ervatlOll de::. lran::,lt:nb de chacune dt.':::' c1a~~e:::' e~t ultl!::,et: pour 

caractéri::,er le comp()rtl'Illent du signal dan~ diver:::, l'ontcxt(':::, spél'jfïqlll'~. 

L'extractiun de l'lllfurmdtlOI1 conl.l'nue dan~ le ::,ignal est faite en relation avt't' 

la pruduction et la validatIOn de la dt!::>tributiol1 de tailles de!::> particule:::. ain!::>i 

qu'avec les aspecb de L'IJIlLrôle du ~en:::,ellr. 
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CHAPTER 1 .- INTRODUCTIOl'f 

The problem ofmetal 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 de pends on the 
number, the size and distribution ofnonmetallic inclusions suspended in a 

melt. In aluminium alluys, inclusions with diameter greater than 15pm can be 

considered potentially detrimental. Depending on the application, their 
presence can yield to difTerent types of defects which increase breakage and/or 

rejection rates in the production !ines. For example, the production ofbeverage 
can body is very sensible ta 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 difTerent types ofbeds and finally, 

combination of gas flux with mechanical agitation. A SNIF degasser unit is 

su ch kind oftcchnique and was enr;ountered in the frame ofthis work. 

Standing for "Spinning Nozzle In-line Flotation", it is a commercial product of 

Union Carbide. A SNIF degasser consist of agas 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 ahJminium alloys to 

remove inclusions, hydrogen and alkalis. In general, the purpose ofthese melt 

cleaning techniques is to reduce its concentration ofboth hydrogen and 

suspended inclusions. 

Before the introduction of the Electric ~ensing ~one (ESZ) technique, no rapid 

quantitative analytical method was avai1able for the monitoring ofsuspended 

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 ofpolished surfaces. Since 

1 
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the concentration of inclusion in liquid aluminium is usually low for such 

examination, preconcentration ofinclusion is require~. 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 incl usion size and composi tion. i t is semi­

quantitative since it may be affected by the judgment of the metallographer. 

On top orthat, the performance orthe method is sensible 10 the penneability of 

the porous disk and the metallographic analysis is time consuming. 

An ultrasonic technique, similar 10 the one used for nondestructive testing of 

solid materials, has been shown ta be applicable 10 molten metals[l]. Such n 

technique has been deveJoped by Renolds Aluminium Company [2]. While the 

promises of the technique are to give the size, the shape and the concentration 

ofsuspended inclusions. the method is confronted to a lower detection limit for 

inclusion size. The method could measure the bulk concentration of inclusion 

greater than 4711m while only inclusions greater than 235}Jm could be detectcd 

individually [3]. Smaller partic1e can be detected only with an increased 

ultrasonic inspection frequency. In practice, the t. ansmission ur d highcl 

frequency requires a wave guide and is subject to strong aUenuation. More 

development is required berore this technique becomes attractive. 

1.0 MeIt inclusion monitoring with an electric sensing zone 
technique 

The Electric Sensing Zone technique, also known as the resistive pulse 

technique, WilS first developed by Coulter in the 1950's for blood cells coun li n g 

and size analysis [4]. Since then, i t has been widely applied 10 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 ofD. 

Doutre at McGill [3]. The primary motivation for this work was the lack flf any 

rapid method for the monitoring of inclusion content ora melt, suitable for 

2 



1 process control. The extension orthe ESZ technique to the high tempe rature 

corrosive environment and low electrical resistivity ofliquid metals was not an 

easy task. Selecting proper materials for the probe assembly was important, 

but the key step ta make the technique reliable was the discovery that a very 

high electric current passed through the orifice could clean it and wet it, 

allowing restabi1i1.ation orthe 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 ~pparatus oITers unique on-Hne features, providing both the 

numbcr and ~ize distribution of inclusions suspended in a volume ofmelt 

sampled directly from the launder. This make it a very attractive industrial 

casting quality control method, as weB as a powerful process metallurgy R&D 

tao 1. 

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. lndustrial models have been designed, debugged, installed 

and werc in full time operation in eight Alean casting plants around the world 

asof 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 

is still at the prototype stage of development. For these reasons, in the present 

study, the analysis of the b~haviour of the ESZ of the LiMCA system will be 

limi ted ta 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 at a 

constant rate through an orifice into an electrically insulated vessel, the probe. 

Simultaneous to the liquid's inhalation into the probe, a constant electric 
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current l, flowing from one electrode to the other is also maintained across the 

orifice by a battery of potential Vs. 'l'he 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 l, registe:-s as a 

voltage transient superimposed on the steady state potential V E taken across 

the electrodes, as shown in Figure 1.1. To a first approximation, the amplitude 

orthe superimposed voltage pulse is proportion al ta the volume of the particle, 

so that counting pulses and measuring their amplitude allows one ta evaluatc 

the concentration and size distribution ofparticles within the sampled fluid. 

OrifIce 

Probe 

Argon 
pressure or 

vacuum 
...--tl---

/ Conductmg flUld 

FIgure 1.1 LiMCA pnnclple of operation 

The analysis procedure is initiated when the probe is first submerged in the 

me]t, and meta] 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 leve1. In order to avoid metal freeze up, an argon 

gauge pressure is applied above the melt 50 that the melt is flushed out of the 

probe. A cycle is typically performed over a time interval in the order of one 
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minute. The filling and the emptying parts of the cycle are typically ofequal 

duration. 

The analysis of the signal typically takes place during the filling up part of the 

cycle. This is ca lIed the "up-mode analysis". Usually, while the tube is being 

emptied, no signa! analysis is done and even the electric current, l, through the 

orifice, is turned ofl'to extend the battery lire. However, in particular cases 

discussed in Section 5.4.1, such analysis is performed and this will be referred 

ta as "down-mode analysis". 

ThE' particle concentrations and size distributions are typically evaluated at 

each i~elt sampling cycle. The accumulated counts, divided by the volume of 

mclt s9mpled, yields to the inclusion concentration. The volume sampled is 

p:)timated by measuring the time interval over which the pulse detection 

analy::;is takes place and assuming a fixed constantmelt flow rate through the 

orifice [3]. 

The conditioning current is generated physically, by closing (for a few seconds) 

the switch SI (Figure 1.1). This action short cuts the resistor RB. The current is 

then on ly limi ted by the resistance between the electrodes. As this is much 

smaller than RH, a much higher current (200 ta 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 ( Le. inclusions) [3]. The 

conditioning current is generally applied at the beginning ofeach cycle in 

order to improve signal stabili ty following melt flow inversion. 

1.2 The orifice 

Obtaining an adequate and reliable signal depends greatly on the pattern of 

melt flow through the 0 rIi:Ïce. The flow must be laminar for the baseline to be 

stable. A smoothly shaped orifice together with good wetting orthe 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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A cross section of sueh an orifice is shown in Figure 1.2. Proper' wetting- of t hl' 

orifice wall by the melt is readily aehieved in the case of alumini um hy 

applying the conditioning currcnt. 

Figure 1.2 Pichlre of a Kimax transverse section 
orifice shape. 

The rate ofmetal flow into the probe is also an important parameter. At I()w 

flow rates, orifice blockages are frequent while at high rates, turbu lent flow 

may occur. Optimal operating conditions have been detcl'mined 131 wherc a 

positive or negative Argon pressure of 16.92kPa (2.5 p~i) maint:llned jn~ide the 

probe produces a 16 ml/min volumetrie flow rate (3.77 m;'~ average flUld 

velocity) through a 300 pm diameter orifice. IIowcver, ft now rate orO.5 ml!::,cc 

was used for aIl experiments studied in later chaptNs. 
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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 tnken as the thickness orthe probe wall. The 

problem of predicting the magnitude orthe resistive pulse for aIl values of 

(dID) has no simple analytical solution. It has been demonstrated [6] for (dID) 

< 0.4, that for a cylindrical 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 electrieal resistivity p, generates a resistive pulse of 

magnitude ~R given by : 

Eq 1.1 

This relation indicates the dependence of aR, the resistance increase, on the 

partide volume Vp, and its independence with respect to the orifice length. It 

can also be rewritten as: 

Ml =K \'p Eq 1 2 

where K is a function of the fluid's resistivity and the orifice diameter : 

Eq 1.3 

The value of K can be computed theoretically, for a given p and D. In practice, 

since the effeets of a smoothly shaped elli ptieal orifice of short length compared 

to its diameter on aR is negleeted, a calibration procedure in aqueous solution 

using standard spheres is reeommended. 

For the range 0 < (dIV) < 0.8, correction factors for!lR have been published 

[7] which yield to an accuracy of99%. The correction function may be 

expressed analytically as [6] : 

r(dJ/J)=---
( 

d 3 
1 -0 8 [)) 

Eq.1.4 
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For the case of(d,D) closer to unit y a more sophisticated development is 

needeil. This is however oflittle practical interest since very large part.iclcs 

would cause frequent orifice blockage. 

The deterrnination of the voltage transient corresponding tü the resistancc 

variation ofEq. 1.4 is perforrned by applying Ohm's law on the current feeding 

circuit of Figure 1.1. With the currents Il and 10 respectively with, and withoul 

a particle in the orifice. then : 

.:l \. ::: 1) ( U F +.:llt ) - 10U /<; Eq 1 5 

with 

Eq 1 6a) 

and 

Eq 1 6b) 

the voltage variation may be rewritten 

Eq 1 7 

where ÂR can be neglected in the denominator. The final expression for the 

variation in voltage as a f'unction ofa particle diameter is thus: 

Eq 1 8 

Measured values of RE and RH are used ta calculate the ratio Rn/(RI<.' + Ru). 
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1 CHAPTER 2 -- THEORETICAL SIGNAL 

2.1 Introduction 

The theoretical signal is defined as an ideal signal to be expected from trfie 

perfect behaviour of an ESl. device in the absence of "'l'~y "noise" or electrical 

interference picked up from the surrounding world. Even ifsuch signaIs are 

not commonly found in reallife, it is important to understand their 

characteristics. They also can illustrate the purposes and efTects of the signal 

conditioning stages. 

JJl 
RB Il 

Argen - Hlgh Pass Fllter 
pressure VE Re= 1mS 
or vacuum + 

+f -1 ----
Preamphfler 
Gain = 1000 

1 

Low Pass Fllter 
Fe = 10kHz 

V l 
Melt Œg. Ampllflel 

D~ Peak Detecter 

1 
Pulse Helght 

Analyzer (MCA) 11111 ~I 
Figure 2 1 ESZ device schematlc dlagram 

Figure 2.1 illustrates, in the schematic fonn, the ESZ probe, the current 

feeding circuit and the signal analysis system. The current feeding circuit 

consists of a battery providing a constant potential, V B (6V), and a ballast 
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1 resistance Rn (O.2ohm). 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 bccn 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 EleetTÏc Sensing Zone (ESZ). 

The five rectangular boxes in Figure 2.1 sehematize the preprocessing stages 

of the aetual signal analysis system. The tirst stage, a passive high pass tilter 

with Ims time constant removes the DC component of the signal. This stage 

introduces a few si de efTects in the transients (e.g. amplitude loss and under­

shoot). The filtered signal is than fed to the differentiaJ preamplitier having a 

gain of 1000. The third stage is a low pass tilter which limits the bandwidth of 

the signal to 10kHz. The next box incorporates two analog electronic deviees. 

The ;.irst one is a Iogarithmic amplifier that proportionally applies a higher 

gain to lower amplitude signaIs. Ils purpose is to improve the delection of 

small pulses. The second function is a peak detector which responds only to 

signaIs whose amplitude are above a certain threshold. ;:;ending fi "strobe 

pulse" to the next stage each time buch a signal is detected. This last stage is a 

Multi-Channel Analyzer (MCA) used in its Pulse Heîght Analyzer (PliA) 

mode. There, the 0 tu lOV analog input range is linearly mappcd to the 0 tn 51 ] 

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 orthe 

detected pulses. Through a RS-232Iink, 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 si2e distribution 

through the application of Equation 1.8. 
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2.1.1 DC component of the signal 

The characterbtics of the ~ig-nal, t.aken at the electrodcs, are illustra ted in 

Figure 2.2. Fin;t, the ~ignal ha:; a standard measured DC component of 

typically O.12V testifying to the electrical resistivity introduced by the melt 

path, by the melUelectrode contact, and most important of aH, by the presence 

of the orifice between the electrodes. i\s:;uming the orifice to be cylindrical, 

this DC level voltagl' may he obtained quite simply from integratÏon ofOhm's 

law [6]. For L.> /IJ, the rt'sistance ofa cylindrical volume filled with a 

conductive f1uid i~ given by : 

Il' l. 

II/) Eq 2 1 

whcre Il is the eleelncal resistancc of the orifice, p is the plectrical resistivity 

of the flllid, Land [) are respectively the length and the diarneter orthe 

cylindrical orifice. In our case huwever, because L is comparable to D, it has 

becn shown that (" + () Rf)) shuuld be substituted for [~ tn make an 

arproximate correctiun for the end cff ccl:; [6] so that . 

-t p( /, -t Il ~/) ) 
Ife: -----

Eq 22 

Taking from Table 2.1 the standard electrical conditions for ESZ operation in 

aluminium mclts, the calculated value of the orifice resistance Ris 4.4xlO ~{ 

ohm, t'orresponding tu a DC component voltage level of 0.264 V. While the 

order of magni tude b correct, this calculated value i:; larger than the standard 

rneasured value by a fador two. The error indicates that the geometncal 

approximation of the orifice to a cylindrical shape is nol very good. Because of 

its ~mooth shape, the orifiee's diameter is only close to [) around the central 

portion of the ESZ, sO thatonly a fraction of the length ,~, '-t'If _-:: -O.3[~ should be 

used in Eq. 2.2. Physically thb makes more sense and the reslllting DC 

voltage value, - O.115V, i:; doser tu the measured value. A value of R can 31so be 

obtained by integra~ion ofOhm's law, as was do ne by Doutre [3] for the 

calculation of 6.R, when (cl/D) approaches one. 
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Figure 2 2 Pnnclple of LIMCA operation 

2.1.2 AC component 

The fiat characteristic of the signal's DC component corresponds to moments 

where no particle is passing through the orifice and is defined as the signal'!:> 

baseline. Superimposed on the DC level, Figure 2.2 also shows imperceptible 

variations (transients) that can be atlributed to variation in orifice resistivity. 

Two small fluctuations are enlarged as examples in the figure. The first is a 

temporary fluctuation ofsymmetrical shape which is generally relat.ed to the 

passage of a nonconductive particle through the gSZ. 'l'he second is a st.ep 

change in the De level which can he interpreted as a permanent reduction of 

the ESZ volume. These types oftransients are described in detail in Chapter 4. 

12 



Table 2.1 
Standard values ofESZ 
electrical parameters 

PARAMETER VALUE 

Vs 12V 

Rb o 20hm 

1 GOA 

P o 25xl0-6 
ohmm 

0 3OO11m 

L 1mm 

As discussed in Chapter 1, Eq.2.3 descrihes the relation between the pulse 

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

diameter orthe particle, is much smaller than D, the diameter orthe orifice. 

Eq.2.3 

Taking the value::. listed in Table 2.1, this last equation may he written : 

~VIIl\'I::. 0 0024( dI'Jm1r 

or, the other way around: 

1 

dl Il m 1 = 7 5 ( 6. Vil .. Vif 

Eq.2.4 

Eq.2.5 

Table 2.2 illustrates the order ofmagnitude of the voltage pulse amplitudes 

before preamplification for a typical particle size range ofl0 to 100 llm, 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. As these transients are so smaH, the AC 

component of the signaIs must he amplified <typically hy a gain ofl000) hefore 

13 
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Table 2.2 
Particle size/Pulse amplitude 

d corres~on ence 

Partic1e size pulse 
[pm] amplitude 

[pVl 

10 24 

20 19.2 

30 648 

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 sa that only the AC component is amplified. 

The removal of the signal's De component is performed by using a JIigh Pas~ 

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 amplifïed 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 efTect on the original signal, the high pass fil ter (HPF) 

does. The effects of the HPF are therefore studit:;d in sorne detail in the next 

section. 

2.2 High pass fllter 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 (Re) circui ts. Both 

14 
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ft 

ELECTRODES 
C = 1pF 

POSITIVE ----1 
=1kQ 

C = 1pF 

NEGATIVE ----1 
R = 1kQ 

GROUND 

Figure 2.3 Hlgh pass filter schematlCs 

the positive and the negative electrodes are connected to the preamplifier 

device through Re type filters. The capacitor, following the input electrode 

potential, charges itselfat a rate limited by the value of Rand C. As a 

consequence, ils 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'.! 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 = Ims. 

2.2.1 Effect on real signal 

The desirable effect ofthe AC-coupling circuit is shown in Figure 2.4. The De 
component of a typical baseline step transient (dashed line) is filtered out, the 

falling edge follows a baseline restoration expJnential decay of Ims time 

constant (solid line). A transient su ch as the fine of Figure 2.4 (solid Une) is 

referred ilS a baselmeJump. 

Figure ?.5 illustrates an undesirable effect introduced by the AC-coupling on a 

typical normal ESZ transient. While the input signal (dashed line) to the fllter 

15 



.. 250 --,-----r-----,.--.-,-------r- ----,--.---.--- .,---

200 

150 

100 

50 

0"----

, -~ ............. -...... -...... - ................ -. _ ............ - .... ...... .. -.............. _ .............. - ............. -.. , , 

-50 '----'----'-.----' ___ .L.-_--L.' __ ,L-__ -L-__ 1-__ -'-_--I 

o 0.5 1.5 2 2.5 3 3.5 4 4.5 

rime [mS] 

FIGURE 2.4 Typical baseline step translent and corresponding 
baseline jump tran~lent 

5 

has a symmetrical bel) shape to it, the output transient (solid line) is not 

symmetrical, exhibiting "under-shoot" at the foot of the falling edge. This is a 

consequence of the Re filtering circuit. 

An even more undesirable effect is the reduction of the output transient's 
amplitude. This amplitude loss is a function of the Re filter time constant and 

of the transient frequency content. To get a better understanding ofthese 
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 ofhigh pass fllter 

The purpose ofthis mathematical model is ta 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 difTerential equation 
is derived. Then, four different analytical functions are used ta model the input 
transient signaIs. For each model, a particular analytical solution was found 

using the input functions and the general solution. 

2.3.1 General solution 

The di fferenti al equation describing the AC-coupling circuit shown in Figure 

2.6 can easily be derived using Equations 2.6 a), h) and cl. 
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t 

1 

du (t) 
c 

1 (f)=C--
( dt 

Eq. 2.6 a) 

Eq. 2.6 b) 

Eq. 2.6 c) 

INPUT C OUTPUT 

+ ~~ ~------~------------. + 

+ Vcft)- R 

Figure 2.6 AC couplmg 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 c) is obtained 

through Kirchhofl'first law, which stipulates that the sum ofpotentials around 

a closed loop is equal to zero. Substituting Eq. 2.6 c) in Eq. 2.6 a) gives Eq. 2.7. 

1 (t)=C.!.!.. (u (l)+u (1)) 
C d, c c Eq.2.7 

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

where 

dvit) dut(t) 
-- +wu (1)=--

dt 2 dt 

1 
w= -Re 

Eq.2.8 

Eq.2.9 

Integration ofEq.2.8 is readily achieved by tirst multiplying both sides by ewt : 
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ft 

Eq.2.10 

The left hand side ofEq. 2.10 is the derivative of ewt V2(t), so that: 

d 1 1 dvt(t) - eW1v (/) = eWI __ 
dl 2 dt 

Eq.2.11 

Taking the integration on both sides , 

F.q.2.12 

yielding 

Eq.2.13 

60 that, the output voltage can be expressed as : 

-1<1(I-tO) fi -WU-li dv 1<t) 
v

2
(t) =e v

2
(to) + e --dt 

1 dL 
o 

Eq.2.14 

this being the general solution ta the problem. 

2.3.2 Particular solutions 

As mentioned previously, filtering effects are function of the transient's 
frequency content. In the process ofmodeling the particular input signaIs, the 
frequency content must be evaluated. A simple way to do this is to measure the 
pulse halfheight 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 tirst 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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1 input, the calculated output gives a good insight into the eiTeet of the high pass 
filter. A typical pulse halfheight width b, equal to O.2ms was chosen to 

illustrate it.s eiTect. 

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

following cquations. 

AMPLITUDE 

a 

o 

: b ,­, , , 

, , -., 
1 
1 , -------.,....--...... 

o 

Figure 2.7 Rectangular pulse model 

Eq.2.15a) 

Eq. 2.15 b) 

Eq.2.15c) 

TIME 

The particular solution for this case is calculated by substituting Eq. 2.15 in 

the general transfer function solution, Eq. 2.14. The model is a discontinuous 

function ofthree 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 thal : 

Eq 216a) 

-LJ( 1-1 ) 
u

2
(t) =Uf' 1; fort $t<t +b 

1 1 

Eq.2.16b) 
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Eq. 2. 16c) 

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

case where: 
RC = 1.Oms 
b = O.2ms 

1.5 r------r---,----

Square input 

Of--.... .. --.-----_ .... _ ........ -- .. _-----...... __ .. -_ ....... -------

Output 
-0.5 

-

-

-10L-----~------~-----~~----~2~----~2.~S----~3 
QS 1 1~ 

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 aIl. The peak De section is filtered out following an exponenUal 

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 ofCle input signal. 

Consequently the output signal must go negative at the foot orthe falling edge 
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and then recover ta zero baseline level, following the exponentiallms time 

constant pattern. 

This mode} is a rough approximation of a real transient but has the benefit of 

clearly illustrating the under-shoot efTect. 

'.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 efTect of 

the high pass filter on a typical LiMCA lJulse of 0.2 ms width. The triangular 

pulse can be characterized by Eq.2.17 as shown in Figure 2.9. 

AMPLITUDE 

a 

a/2 

o 

Vt(t) = ~ 1 t-t l ' fort ~t<t +1> b 1 1 1 

. 
1 : .. 
1 
1 
1 

b 

----------r----

o 

1 
1 
1 
1 

Figure 2.9 Triangular pulse model 
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Eq.2 17a) 

Eq.2.17b) 

Eq 2.17c) 

Eq.217d) 

... 
TIME 



1 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 ta each individual continuous segment using an initial condition given 

by the previous segment solution. 

The solution is : 

li (1) =0 . I"orl<t 
:l l " 1 Eq.2.18a) 

a 1 -(,)(1-1) 1 
v,P) = - 1-1' 1 • fort S/<t +h 

wh _ 1 1 
Eq.2.18b) 

al w(l-t-b) -W(I-t) ] 
v,lll:::: - 2.' 1 -e 1 -1 ; fort +bst<t +2b Eq.2.18c) 

:1 wb 1 1 

a 1 - w ( t - I, - fi ) - w ( 1- t 1 ) - W ( t - t, - 2b) 1 E q. 2. 1 8d) 
li.}/) = - 21' - e -e fort?!t + 2b 
~ wb 1 

This output function as weIl as the corresponding input function are plotted in 

Figure 2.10 for the typical case where 

Re = 1.0 ms 

b = 0.2 ms 

Bere, 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 Re time constant and the parameter b. 

They are given below, both in direct and percenlage forrn. The %LOSS is 

given by dividing the function LOSS by the amplitude a and multiplying the 

result by 100. Th(. %USD function is obtained in a similar manner. 

Amplitude loss function: 
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Figure 2 10 Calculated response for the tnangular pulse model 

Eq.2.19 

%LOSS = ~ObO 1 wb+e- wb -1] , (or a = 1 Eq 2.20 

Under-Shoot Depth function: 

USD = -vit, +2b) Eq.2.21 

Eq.2.22 

2.3.2.3 Baseline step triangular pulse model 
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Applying the triangular model used for pulses to baselinejump signaIs is 

realistic.ln fact, the original baseline jump signal before filtering, is a fast 

rising edge followed by a De level equal to the maximum value ofrising edge. 

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

2.11. 

Eq.2.23a) 

Eq.2.23b) 

Eq.2.23c) 

AMPLITUDE 

a 

o 
o TIME 

Figure 2 11 Tnangular baseline step model 

Again , the particular solution is calculated individually for each continuous 

functioll segment. 

The solution is : 

Eq.2.24a) 

a 1 -1»(1-1 ) 1 u2(t) = - 1 -f' " (ort St<1 + b 
wb 1 1 

Eq.2.24b) 
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1 

a \-,.,(/-1 -b) -1.1(/-/)1 
u (t) = - e 1 - e'. for t? t + Il 

2 wb 1 
Eq 224c) 

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

~ 
.S 
ë.. 
E 
III 

i 
~ 
-1. 

Re ::: 1.0 ms 
b ::: 0.2 ms 

1.5 r----..,.---- ---,.-------,r------.------r---

Baseline st cp input ~ignJI 
1 - 1 ----------- .. --.--.-------.- ••••• ------.---.------.--•• - -. -----

0.5 

Output --0 

-05 

.} ----'--
_---' ___ ~'__ ___ "_'. -___ ...L__ ____ _ 

o 05 1.5 2 25 3 

Tlme (mS) 

Figure 2.12 Calculated response for the baselme step tnangular model 

As for pulse modeling, the baseline step transient suffers the same amplitude 

10ss at its peak level. The non-zero baseline level is filtered out fol1owing the 

1ms time constant exponential decay. The real baseline step signal behaves in 

a very similar manDer, 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 

mode!. The input model function is given by Eq. 11 and is shown in Figure 

2.13. 

AMPLITUDE 

a 

a/2 

o 

; b ; 
~ir-o.t-----... : 
1 
1 
1 ----------r---
1 

o 

Figure 2 13 Sine pulse model 

Eq.2.25a) 

Eq.2.25b) 

Eq.2.25c) 

TIME 

As for other models. the particular solution is calculated by segment. 
The solution is : 

Eq.2.26a) 

a 1J2 1 -w(t-t) n( ) wb ( )] 
['2(11 = ----- e 1 -cos- t-t + -sm t-t ;fort St<t +2b 

2 ( )'1 2 b 1 n 1 1 1 

(ùb +11 

Eq.2.26b) 
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Cl Il 
2 1 - lAI ( t - Il ) - '" ( 1 - 1 - 'lb) 1 

V(t)=:- e' -f' 1 
2 2 2 

( wn ) + 11
2 

, (or t ~ t + 2 [, 
1 

Eq 2.26c) 

Again, the input and the output tilter signaIs are plotted in Figure 2.14 for the 

typical case where : 

RC = 1.0 ms 

b = D.2ms 

As seen, the characteristics of the output signal are the same as those for the 

triangular pulse model. Moreover, the maximum amplitude 10ss and under­

shootdepth 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 10ss and the under-shoot depth distortions. 

Amplitude loss function: 

Eq 227 

Under-shoot depth function: 

Eq.228 
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Figure 2.14 Calculated response for the sine pulse model 

Amplitude loss and under-shoot depth versus the 
time constant 

Figure 2.15 shows a plot orthe amplit.ude loss and the under-shootdepth for 
bath the triangle and sine models as a function of the filter's Re time constant. 
Obviously, bath models behave similarly.ln selecting a value for the AC­
coupling time constant, one wants ta minblize the distortions introduced on a 
pulse (with b equal to O.2ms). For both models, the amplitude 10:3s and the 

under-shoot depth curves approach zero % for AC-coupling time constant 
greater than O.15ms. Consequently, for values of Re greater than O.15ms, the 

higher the time constant, the weaker the efTects on the incoming pulse. On the 

other hand, what this graph fail to show is that a higher time constant value 

:ncreases the time required to restore the baseline to the zero level. This is not 
desirable since the purpose orthe high pass filter is to res10re the baseline 10 

the zero level as fast as possible. Consequently, the value of Re = Ims 
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reprcsents a good tradeofTbetween moderate distortion and moderate bnsclinc 

recovery time interva1. 
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Figure 2.15 Amplitude loss and under shoot depth, 
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2.3.4 Distortion effects versus pulse halfheight width 

So far, pulse distortion efTects have been studied only varying the value orRC, 
keeping b constant and equal to O.2ms. While RC is a fixed parameter for the 

signal studiecl, the value of b (the halfheight 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 O.lms). On the other hand, b 

will frequently be larger; for example when the flow rate through the orifice is 

slowed down, the parti cIe spends more time in the ESZ, and thus b is increased. 
In practice, va lues 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 Re = 1 ms 

9 10 

We should now consider the distortion effects of the high pass filter on the 

produced transients as a function of b, the pulse halfheight width. Figure 2.16 

shows plots oft.he amplitude loss function and the back shoot depth function of 
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1 the sine model versus the parameter b. This graph illustrates thot the 

amplitude loss asymptotically increases towards 100% with increasing values 

of b, while the under-shoot depth reaches its maximum vfl\lue at b = 1.Oms. As 

a consequence, a transient with a value of b equal to 1.5m~\,like in the case of 

Figure 2.17, yields an amplitude approximately 50% smaHer than the original 
input transient. 
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Figure 2 17 Example of real, large half helght wldth pulse 

2..4 Discussions 

2.4.1 U sage 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 mode} in describing observed 

pulses. Its relatively higher mathematical complexity compared to the 

triangular model is not an important inconvenience sinee in practice, one only 

wants to estimate the amplitude 10ss percentage of a pulse through Eq. 2.27, 

given the halfheight width of the pulse, b, and the cutofTfrequency of the 
tilter, c.>. 
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The sine model can be used at difTerent levels of complexity to correct the 

measured amplitude ofincomin6' pulses. At a first and lower level, one would 

assume aIl 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 aIl 

measured pulse amplitudes by a factor equal ta 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 ineoming 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 10wards an 

automatic validation of the particle size distribution. The benefit ofthis 

procedure is thal it can handle situations where a reduced melt flow rate 

through the ESZ causes transients ta be stretched in time (Le. highervalues of 

b). On the other hand, extra measurement has 10 be performed sinee both the 

amplitude and the parameter b must be measured for each detected transient. 

2.4.2 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, sorne ofits 

features are described to illustrate its limitation to eventual improvements. 

The peak detection circuit, the "peak detector" of Figure 2.1, is implemented 

by a Tracor-Northern TN-1246 Pulse sampIero It is an analog electronic de vi ce 

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 circuitcan be reactivated only 

when the negative slope of the signal crosses the threshold level again. Ifmany 

local maxima are present in the transient, only the first one will be detected. 

Both the transient and the strobe signaIs 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 ofthese counts over a period oftime (typically 30-45 seconds), 

produces a pulse amplitude distribution. The conversion ofthis 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 a11 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, unstahle signal 

baseline are common in specifie cireumstanees and this is diseussed in Section 

5.4. 

The main limitation ofthis signal analysis system is the lack ofinformation 

coUected about each individual transient. Indeed, only the amplitude of n 

transient is extracted. Since bis not, and cannot he 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 signaIs, this assumption ean be highly detrimental 

to the particle size distribution reliability when pulses ofunknown source are 

present in the LiMCA signal. Thus, improvemp.nt orthe signal analysis system 

can only be achieve if the previously described analog electronic system is 

replaced by a more sophu:.ticated one. With today's digital electronic hardware, 

a signal analysis system based on digital signal proceRsing 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 thesis is based on a bank 

ofsignal recorded for thlS purpose. Instrumentation setups and analysis 

procedures have been designed ta retrieve the information from the tapes and 

a))ow for observation, display, capture, processing and plotting of the 

transients. 

In this chapter, the instrumentation setups and the experimental procedures 

used to obtain the resuIts discussed in Chapters 4 and 5 are described in detail. 

3.1 Introduction to experimental procedures 

The reeording on tape of pertinent signaIs (Le. signaIs generated under known 

condi tiuns by Akan's LiMCA system) werc rarried out on two independent 

occasiuns. 'J'he fïr~t touk place in a laboratory environment, in November 1986. 

The LiMCA sy!:>tem wa::, operated in melts eantained in a smalllab furnace. 

Durlllg this seS~lUn, six tape reels were used to record LiMCA signaIs under 

idcal ESZ operating conditions. The second look place in June of 1987. At that 

time. ln-plant perfurmances orthe LiMCA cquipment were recorded on eight 

tape recls, with ESZ operating conditions producing lifferent degrees of 

LiMCA signal ba!:>elJne InstabiJity. 

The transients werf' retrieved from the tape using a digital oscilloscope. 

Digitized signal transients wcre transferred and stored on disks through an 

host IBM-PC compatibll..' computer. Plotting of digitized transients was 

possible either directly from the oscilloscope 10 a strip chart recorder or from 

the PC tu a hard capy device such as a printer or a pIotter. Off-Hne observation 

ofsignais allowed easy identification of the different types oftransients 

present in the signal 
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Figure 3 1 Recordmg setup 

1'wo types ofsemi-quantitative analysis were also carried out followlng 

observation ufspecifir bections of the lapes. First, a "l'ransienl Type 

F'requency Occurrence" analysis wa::; carried out. This procedure estima tes the 

proportional occurrenl't: of each type oftransient as a function oftimc. Fur the 

case ofhighly unstable ~ignah;, a "Stability Time lnterval Evaluation" was 

a1so performed in order to measure the time interval required for the signal tu 

become "completely unstable" after the occurrence ora conditiuning currcnt. 

These analysis were debigned ta render qualitative evaluatlOn of the ESZ'~ 

performance, as weil as to test, for difTerent operating situations, the 

reliability orthe 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 Ueview of recording/play back procedures 

'l'wo different expcnmental setups were used. These are identified as the 

"Hecording Setup" and the "Play back Setup" and are illustrated in Figures 3.1 

and 3 2 respectively 

Tape recorder Oscilloscope 
Gould 6500 Tektronlx 5223 

(fJ(f) D 0 
0 

,6 [1 '-~ 
DDl~D @ @ 
DLJDD 

"---

AM 
Module 
Output 

~I o_u_t_
p

_ut_/l_l ______ .... t Input IEEE-488 
Interface 

" 

Stnp chart 
recorder 

0 

0 

D~-+I p~teJ~ 
...--.I.-----~ --"TI ParaI/el -

11111 =s= 1 Interface --

Sound system 

Figure 3 2 Play back setup 

ln the Recording ~etup' Figure 3.1), the LiMCA's output signal was 

transmiUed to the u::.cIlI(Jl:icope input as weIl as to the tape recorder's FM 

(Frequency Modulutiun) input module # 1. For tape calibration purposes, the 

input ufthis FM module could also be connected to the output ofa waveform 

generator. A microphone was connected to the inpulofthe AM (Amplitude 

Modulation) module orthe 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 oscill()~l'ope's prearnplifier module input. The output of the 

AM module wa::. connccled tn a sound system su that recorded spoken 

information could be heard. This way, elements of the rel'ording cuntext wcre 

reminded tu the operatof. The oscilloscope Display Output Terminal, when 

connected to a Stnp Chart Recorder, allowed direct plotting of signa 18 

displayed on the o::.cIllu::.cupe screen. The oscilloscope was also connected to an 

IBM-PC compatible computer through an IEEE-488 interface bus, enabling 

transfer of digi tized Signais tu the computer. The PC itselfwas abo connected 

tü a dut matrix printer and1ur a piotter so that beUer quality hardcopy orthe 

signal c()uld be obtained 

3.2 Description of instruments 

In thi::, ~ccli()n, Impurtant feature~ orthe in::.truments used, together with 

their applicatiun tu the experiment::. carried out are considered. 

3.2.1 Frequpney Modulation (FM) Tape Hccordcr 

The tape machi ne lI::.t:d Illr the expt'rIment::. desL'flbed wa~ a GOU LI> ()500 

mlldel, kindly lent b\' J\lI'an's Arvida laboratories It wa::. a 1/4 inch tape, ::.even 

inch reel F!\l rnull1 li <là tape recurder madllne. Althuugh it can hl' 

configured wlth up lo t:q~ht track::., the unit u::.ed WH::' equipped wlth only fouf 

input-output modu!t.:::,. three ofwhich wcre FM module::. while t.he fourth wu::. 

an Amplitude Modulatl!JIl (A.l\I) mlldule. The machine abo had variable speed 

capabilities, OffCflllg five selection::.. i e. 30,1.5,7.5,3.7.5 and 1.875 ips (inche~ 

per secund). 

The use ofsuch li 111gh quality tape machine (often referred to a::. an 

instrumentatiun recorder) wa~ a key element ln the success of this wurk. In 

essence, the frequency response üf~tandard (AM) tape recorders are 

inadequate. The band width of the LiMCA signal is from OHz tu lOk Hz. 

At the time ufthe expenments, ünly FM tape recorders could reproduce sueh 

signal with high fiddlty, particularly in the low frequency range. Now, today'~ 

instrumentation DAT (Digital j..udio Tape) recorders would be cven beUer. 
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The other useful featurl' of the Gould 6500 tape recorder was its variable speed 

facility. The majoflty of tapes were recorded at the highest speed (30 ips) so 

that the signal reproduLllOn fidelity is maximized. Tape play back at slower 

speeds (15 or 7.5 i p!:», together with the stop-and-rewind procedure allowed 

visualizatlOn of phclwrnena not otherwise perceivable. 

llowever, care had to be taken while playing back tapes at slower speed, as 

some distortion can be introduced. The frequency band width ean be redueed at 

the high frequency end. A frequency response test showed that the response 

was flut up tu at lea!:>t 10kHz for the three speeds used i.e. 30, 15 and 7.5 ips 50 

thut the LiMCA ~lgnal wa~ not afTected. On the other hand, the global gain of 

the freqlH.>ney re~pon~e was slightly reduced at lower speeds. Consequently, 

ampli tudc calibra tlOn of the tapes had to be carried out for each speed used sa 

H!:> to cumpcn!:>atl' for the gain loss. 

3.2.2 Oscill o~(:ope 

The in:::.trumen l u!::>cd for the experiments was a dual trace 12MHz bandwidth 

Tcktronix 5223 Digitizlllg O~cilloscope with a 5B25N DigitizingTime 

lla~e'Amplificr module. il 5A22N DifferentiaI Amplifier module and an IEEE-

4HH bu~ interfacc 

The s()plllstlcated and !:>l'nsltive tnggering system ofthe differential amplifier 

input module wa~ a key clement in the success of many transientcapture 

ba!:>cd experiment:. Abci very useful was the "Output Saved Display" control 

and the IEEE-4BH interface respectively for direct plotting of the display and 

for numeric data tran&ft:r to a hust computer. 

3.3 Description of instrument's interface 

3.3.1 Oscilloscope/IBM-PC interface 

A standard IEEE 48H interface wa~ used to connect the Tektronix oscilloscope 

wlth the IBM-PC cqlllpped with a "Tecmar PC-MATE IEEE-488 Interface" 
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board. Along witl! tht.: bl,ard, Tecmar\ lEEE-488 Software Package wa~ abll 

used to contrul the ddta transfer. This software package, written in Ba::'lc 

language, pruvlded a clJ/llplete set ofsubroutines required tü control the IEEE 

488 lllterface bu~. Iluwever, an applteatiun program had tu be written on top of 

the package tu Hl1plement custom funetlOns. 

The bcope digitizer u!:>ed had a resolutiun uf 10 bits buth for the time and 

amplitude coordinales On a screen display data dump requcst, the oscillosl'ope 

sends only the HIl6 amplitude values (y axis), while the equally spaced time 

values (x axis) must be deduced. Sinœ the scope sends no furthcr information 

such as the signal amplitude or time scalcl:>, this Information must he 

independently gathered in order tu rel:>torc the conditiun::. under whieh the 

original transienb were first captured The data format used was ASCII The 

numbers (integer::.) ::.t:llt by the Tektronix 5223 osdllo::.copc were scparatcd by 

comma::. (no blank::,) dnd the data tramJer was terminated by CR and LI<' 

character::. 

3.3.2 PloUing of data filc~ 

A cummercial graphlc package lE~ERG){APllICS) was fir:::.t used to crcate 

graphi('s from the ASCII data fi le~ The ASCII data files forma~ wa:­

transferred lu the ENEHGHAPIIICS formal u:,lng a Fortran program, wntlen 

for lhat purp0::.t; Later, the l1::.e of Lotu::. 123 spread::.hecUgraph facili Lie:" 

became much mort' attraclJv~~ FJle~ were (outed tu that envlronment through 

the U!::le of Lotus IMPORT fundlon, nu m()re format conver!::lion program being 

required. Eventually, ail graph::. first crealed with ENERGH.APIIICS wefl' 

replaced by one:::. generated with the MATLAlf!::l graphic!::l facililic!::l. 

3.4 Experimental pt'occdures 

3.4.1 Signal recol'ding sessions 

The experimental ::.clup related to this procedure has aJready been describcd 

and illustrated in Figure 3.1. The first step before starting a recording session 

was to clean the tape recurder heads and tape path orthe recorder. This was 
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particularly important ln our case, because recording orten took place in dusty 

indm.trial envlronrnenb 

'l'he next stcp W<.t~ tl) ~elcct an acceptable input gain level for the recorder's 

input module In order to take advantage of its dynamic range. The O.5V peak­

to-peak Input level was used in most cases. Even ifwith this selection, the 

signal wa~ haturatlIlg the recorder's input once in a while, when very large 

transicnth occurred, it was the most acceptable selection for giving good 

reproductiun quali ty of ItlW amplitude signaIs. 

3.4.2 Tap(' calibration 

At the begmnmg uf cacll tape reel, a calibration signal ofknown 

chnractenstlcs WfiS recorned. This signal provided an amplitude reference on 

the tape ::;0 that the ampli tu des of reall'ecorded transients could be recovered. 

Since thi~ !:>ignul was abo affected by any gain losses related to tape readings 

at slower speeds a~ weil 3!:> noise~ or instahility introduced by the presence of 

dUht on the hcads and/or tape path of the recorder at recording or at reading 

time, huch problen-' .. couIn be detected. 

A 10kHz O.4V peak-lo-peak sine wave was used as the calibration signal. The 

o 4 V peak-tll-peak amplitude took advantage ofmost of the O.5V dynamic 

range. Note that a frequency of 1kHz would have been more appropriate, 

falling in the lOO-10kHz signa!'s bandwidth. The use ora complex wave form 

such ab a square wave would also have been better at helping in the detection 

of the efrcets 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 rccording, the ESZ signal was fed ta an FM input module while spoken 

information could be recorded through a microphone connected to the AM 

in put module. 'l'he spoken information played a very important role since it 

was the only source ofinformatÎon describing the environment in which the 

signal has been rCl'orded.lnformation on probe state, me1t conditions, 

sUf'founding possible noise sources etc, were tackled in the speech so that these 

factors t'ould be correlated with the signal at a later date. 
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'J'he signal cuuld CI ther be recorded continuously or in an intcrrupted manner 

In cases where l'I t11l'r U fJ or down-mode probe sampling was used, the currcl1 t b 

deactivated during hait' of the cycle so that no ESZ signal was gencrated It 

wasconvenlcnt to ~t()P the recordingduring thcse "dead signal" tune intervab 

so as tu save tape (\ml avoid pauses of LiMCA signal. When the up/down-mode 

was u::.ed i.e WhCll the l'urrent wa~ always active, eontÎnuolls rccording wa::­

more approprlate 

3.4.3 Tape play back session 

Flgure 3.2 illu~trate~ the play back instrument setup. A tclpe play back ~eSSHlll 

starts wlth the readlng of the calibration signal amplitude. Computatioll of tilt' 

gain introduced hy the recording/reading process was then pcrformed Note 

that these mea~un'l1lenb 3nd calculation had to be donc for each rcading spcl'd 

used, sinet:' differen t reading speeds result in diffcrent degrees of attenuation 

in the output SignaI Typically, the signal is amplificd by a factor of 

approxima tely fi Vl' a~ a result of the rccllrding/reading proccss 

The ~ccund ~tep III ct ~e~::,I()n was to reset the tape counter at the end of the 

cfllihration ~lgnal TI11i:o wa~ the conventiun u~ed. Ail tape footage reference::­

were made in relati\lll III this convention 

Note that the calibratio/l signal could help in truuble shool1ng a spoiled or 

dirty recorder tape path ln faet, sometimes, the ca libration SIgnal show cd 

instabihty even if, at time ofrecording, the input signal wa::; stable. Instability 

could be introduced clthcr at recording or at rcadll1g lIme. Cleaning the tape 

path of the recorder was a good trouble shocting lool and was used any lime 

reading problems wcre suspected. 

3.4.4 Distortion introduccd by the instrulnents 

In the process of recording and reproducing the signal, sorne distortions werc 

introduced. Consequently sorne transients or modified transients were not part 

of the original signal and were therefore undesirable. The tape recorder was 

respon!'ible for most of Lhe noise transienl!'. The principal rea!'on was 
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saturation orthe tape recorder's input. This was caused not only by the 

elcctronics but also by the magnetic media. Figure 3.3 illustrates the 

saturation orthe tape recorder for a huge normal pulse while using a high 

quality tape. The peak orthe pulse is truncated and "Colded" downwards. The 

use of tapes of lower quality produced even more random wave forms when 
such tape recorder input saturation occurred . 

• 00 

300 

200 

5' 
! '00 ... 

~ a 
:J .. 

-'00 

1 

/ 
LI 

\ / 

--[7 \ 
.~ ~----li h 

~ ~ 
...-'" 

-200 
./ l\ 

'-
-300 

00 G.! 1.0 1I0 li.! .!t !to 

Figure 3.3 
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. Bath the maximum and minimum portions of 

the sine wave are distorted by the saturation process. 

The presence of du st on the recorder's tape path is also a source of undesired 

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

The digital oscilloscope would also introduce distortion once its saturation 

level was reached. Ils 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 keplat ils 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 ofsaturation occur 

for a huge normal pulse. In the figure, the first two steps 10 the left arc 

produced by the tape recorder. The left mostis due to positive saturation whilc 

the second one is related 10 negative saturation. The third step, t.o the right, 

represent~ é:t negative saturation produced by the digital oscilloscope. 

3.5 ESZ signal stability period evaluation 

For sorne metallurgical operating conditions, such as melt treabnent with a 

hydrogen degasser located in the launder upstrearn ofthe probe, the stability 

of the ESZ signal was often compromised. The baseline was th!n no longer a 

"flat signal", but exhibited oscillating characteristics, whose amplitude 

masked transients related to the passage of partic1es through the ESZ. The 

signal wou Id 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 cUl'rent, but the baseline oscillation amplitude usually grow to 
reach a high leve 1 beforc lhe end of the cycle. 

A method has bten designed tu estimate the stability level of the signal. The 

first parametRr measured was the time interval after a conditioning current, 

for which the baseline oscillation level stayed below a reference amplitude. A 

second lime interval, the period between the end orthe conditioning signal and 

the moment thatthe bascline oscillation level reached the tape recorder input 

amplifier saturation level was also measured. These two time interval 

parameters are referred ta as UStart of instability" and "Start of total 

instability" respectively. 

Signal baseline instability or oscillations are particularly detrimental to the 

reliability of transienl counts. For this reason, the rererence amplitude level 

related to the "Start ofinstability" was set as low as possible so that it would 

indicate when the signal begins to be useless in tenns orthe measurement of 

particle populations. The amplitude oflow level voltage instability was 

equivalent 10 those amplitudes related to 20 to 3511m diameter particles. It 
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should be noted that the baseline oscillation level W3S mcasured from zero 

baseline level tü the pO::'ltive peak, notfrom peak to peak. The purpo~e orthe 

second parameter, the "Start of total instability", is to determine the time 

required by the ESZ slgnalto become completely unstable. 

lt is cünsidered that the::.e two parameters were sufficient lu qualify the 

voltage amplitude build up of baseline instabilities. The analysis is howcvl't", 

"semi-quantitative" becau~e the measurement ofthese parameters involved 

the operator judgment as tu when he perceived that the baseline osei lIation 

Ieve 1 had reached the reference leve Is. 

3.5.1 Proced U 1'(' 

The procedures u~l·d tu rollcd the data needed for calculating the tWIl time 

interval paramell!r::. are de::.cribed beluw : 

}I The ESZ signar~ <ltllfJlitude wa~ calibrated using the on-lapl' calibratiull 

~jgn(j 1. 

2, The osci lloscope'::, ~ardllleter~ were set!:.u as to aid vbualization of the 

bal:>eline oscillation I~\'\:l. More spedfically, the time base needed tu be beL:'ll 

that the time window dlsplayed more than five cyclesofthe haseline\, 

oscillation wave. 

3/ For each fill up and (II flush part of the cycle being studied : 

A) The tape footage Ht the end of the first conditioning ::lignai wa~ nuted 

B) The baseline leve! was watched such that, 

i) when il exceeded the rcferencc level for the first lime, the tape 

footage wa~ noted a~ the "Start ofinstability", 

ii) when it reached amplifier saturation (if Il did befort: the end of the 

cycle) the tUJ.le fu()tage was noted as the "Startoftotal instability", 

C) The end orthe conditioning footage value was subtracted from the "Start 

of instability" and the "Start of total instability" foutage valuel:i tu obtain 

the corresponding f(Jl/tage intervals. 
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1 The foutage intervab were then converted to time intervals by dividing the 

foutage interval value by the tape speed (30 or 15 ips) as calculated by 

Equation 3.1. 

'1 1 fil f' tIIlf'fI'ld -
l'flOw.gf' mtNllullfil X 121tnJfII 

Tape spe~'d [mis! Eq.3.1 

This type of analy~il:\ ha~ only been used for melts treated with a hydrogen 

degas~er Le. fur those tape signaIs which show clear levels ofinstability. It was 

evidently inappropriate Lü apply this type ofanalysis to signaIs with a quiet 

basclinc, 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 

the signal. The number oftransients occurring per unit oftime, Le. the density 

of event~ in the signal was the important parame ter to be evaluated. Even 

more speeifically, in this method, the relative rate of occurrence of each class of 

tran~ient wa!:> estimated The classes oftransients will be introduced and 

diM'us::.ed in Chapter 4. 

Becau::.c no system l~ yet available tü discriminate between classes of 

tran::,lcn t, the Job has been donc through human visual recognition. The rates 

of oCt'urrence were obtumed by counting occurrences of each type oftransient 

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 be('n perfurmed, giving an average rate value. A cycle's duration was 

typically 30 to 60 st!conds. Averaged values were thus computed over that 

time intervul. For pradlcal reasons, the melt sampling cycle was selected as 

the fraIlle of analY:::'ls even ifimportant fluctuations in the transient rate of 

occurrence could occur within a cycle time lap. 

Somc of the equipment'~ features were particularly useful in the transient 

counling proces:::.. First, the use of a slower tape reading speed reduced the 
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frequency density oftransients on the signal. St.>condly, the oscilloscopc\:; 

triggering system wa~ capable ofdetecting a tranl:>ienl with an amplitude 

exceeding the detel'lion level and then freezIng it untî 1 anothcr transient 

activated the trigger ~y~tem. By selecting an appropnate tape speed and 

triggering level, the operator could first see the tran~icnt, judge tu what cla~::; 

it belongs, and finally, count il. 

The tape recorder'::, ~pcl'd could nut be reduced by more than a factor of four. 

The amplitude detl'l lIOn limit was the only other way to control the dcnsity of' 

transient occurrellu.:::, 011 the scope SCl'een. Setting it high allowcd only large 

tranl:ilent~ tu be dctel'led, thereby considerably reducing the rate ofot't'urrenl't' 

ofdetectable tran~It.:llb On the other hand, this level was kept as low a~ 

posl:iible in order l(J maxll1lize the range 0; transient amplitude::. analyzed. 

Typically, the Odt·(·twll levt.'l wu::, !'let tu transient amplitudl'~ relating tu 

parliclc~ of 30~m III diameter. 

3.6.1 P."oced ure 

The main l:itep::. In tilt, l'valuation procedure for the rate oftramnenl 

accurrence~ are dc~cri~)l'd below: 

1/ Select tape rel'()l'der ::'!Jced accordlng tu the average rate of occurrence of 

tralll:>ien ts uf the amdy /cd !'lignaI su tha t reliable cuunt could be perfol'lJ1Cd. 

2/ Perl'{Jrm amplituck c;dlbrallOll. 

The calibratlUl1 L.1l'l( '1' Wr.tl:> calculated by dividing the measured ampli tude 

value of the calIbration signal by its original amplitude value. 'l'he 

ampli tude wa~ mea~ured al the tape recorder speed in use for this specifie 

experiment.. 

3/ Determine and ~et trigger lcvel. 

This was an important step where the detection limit was selected. The 

criteria was based un the relation ta a specifie particle dimension. The 

previously calcuJated calibration factor was taken into account. 'l'he 

voltage value correspunding to the chascn detection limit was calculaled 
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and the u~cillu~l'{)pe'~ trigger system set to be activated whenever that 

amplitude wu::. rcached hy the signal. 

4 Fur each cycle. 

A) the cycle wa~ a::.signed an LU. number. 

li) the direction of the melt (up,down or up/down mode) over the time 

interval considered was determined. 

C) the cycle'b start and end footage values were measured so the time 

mterval could hl' calculated. 

D) the terminatiun condition for the analysis of the cycle was determined 

and wa~ aSbigned an appropnate name tag according to the following list: 

"A" -- > Mel t flow inversion 

"B" -- > End of recording 

"c" -- > Occurrence of another condi tioning current 

"D" -- > Imp(J::,::,ibllity to cuunt transients due to high rate of occurrence 

"E" -- > Ol'l'Urrt.'lllt.' (lfa long non attenuated oscillation 

El For each type (Jf li ansient 

a) the cyril' wa:, ::'Ldnned and occurrences of related transients were 

l'ountcd. 

b) the rale of occurrence wu::. calculated by dividing the count value by 

the tilne interval 

'l'he raw data obtall1ed from this type of expcriment were transferred to 

LOTUS 123 worksheet::. for easy processing and plotting of the data. 

49 



t 

1 

CHAPTER 4 -- CLASSES OF REAL SIGNALS 

4.1 Intl'od uction 

The LiMCA signitl~ that were generated a ld recorded from the reul ESZ tube!:­

submerged within real melt~ did not behave precisely like theoretical signal~ 

Different:t:'~ wen.: llb~erved tu varying degrees, depcnding un the context. Whi il­

one aim IS tu mlnunlLl' ~llch differences, one should be aware that ub~erved 

signal::, carry informatlun about the sensor and it~ environment. A numbcr of 

hypotheses of phy~ll'al phenomena generating these unexpected signal 

fcature~ a re dl~l'U""L'd III this chapter. 

A delailed invt:!)tlgduIJlI orthe Llf\lCA's :::.ignal behaviour had not been curried 

out prior lfJ thi~ 111\ L'::,U~atilln. The first step t()ward~ a better under::,tanding 

was t(J ul'quire knllwledge ofits content. The appruach adopted wus bascd un 

the identificatiun and ddinition ofcla~ses oftran~ienb. Till::' approach wa~ 

chosen ln antlclpatlUn uf fUl'ther work that wuuld involve statistieal Pattcrn 

Recognitiun (PH) technl4ue::, whlch ln turn will provide the basic cOllcept::, for 

tran~Ient di~crinllnalioll pr()cesses 

.Frum the LI.Î\lCA li an~lellb, the extractIOn and analy::,h, of lllformatlUll other 

then ju~t their amplltudp have Important benefit::, ln the first place, the ahllity 

tu identi t'y and u nder~l<1 nd the features of the 51gnall~ il major ::3tep towanb 

autumallc vahdat)(J1I of partide sizc distribution data Thi~ ahility may abo 

develop applicatlUn~ reL.ted tlJ the control of the hcnsor. Thl~e two 

improventenl~, if lhey can be performed in real tUile by U machine, wuu Id 

significan tly red uce the ()perating cost of the Li MCA a pparatu!:.. Indeed, 

training and bUlJplylng the specialized personnel required to operate the 

LiMCA represcnb an Important fraction orthe operating cost. 

The::.e develupmenb will abu henefit tu the applieatÎun orthe LiMCA 

techniques tu metab other than aluminium. Indeed, while the LiMCA 

technique hab becn ~uccessful in different melts (steel, magne~ium and copper) 

[8,9,10,11 J, the alumlI11 um signah. are defimtely the unes d(J~er to the 

theuretical signal. Based on data to date, it would appear that signab 

originating from other melb requlfc more complex validatIOn proccs~es since 
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1 operating problem~ in n:lation with the probe materials tend to produce less 

stable Bignal baselinc. 

ln the frame of thb re::.ear<:h, an important parameter measuring the density 

oftransients was introduced Let's define Ïlm' the number oftransients with 

ampli tude~ linked tu partJde~ greater than m (given in l1m) occurring on the 

signa 1 per un i t tune, and averaged over specifie time intervals. The subscript 

nI, in pm, indicateh tht~ particle dlameter linked to the lower limit of detected 

amplitude. fi m is u~ually expressed as the number ofevents per minute 

1 #/min1. Value~ of fim were acquired independently for each class oftransient. 

A more ::;ignificant parameter metallurgically, is N Hl> the number of inclusions 

whose diameler is greater than m per unitmass ofliquid metal. Measured in 

K/Kg, N iii ideally rl'pre~ents the number oftbousands of particles per Kg of 

liquid melt N 11\ b denved ff/JIn Ïlm and is the main output parameter of the 

indu::.trial LiMCA ill~trlJrlIent and i~ obtained by assuming that aU the 

tran~lenb dete<:ted 11 re J l'la ted tu purticles (i.e. one class of transient) and that 

therc 1::' a consl[lI1t rate ,d'fluid flow throu~~h the orifice. N m is therefor 

caleulated accordlng trI 

\ 

where 

1/ 
Il, 

- -- ,hlhlmm 
\. , l' 

VI b the volumetrie f1uw rate (e.g. U.5ml/s) 

Eq.4.1 

pis the dl'nsi ty of \Jq uid alumini um (i.e. 2357 Kg/m 3 at 700 (JC) 

Using these val uc::. 1 n E4uatiun 4.1, the numerîcal relationship between N m 

and fi 111 becomcs . 

.11,,' - 14 141 fIIlT1/K;: 1 n 
", nI 

Eq.4.2 

Note that in the aluminl um industry, a widely used lower limit for the particle 

dete<.'tion diameter range il:> 20llm. Consequently the value ofN20 (Le. N m with 

m = 20l1m) is typically the reference parameter for aluminium cleanliness. 
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4.2 Classes of transicnts 

4.2.1 "Normal pulse" 

This first class oftran~il'nts corresponds 10 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 

fam il y . Although their amplitudes may differ, all normal pulses are 

characterized by the following features.: 

11 an under-shoot efTect at the foot of the falling edge 

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

constant (RC = I.Oms) 

3/ a slightly increased falling edge slope compared ta the rising s]ope 
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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 tu 100 pm, ranged from 2.4mV to 2.4V following preamplification of the raw 

transient by a gain orl000. 

The half height pu Ise width is typically in the arder ofO.2ms. However, it may 

range between 0.1 tü 0.5 ms under standard operating conditions (difTerential 

vacuum/pressure of 2.5psi, 30011m diameter orifice). 

A summary ofthe rt:lallve rates of occurrence of normal pulses is given in 

Table 4.1. The relative rate of occurrence data is provided for eightdata sets. 

In a given data set, the rate of occurrence of each class oftransient was 

measured for each melt sampling cycle, for a number of consecutive cycles. 

Data scu, Il 1 lo #4 and data set #8 were collected from in-plantexperiments, 

while data sets # 5 la # 7 were obtained in a laboratory environment. For each 

melt sampling cycle studied, an 030 (#/min) value was acquired 

independently for each class oftransient. 

In Table 4.1, four new parameters are introduced. First, X offi30, corresponds 

Lü 03U values averaged over the number, N, ofmelt sampling cycles studied in 

the particular data set, for the normal pulse transient class. X offi30 is 
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calculated using Eq. 4.3, where the 1 indices of n'\tI refer~ tn the me lt samlll j n~ 
, ,\ 

numher. Secondly, S uffi:Hl' is the sample ~tanddrd dévia tion va 1 ue of tlw 

averuging prll('es~ and is calculated using Eq 4..1. whrre N and 1 are ddi tl"d as 

above. Thirdly, (;; X of'Nnrmal pulse ratlll is t1H' relative proportion of' t':wh 

class oftranSlent ove!' ail das~e~. It j~ defïned by Eq.l :) Whl'rl' the r:\tiu (II' lIH.' 

rl30 val ue of normal pu Ise,..; over the fi.lIt val Ill' (If 'III d.\,,:-.l':-' 01 t l ,11l"j l'Il t S Id 

evaluated for the li" mclt sampling cycle :md, hy Eq -t,G, where lh\. r:\lltll~ 

averaged over the N melt sampling cycles of lhl' dala ~,l't. Fi na Ily, 1 n the salllt' 

manner, S of Normal pulse ratLO, the corn,~,p()nrlinf!. sample standard dl'vwtiol\ 

is defined by Equations 4.5 and 4.7, 

1 v 
Xo/n =-.- '\ fi 

,lU N - ,JO,I 
1 ·'1 

\ \ 

1 1 1" ( ) · (..... )') III ') Son - -- ..... n - ....." . , 
... ( JO - N _ 1 -, ,~I,1 -- - Jill r 

1-1 , ·1 

}' -
1 

( 11, ) ,10,1 (/1/ IIl't , 

100 ,\ 
(*,X nort/lUI ]Juls/' rutw = -" }' 

IV - 1 
1 - 1 

N 'V 

S normal pul.~e ru 110 ;:. { N ~ 1 1 ~ ( YI Y - ( 2. r, rI} w 
t -1 1·1 

Eq,4.4 

Eq.4.6 

Eq.4.7 

The X of rï:w values vary significantly from one data l:>et to another. The va 1 ue~ 

tended to he lower in the laboratory environrnent than for the in plant 

experiments. Il ranged from 58 tü 109.3 r #!min 1 in the laboral()ry and from 

79.7 to 156.2 [#/min] for the plant Thus, there wa~ a gt'nerally hig-her partiel,' 

concentration in the plantmeltsl:ltudied ven;u~ the laboratory melb. AI-,;o, 

from one melt sampling cyele to another within thl~ same data ,>et, there ~\re 

important variations of fi:w' This is shown by the hlgh S (JI n,II) v:,lul"; in UH! 

third column. These variations are large cOlllpared tu the one~ d' u~ua 1 ~ 20 

values ofLiMCA particle counts. These fluctuations rnay he expIai ned hy the 
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faet that 20-30~m partlc:les are not eounted in the 1\30 parameter. This 

population muy rcpre~t'nt up to 87°lv of the N~(J counts, since the rate of 

oceurre nee of ~mall pa rticles is also more stable than the one oflarger 

partie lt:~ 

Table 4.1 

Rate of occurrence of normal pulses 

S of n3lJ 

X normal S normal 

data set # 
X of n:w pulse ratio pulse ratio context 
1 #/MINl [ #IMINJ % % 

" 
797 336 420 80 Plant 

2 192 6 41 0 52 5 1.7 Plant 

3 128 3 18 2 876 75 Plant 

4 156 2 1020 494 167 Plant 

5 109.3 686 948 6.3 Lab 

6 85.5 268 85 5 97 Lab 

7 580 136 967 1 9 Lab 

8 65 1 81 4 93 5 86 Plant 

From the fourth clllumn ufTable 4.1, wc see that the normal pulse class is 

predominant in the laburatury expCflments (8G(7c ta 95%) while ils presence 

gue::. down to 42(;; of tlle transient population for the worst in-plant experiment 

l'a::'l'. J lowevl'r, the ::-.ample standard deviation of the (}'(,X normal pulse ratw is 

very low compared to the X of n,w ones. This means that even if the number of 

pu bc::. vary considcrably from one melt sampling cycle to another, the 

pruportlOn uf thb e1us::, of transient compared to ail others is relatively steady, 

along the consecutive ESZ. probe cycles. 

PIIYSICAL PHENOMENA 

Normal pulses are related to the passage ofnonconductive particles through 

the ESZ orifice. As ~een ln Section 1.3, the amplitude of the pulse is related to 

the fractional volume ol'cupied by the particle within the ESZ. The diameter of 
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a sphere of equivalent vulume is denved as the output of the detection proces~. 

The bell shape of the transient reflects the smooth entry and exit contours of 

the orifil:e 

The pube width is reluted to the tlm~ interval over 'Which the particlc remains 

within the ESZ The mean velocity orthe 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 

resultlllg pulse shape. First, because of the fluid flow velocity distribution, 

particles travellIng near the orifice wall move slower than those travelling 

around the renter areH. Consequently, in su ch ('ase~, either the rising, falling 

or bu th of the translcnt\ slopcs are reduced and the total pulse width is 

increased. Further, if the orifice shape contains sharp entrance and/or exit 

corner::" the potentIaI field within the ESZ IS not homogeneous. Evidently, 

potential gradient::. will be much steeper around these corner::, [ 1~, 13]. Thb ha~ 

the effect that any partlcle passing near a sharp corner wi Il produce a resistive 

pube larger than if It Wl're to pass further away from thlS corner However, the 

Kimax pruhe orifice~ that were used within the frame of thi~ work were sm on th 

and very well-l:untlJul'ed, !::>u that ~uch effect~ arc not expected. 

IN FORl\lATION 1)( )'J'E;~TIAL 

The above cla~~ of blgnaJ tran~lent~ ubviously carries important metallurgical 

information, and the pObsibility of providing ind lIsion size distribution of the 

melt. One should recall, however, that these signaIs provide no information 

concerning the nature or chemical compo311ions of these particles. 

The ratIO of normal pul:-.e transientb to signal generated by other phcnomena is 

clearly useful inf~lrmati()n. A high l10rmal pulse raiw ( > 90%) is stror.gly 

indicative ofstable ESZ behaviour. Lower ratios should not be cxpected in 

alumini um processing {Jperations studied to date, except for SNIF lreatcd 

melts. Sudden variatIOns in the normal pulse ralto, between consecutive melt 

sampling cycles or withlIl a cycle, can be strongly indicative of disturbance 

within the ESZ. 
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4.2.2 "Positive BaseLine Jump" (PBLJ) 

Thil:i l:iecond cla!:>s of transients derives its name from the behaviour of the 

signal when, the potential orthe baseline at the electrodes registers a sudden 

positive step and stays at this new level. 

DESCRIPI'ION 

As seen in Chapter 2, a step change in potential at the electrodes will be 

characterized, after the high pass filtering stage, bya rapidly rising slope 

followed by an exponential decay back towards the zero volt baseline level. 

8uch an exponential decay will follow the filter's time constant of t rr.s. This is 

a side effect of the high pass filter which serves as a signature for any basell1le 

jump transients. Figures 4.3 and 4.4 show typical Posltwe BaseLme Jump 

(PBl.,J) signais. 
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Figure 4.3 Typical posltwe basehneJump 

The step or rising edge of the transient is found to be similar ta thatofthe 

normal pulses class and is in the order oro.t ms. The rising edge is however 

much shorter than the falling decay which takes a few milliseconds ta return 

to the baseline level. 
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Figure 4.4 Typical posltwe baselwe}ump 

This class oftransients 15 much less frequently ohserved than the normal pulse 

class. As seen from the flJurth column in Table 4.2, this is particularly true of 

lahoratory experiments, where it forms less than 7% of the transient 

popu lation. However, in more complex expcrimcntal contexts such as tho~e 

using a SNIF dega5::.er (data sets # l ,2 and 4), the posttlVe baselrneJu mp clas~ 

may forrn up ta 50 lié of ail the transient population. 'fhe baselLne.1umps are 

definitely the second must important class oftransients to he observed in the 

LiMCA signal. 

PHYSICAL PHENOMENA 

A sudden step in the baseline can he attrihuted to an increase in overall 

resistivity of the orifice. This increased resistivity is caused by an effective 

decrease in the ESZ vol ume. and may be due ta the attachment of a 

nonconductive particle to the ESZ's surface. Thus, a particle may stick to the 

orifice waH, if it is nonwetted to the melt, and adherence to the surface can lead 

to a net lowering in the surface energy. One can speculate that a certain 

degree ofroughness or porosity orthe ESZ might also cause particles "capture" 

which would again produce a posltwe baselme Jump. 
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l Table 4.2 

Rate ofoccurrence of posltwe baseltne)umps 

X of ri:w X S 
data set # X of iz:w PBU ratIo PBU ratIo context 

[Il/MIN J [#/MINJ % % 

1 95 1 302 51 7 51 7 Plant 

2 1327 238 364 36.4 Plant 

3 12 5 94 8.6 64 Plant 
-

4 156 2 1020 458 179 Plant --
5 2 3 30 3 1 46 Lab 

6 70 54 83 68 Lab 

7 02 04 03 05 Lab 

8 4 1 50 5.2 8 1 Plant 
"---. 

The phenomenon may also be related to wetting of the orifice walls by the 

melt. Th us. a sudden local. or partIal derohesion orthe melt from the wall of 

the orifice's sen::;ing zone could also cause periodic posItIVe baseLLneJump 

tran::;ient::;. The pas~age of "long particle::;" or "stretched bubbles" would also be 

expeded to genenlte PULl transients. However, no evidence for such 

phenomena have been ()b~erved in aluminium melts, not in the micrographs of 

solidified melts, where inclusion lyres. composition and shape can be 

measured. 

INFORMATION PO'I'ENTIAL 

i 

It is not. obvious whether such transients should be interpreted as inclusions 

(and therefor counted) or disregarded. Like normal pulses, the amplitude of a 

BI .. J can he relatcd tu a particle diameter using the same mathematical 

relation, i.e. Equation 1.8. Consequently it wou Id be logical to int.erpret a BLJ 

signal as indicative 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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Huwever, any BLi IS undesirable and indicates a certain degree ofbad 

behaviour of the ESZ It IS supposcd that the relal1ve rate of occurrence of BLI 

tran;:,lents indicatct> how "stlcky" an ESZ :::,urfuce IS tu particlcs. Bast'/lll('}UT1IP 

transients may herald lInperfect wettIng or indicale surface pllrusity. Orten, a 

huge baselme)ump may be associated with Important perturbatIOn within the 

ESZ such aR blocking or unbIocking orthe orifice, and when the pressure is 

reversed within the probe a:::, tu change the direction ofmeit flow through the 

ESZ. 

4.2.3 "Negative BaseLine Jumps" (NBLJ) 

This third cla::,s uf ::,lgllé1l, as it::, name indlcate:::" i~ similar t,o the one of a 

posliwe baselme,lump excepting, the ba::,eline :::,tep is negative. This 

charadeTlstic b sufficlent tü make it a dl:-.tl net clas::,. In praetlcc, no atten tlOn 

wa::, paid to negative tran::,ients sincl' the mo::,t interesting transicnts were 

positive and the tnggenng system wa::, :::.et to be activated only when a Tl:::'lflg 

edge l'fosses a po!:>ittve threshold level above the signal'::, ba:::,eline The 

negatlve tran:::'lenb wel'l: theref(Jr ignured by the LiMCA eledronic::, l'vell 

thuugh they probahly l'>.i:::.l. 

DESCHIPTIOK 

The time dumain chanu tCTlstil'!:> uf li Ne~(l/I(l(' }j(/..,cL,ne Jump arp idcnlÎl'al tn 

that oflts posItive bruther exccpt that the pube i::, rever::,ed relative tu the 

vultage axis. Figure 4.5 ::,how:::, a typÎeal wavefurm of thi!:> cla~s. The tran::,ient 1:::' 

initiated by a fast r..tllIng edge uf typically 0.1 m!:> whilc the f1sing edge rccuver:::, 

exponentially within a few millisct:ond~ up tu the zero baselJne Icvel, in 

accordance with the tlme con5tant of the high pass filter. 

It i~ interesting tu ('()mp'lre the value::, of X o( n:JIJ and S o( n.m for both the 

posltwe and the nel1u/llw basellTleJump~ transienl!:> 'l'able 3 3 gives the::,c 

nurnben; for each data ~et. The X o( n:w values of lHlsL/LUe and negatwe ba:-.eiL TIf' 

Jump~ do not balance but do exhibJt a certain degree of correlatIOn and arc 

appruximately of the ::,ilmc urder ufmagnltude. A'::. their p(J~ltIVC brother::" the 

tran::,ients ofthit.l'lt.l~~ are much less frequently ubserved than normul ]JuLs('~ 
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Figure 4.5 Typicalnegatwe baselrnejump 

and even less than the pusltwe baselmejumps. They were round mostly in te 

context of an unstable ESZ. 

Table 4.3 

Occurrence of posltwe versus negatwe baselrnejumps 

POSITIVE BU NEGATIVE BU 

data set # 
X of nJ(J S of n.10 X ofn3o S Ofn30 

context 

1 #!mlll) l "mm] IN/minI II/mm] 

1 95 1 302 25.2 238 Plant 

2 1327 23.8 59.0 2240 Plant 

3 125 94 2.4 2.0 Plant 

4 1562 1020 27.3 6.7 Plant 

5 23 30 11.7 16.0 Lab 

6 70 54 2 1 1.4 Lab 

7 02 04 0.8 0.8 Lab 

8 4 1 5.0 9.6 9.3 Plant 

61 

----' .... _,-----------~--------



~ 
1 

1 

J 

PHYSICAL PHEt\OMEI\A 

A Tle~atlVe bas!'ll Tlt' lU mil IS the con::.eq uence of a reduction of the overall 

resistivity of the orifice and can be due tu a ~udden increase in the ESZ voluml' 

If so, the amplitude of the transient can be related to the increase in the ESZ 

vulume through Eq I.B The ESZ vulume increment is pre~umably caused 

eithcr by the relea~(' (lf I,article(~) prevlOubly "captured" by the wall::; or by 

erosion of the orlfict' ~ alllt::.elf. The second hyputhesi~ is nut relevant tu 

signaIs in the present wlJrk, since it has been shown experimentally that very 

little wall erosion ()ccur~ during LiMCA operation~ in alul11IniutT\ with Kimnx 

probe:::, As for the PBLJ the NBLJ may abo be a::.::.ociated wIlh unstable 

wettll1g cundition~ (Jf tht.: ESZ walb by the melt, i.e. cohe~iun/decohesion orthe 

metaJ ~tream. 

INFOI\:\1ATlON POTE~TIAL 

A high rate rate uf occurrence of many large net:atwe basellTlt'.IU nlpS may 

indicate. 1) erusion uf the ESZ or 2) the release of captured inclusions (j.c 

orifice deanup) or 3) Imperfeet wl'ttmg of the ESZ wall::. by the melt fluw. A 

high rate of occurrence (jf NBLI shuuld be mterpreted as an alarm relative tp 

the l'Undil1on of the ESï 

4.2.4 

This dus::. oftranbl\.'l\t~ take~ ib nhme from the fad that the tran!:>ients ~pread 

them~elves uver a I(lng('r Ume interval than lhe normal pul..,t>s. More 

specifically, the cla::.::, regroups lhosc pulses bavIng a long rise lime, into a 

separa te set. 

DE~' HIPTIO~ 

A rising edge lhat 1::, much longer ( > 2 limes) than that of a normal pulse (Jf 

comparable height i:, the key CfJmmon feature that distinguishes member::, of 

the long pul~e da~::,. 'l'hl" falling edge due::. not have di:,tinct charactcrbtic:, in 

this class, it ean be fa::.t, ::,low, exponentially dccaying, etc. 
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Figure 4.6 l'ypicallong pulse 

Figure 4.6 illustratc::. the case of a normal pulse stretched along the time axis. 

In this case, as predicted in Section 2.3, the back shoot efTect is amplified 

because the translent's frequency content is shifted towards low frequency. It 

can alsll be noted that the exponential baseline recovery following the back 

shoot is not pure, since ~()me very ]ow frequency variations are superimposed. 

Anuther ca~e is illl1!:>tr~lled by Figure 4.7, where a long rising edge is abruptly 

intcrrupted by a sharp List falling edge similar ta those of the normal pulses. 

The third case of Flgun: 4.8, exhibit both very long rising and falling edges, 

suggestmg an abnorma Ily low meh 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%. 1'hc rate of occurrence also fluctuates from one melt sampling cycle t.o 

another and even within a cycle. Note that long pulses are often oflow 

amplitude because they are partially filtered out by the high pass fi; ·er stage. 

As a result, within the context ofthis study, the 3011m lower limit for ,,_ .: 

particle detection range de tracts from observations of these transients. 

PHYSICAL PHENOMENA 
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Figure 4.8 Typicallong pulse 

A long rising edge is the consequence of a longer residcnce time of the particlc 

in the orifice, at least for the first portion ofthe ESZ. The particle entrainmcnl 

velocity may be deCreab\!d either by friction orthe 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 
~. 

Xofn. SOfii~ 
X long S long 

data set # 
1 #/Ml~] 1 #/M ] pulse ratio pulse ratio context 

% % 

1 4.4 44 2.2 2 2 Plant 

2 266 1 6 76 1 7 Plant 

3 5 5 26 38 1 9 Plant 

4 96 75 44 42 Plant 

5 1 7 1 9 20 20 Lab 

6 56 3 2 6.2 3 5 Lab 

7 1 9 1 1 3.1 1 6 Lab 1 
: 

28 62 1 3 29 1 8 Plant 
-------- ---.l 

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

dcficiency in the vacuum system. 

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

entering and in the mnin stream for the exit may cxplain the shape of the 

transient. Within the entry section of the orifice. the particlc is slowcd by wall 

proximity but bel'ome:.:. entrained within the normal melt f10w main stream 

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

rate. 

ln the case of Figures 4.6 and 4.8, ubnormally reduced ESZ f10w rates are the 

probable explanation.ln this connection, onc should recall from Section 2.3.4 

thatthe amplitude loss efTect of the high pas:::; fi Iter is much more severe on 

longer pulsc!:;. As explained in Sectiun 2.3.4 and illustrated in Figure 2.16, the 

amplitude orthe tram:ient in Figure 4.8 would be only 50% that orthe original 

signal amplitude. 

INFORMATION POTENTIAL 
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While an isulated IUTlt; jJu/~(' l'vent doe~ not allow ont.' to conc\ude anythlllg 

about the ~tate uf the E~Z, many slIch ItlTlt; pu',,,,l'~ spaced withlll a fl'w sel·und::. 

of earh other, lllgL'lher wIlh a redul'ed density or complete absence uf norT1lul 

pulse .... , l~ a ~trung l/1dll'dUOn uf urdice obstructIOn This hypothesis ran be 

testcd un-lllll' hy tlpplYlllg a l'UndltlOl1lng l'urrent and then checking if the 

rate~ uf ()l'l'urr~nl'l' \If tr;1I1~Iellt das~e~ arc affel'led and brought ba('k tu 

nornwl LUflt; pul .... t , wIth fa~t fnlJing èdge~ ()r JStdated /Ullt; puh-.t'~ are 

Indicative uf Ilunlldl nu\\'::, through the orifice 

4.2.5 Osl'Î lia tory tl'an~icnts 

Tlll~ da~~ III tran::.ll Il b lkn ve::, i t~ name from the ()::,l'Ï lia tory na tun' of the!:->L' 

~q.;nab 

1>ESCHI P'IïO:-, 

Thl~ l'la~~ of' trall..,IL lit d, Il'::' nlll f'tJrm an IndqJendent gr()up It~ ml'Illhl'r~ 

prtrnardy bl'lOllg lillill\.. ,d'thu~e prevlUusly ddined 'l'hl' cha ra L'le n::,l1 c f'l'atlll(' 

i~ the pre:-.eIH·L· of d ~ll~JLrtmp()::'L'd m,rdlatl<ll1 over the typll'al tran:::'lent 

wavl'l()rm ~lll~t l 1.1""t.:~ ,,{ tran~l(:,nb have bL'L'n uhsl'rved lI) have !::ollpL'l'lrllpll~l'd 

u~l'dlatllJn:, (lll (l('la~lt"l ThlJ~e ()~l'illlltion~ an' ln the form 01 li fj('f\lJdH' damped 

or lllldamped ~llll!JIl' \\ ~1\l'f()rll1 

FIg U fl' ~ -1 .~) a Il d -l Il 1 1 Illl ~ t r li t 1: 1 li r g l' fi () r nt a 1 pu 1 ~ f' ..... , r(J Il Cl w e d 1 III III e dl; 1 te 1 y. III 

thcir undcr Slll)()t. fi:' .11\ 11~l't1latJ(Jn. In both t'a!:iC~. the wavl'length of the 

o~l'tllatllJn i:::. orthe IIldcl ,,{'magnitude of the pubc wldth. While the ()~rillattldl 

in the fir~l one I~ (bnqwd the :::'l'cond one is nllt Figure 4.] 1 dl~play!::o the ('a::-!' 

{Jf a !>(i .... 'lw(' oa .... e1"lt' lU II/l'un which a darnped u:::,clliation b ::,upcnmpo::,ed. III 

aIl the~e t.hree l'a~t:::, tht ullderlylng typical trHn:::.ient!::o are l'vIdent In ~()me 

ca~e::,. when the ()~l'tllatliln I~ nut damped, the re:::.ult 1:::' a "pure" (J~cillatllJn lik(· 

that ::,llllwn in FIgure -lI:: 

'l'he u:::.cillatlOn phClllilllella wu::, only sigmficantly dctected 111 two contexl!::o a~ 

~cen l'rum 'l'able 4;) ~ IJI data ::,et::, # 2 and # 4,40<;( and 50 9; of the detected 

positive transient::, wlll!1 e found tü exhibit oscdlatury featurc::,. In both ca::,e::" a 
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Figure 4.10 Normal pulse with undamped oscillation 

SNIF degasser was in operation in the melt path upstream from the probe. For 

other plan l ci rcumstances, this phenomenon was almost nonexistent. 
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Figure 4.12 Undamped high amplitude free oscillation 

The case of data set #6 is special. While 9% orthe transients showed 

oscillatory features, the amplitudes of oscillation that were encounlered were 

much lower than those for data sets #2 and #4. From observations of the 
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Table 4.5 

Hu te uf uccurrence of oscilla tory transients 

,-
daLaset# X of fliJ 

[#00 ] 
context 

1 a 1 Plant 

2 40 4 Plant 

1 3 00 Plant 

4 505 Plant 

1 
5 NA Lab 

6 9 1 Lab 

7 00 Lab 

8 NA plant L __ 

signal. the phenol1lLlla ,t::,~()ciated with data set #6 were definitely not orthe 

::,ame nature and l'dllllllt hl' cumpared tn the casesofdata sets #2 and #4. 

Note that ln the ~a::,e Id data !:lets # 1 and #3, where the SNIF UnIt was also in 

operatiun, a "SpOOIl ,. ww, u~ed to protect the probe from the direct bull: flow of 

the melt. ll::,mg tlll:' mt'ttll::'. the oscillatwl1 problem was almost completely 

climi Hateo. Thb lI::'IJel't will be di!:lcussed mure extcnsively in Chapter 5. 

Pli YSICAL PIIE~Ul\H ':'tA 

It 1::' pre::.umed that the (I:-.cillatory features superimposed on the ESZ signaIs 

were caused by non-wcttJng of the the melt flow on the ESZ walls. The 

as~umpti()n is that whell the wetting characteristIcs of the ESZ become 

::,uffïclently altered:\::. t(, l'a use decohesion orthe melt from the surface of the 

I<~SZ and !::>cbi up u::'l'Illattng waves that contract and expand. inducing 

variatiun::; ufll::. (lvcrall re:-,btivity. The consequence is induced oscillations on 

fi typical LiMCA ::'lgna 1 

The prcl'be fl'USUIl::, for (ill alteratiun orthe wetting charaderistic within the 

ESZ are not known Thl pre~ence ofmicru bubbles, thin oxide films or a high 
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degree tif turbulel1t'l' wlthln tht:' bulk melt now aJ'lIund tht., probe couin Ill' 

pu::.::,ihle cau::,e::. Ünt' tlllllg- 1::' denr, the pht.'numeno/1 UCl'ur::... a~ a re::;ult orthe 

SNIF pf()l'e~~, up~tIt'.tm trufll the probe, in the launder. In fad, taking the 

pr()be further d(Jwn::--trl',ltll from a SNIF unit cun::'lderably redllce~ the::,e 

u:,cIllatlUll prublelll:O HIJ .... eveJ' in practu:e, the lucutlOn of the probe in the 

launntr i::, often ll':,tnctt'd hy plant layout to a small area close tn a SNIF unit 

I~ FOHl\lATIO:\ P( )'rI<: "-JTIAL 

The pre::,t:nce uf ()!:lLlI] a tJ ng transien ts is a dIrect indIcation of bad wetti ng (lI' 

the urIficl'. Being reldted tu a highly unstable ~Ignal baseline, they should be 

taken a::, li ~erioll::' w;lrnll1g. The relIability ofa parl1e1e size distributIOn 

generated wIth él ~ignal an~dy~l::, :,y::.tem ~imdar t(J the one ne~l'fibed ll1 Scctltlll 

2 4.2 would be CUmp/'lIIlll:::-.ed hy the pre!:lellce (Jf oSl'illal1ng transient::... :::.incl' etlch 

OSèIllatllll1 cyril' \\Illlid Ill' ('()unled a::... a partlele J't:lated IJubt..· Frequellt 

o:,l'ÎlIuUIJJ1::. ull thL :::'lhll,tl make::, ~uch a ::,y~tem unu::,ahle fllr particle ~Ize 

dI:::.lnllul!()11 l1H .. 'lI,,>Ufl'llH Ilt pllrpost.·~, 

4.:~ Di~eus~ion~ 

4.3.1 Complcxit~, of the LiMCA signal 

Three ba~ll' distInct c1a~::,e::, (If trun!::-ients uf al urnllll um LiMCA !:>ignab have 

been pJ'e~ented in till:::> cltapter. They are the normal pul,..,cs, the IUr/.L,' pulsl',., and 

the P()~ltW(' wul Tll'.L;utlt t' bll:-,elul('.Jlunp~. The hypClthe~e~ ur explunatl!JlI::' 

presented as for the phY,>lcal phenomena giving flse tu there classl'~ and the 

infurmatlOn thatcuuld hl..' retrieved from the~e transll'nts partially illu~trate 

the cumplcxIty ofB glV<:l1 LIMCA :'Ignal in liqUld alumInium. Whde the 

tran~lent cla:::,:::,es ll1entllJ/11'a above I..'an be characterized, and explallled, ()ther~ 

cannut lndeed, from tht.. :,Ignal, one coulcl observe an InfinIte set (jf randomly 

ol'curnng tran:,ll'nb ()f Ilnkn()wn source, The:::,e l'an be generated by 

coincidence ofmore thall one particle ln the ESZ, from n(J1~e plckup l'rom the 

enVIronment of the ::-,ell~llr, frum sWItl'hing device:::" bad behaviour of an 

element of the LiJ\1CA equipment, etc .. , One l'an rutionallze ~ut'h l'vent::, hy 
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defilling li da::,::, of U nkl/IIU'1l • ..,Ignals 50 as ta includc ail tram,ients that cannot 

be a::'~(lclUted with one orthc three classes identified. 

HO 

300 

280 

l ,--,-- -==r- --~-- - --1-- _-=~I! - _ --

210 

~.o 

720 

5" 
700 

oS '110 
loi 180 Cl 
;:? , 40 

i' \JO :J 
c 

\00 

BO 

en 
.0 

20 

0 

l 1 ai -- 1 

--+ ~tt=-=- 1 -~ ----i-----+-,-t --.---1-- -- -

:_--= -==-:~r f-:çl-+ - -
----+- ,.ç 1 .-~-

-.- iJ --~ 
--------1'--- l'~ 

r--- ---:;;:T'-----t --- --1 .......... t"';;"'-
"~ 1--

-20 

00 o 5 , 0 , ~ 20 lO 40 

TlWE Imol 

Figurc 4.13 

Superpos:tion of a normal pulse with a posztwe baseimeJu mp 

Because orthe low L'flncultration ofinclusions in the studied melts and the 

very small volume (If th, ESZ under the circum~tances investigated, the 

cuïncldence uf event ln the ESZ 1S rather rare. However, the cases of 

cuincidence ln the l'JSZ CIre Interestmg. A t.ransient corresponding ta a 

cuïncidence of evenb llllght have unique ;"'1e domain characteristics. The 

characteristic::,ofthe trunsientsofthe:' 1 .idu-' eventsmay still be distinct 

but will be superunpo::,ed on each other .• l tht' .1se of Figure 4.13, a normal 

pulse and ~ r,)~IlIlW ba..,cllneJù.mp occurred ... lmost simultaneously. The 

passage of a parl1cle wa::, almost complete, producing a normal pulse, when 

probably anuther partlcle ca used a posltwe baselmejump. Many other 

examples ofmultiple nurmal pulse transients or multiple baselmejumps 

transients have abo been observed. Ali these examples illustrate how complex 

a complete LiMCA signal recognition procedure cou Id become. 

4.3.2 Machine recognition of transie nt types 
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In any ca~e, an imp()rtallt potentwl of lI1formatwn b latent ln the LIMCA 

signal without being taken advantage of. From the above dl::'CUSSlOll. Il i~ dear 

that the tusk ofproperly monitoring and cuntrulling the LiMCA signal i~ 

beyond tbe ahility of 11 human opl'rator. A complex muehllll' could however 

fulfill thi!:> ta::,k 'l'hl' !:>cl!t·nwUe OfSllCh a machIne l!:> ~h()wn ln Flg'Ufl' 4 14 

Some ba!:iic si gllal CI J11d ItWlll ng stuges (II igh pas::, fi ltl'f1 11g. prcam plific:a ti Oll 

with gain (Jf l O()(), Hnd lugal Ithrmc amplificatIOn) eould he pcrformed hy 

standard high preclSlUn ana(og clcl'tronics. The rest of the monitoring and 

cuntr(jlufthl' LIl'v1CA sl~nal cuuld be perforll1ed by a maChlIll' wtth three level 

(Jf COlllfJ1E:XI l) 

At li fir:-,t levcl. LI dt'tCl'll d tran~ICT't w()uld hl' dlgluzed and Il!:> l'haral'len::,tlt· 

feu tu rl'~ (amp II t Udl. d lH a twn, frcq uency conten t, ) eXlrach.'d U~l ng Di gl ta 1 

Signal Pruce::,::,ing 1 DSP 1 technique::, Thi~ could be imJ.!lemcnted Ul:>lllg a 

dedl(:a Led DSP Illll'I 1 Ipn 'l e::,::,o!" board ur l'usl()m hardware tn~ta lied 111 il 1 H~l 

PC bU that real tlnlt pl 11\ (.'~::'Ing nw,)' hl.: uchl!:ved. At the ::'l'COlld Il'''l'l. thl' 

extrarted fl'utun:::-, Id tht tranSlent would hl' u~cd t() eategofll'e Il III (Ille (Jf the 

LIMCA ::,ignal cla::-.~ ~t;tlI::-.tical Pattern Rl'cugnltlOn (PI{) ledHHqlll'~~t'(lldd he' 

ubed tu perfurm ~lld\ a t.l::-.k i\IHlther dedlcated mieroprllcc::,sor board Wou Id \)(' 

reqllired herc ~Illll' thl::-, la~k i:, computatwllally hungr)'. Flnall)', al a thlrd 

level, b(Jlb lhc ft:ittUlt:::. dnd da:,::, data ofeach detecled tran::-'It' Il t, t.ugl't1wl WIul 

other InformatllJll J.!11)Vlded by externaJ sen:,of!:, and by thl' operat(jr, an' u:-'l,d l(1 

generate a vahdated par ucle size dl::.tl'lhlltlOn as weil as fnr l'()ntrul (d' li\(: 

LiMCA prube. 'l'hl:' ::,tage uf proœs~mg {'ould be Imph.'menlcd by the prIJl'e::-'::'Il! 

orthe hust IB~l,PC running ::.oftware burlt on ruled ba::,ed Artificial 

lntelligenn: (AI Iled1l1J(lul'::'. 

While t.he system de::'Lribed above i!:> a design proposition, ::,ome wllrk has IWI'Il 

done tü evaluate lht. ::,ugge::,led !:>tatl!:itical pattern recognitlOlI uppnJae!l 11·\\ 

ln the frame (Jfthal lllvl::.tlgation, the da!:>!:>ificatiun ta~k WH::, Jrnllted lo a two 

class problem, 1 e. dbl'J'l/TllrlutÎ()n belween the rwrmul /Jube . ., and hll ... dulI' 

.lU 11IjJS. For each di.i:'~, li ::.ampil' ~et of typlc'd tmB'.:>1 ent~ wu:, u!:>ed The tIme 

domain lran::,lenb Wl:rL: ("()nverted l() the frequeney d()marn und/or 

autocorrelatiun dumdln dnd were approxlmated hy p(Jlynomial eurVl: fiuillg a!:> 

a mean ufdimen~illl1al!ty reduction ufthe resulling veetor~ Using thl' 
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coeffïclent~ ufthe p!JlynlJmial fitting, a simple linear categorizer method was 

used tü assign a ria::,::, tu eaeh transient. of the data sets. Very encouraging 

recognition rate~ wcre obtained (up to 90(~,) for the test data sets. Although 

these result.s were obtulned wnh limited data sets (40 transients per class), off­

line cOJllput.allllfl~ and (Jllly for a two-cla&& problem, they proved that the 

pattern recugnitwll approHl'h l'an be used for LiMCA transient classification. 
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CHAPTER 5 -- SIGNAL BEHA VIOUR IN 
SPECIFIC SITUATIONS 

ln this chapter, the eight data sets collected from the signal recorded on tapes 

are analyzed ln more dctail. The relative rate of occurrence of the difTerent 

transient classes will be used lù characterize the signal behaviour within the 

context of each of the c!ata sets. 

5.1 NOflnal conditions of operation 

The operatIon of the LiMCA system In a laboratory furnace is usually not as 

problematic as compared tu in-plant operation, since noise level (acoustic, 

electromagneticl and the presence of dust, which are the main C3use~ of 

troublcl> in the plant environment, can be eliminated. The melt flow around 

the probe is abo far more quiescent ln a smal1, closed, laboralory furnace thlln 

in a plant launder For aIl these reasons, the signal obtained in the lahorat.ory 

expenment represents the optimal signal 

From the previous chapter, wc can conch.de that in ar. optimal ~ignal, the 

proportion of normal pulses dominates over the ::.Ulfl of aIl other classes. Such a 

case is illustrated in Figure 5.1 from data set #7. The ll30 values of the 

normal, the ua se lmejump and the long pulse dasses arc plottcd for 10 

consecutive cycle::;. The plotted 1130 value5 correspond tu the numhcr of 

observed evenb per unit time. For a given class oftransient, they are obtained 

by counting pulses (related 1.0 particles with diameter >3011m) during a melt 

sampling cycle and dividing that number by the time interval over which the 

counting procedure look place. 

1t i~ clear from Figure 5.1, that the rate of occurrence of the normal pulse dass 

is much larger than that for other clasl6cs. While there are a few occurrenr~l6 of 

long pulses, baseltne jumps are almost nOllexistent. The count rates are also 

rela tively steady from one mclt sampling cycle t.o another. Together, these 

considerations characterize a stable signal. With such a signal, reliable 

particle size distributions can be easily extracted without the nced for a 

transient type discrimination procedure. 
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Figure 5.1 t"t.30 occurrence rate 
Up-mode analysis from 1 Bboratory experiment 

The count rate ofthe normal pulse class tends ta decrease with increasing cycle 

number. Metallurgically, this can be interpreted to be caused by the settling 

out of large ( > 30}lm ) particles from the sampled melt. 

Note that the occurrence curves are obtained from counts oftransients with 

amplitudes related to particles of30pm and greater. No data are a'vailable for 

the transient occurrence rate related to the 20-30pm particle range. However, 

qualitative observation orthe signalssuggest that there is a significant 

correlation between the relative count rates observed over, and below, 3011m. 

5.2 Orifice obstruction 

The obstruction of the orifice is a relatively frequent p~oblem while operating 

the ESZ probe in liquid aluminium. Physical1y, the melt flow isreduced or 

ev en interrupted while the electric currentstill passes through. The resulting 

signal shows little sign of activity where only long pulses and a slowly moving 

baseline are observed. Because orits quietness, such situations often do not 

draw the attention orthe operator. 
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l If a constant me 1 t Oow ra te through the ESI'. is aSSUll1l'O. an ori 1"1 Cl' ob::.! ru~.'tiul\ 

is deleteriou!S to the reliahi lit y ofmed!Surl'd partiele l'(llll'entl'at IOn, ,\~i thev 

cause underestimati()n of the truc den::'lty ofpartiek::-. III till' (,h Il ~1I1(,l' tilt' 

orifice melt now i~ n'ouced, 

The cond i ti()111 ng l'lIl'ren t i~ a powerf'u Ion -1 i IH' metl\<ld 1\ 1 tl,..,t t ht Il) pt ,L1ll':-;i::- ,,f' 

orifice ub~tructioll When abnormally low ctlllnl r:lle~ ,II' '\l"IJlt'ldlJ"I'; 'llild 

signais are ob~erv('d, a conditioning currenll.., dPl'llt'd 1)\ t hl' "pt l •• ti 1 Th\' 

high density of encrgy created in the orrfice f'1'()!l\ tlll ''l'plll :\tlt'Il : t i ht, 

conditiuning current dean; the orifice of any dlft hl()('k "11-. thl l'" ,I!~t Id Ifll 1\ 

through it, In a case oforifice ohstruction, il"the nl)rm:tll:ltt'~ lIi' ", loIr,'IH\.. .. 1 

the transients are recovered immediately artel' tht' appll('.IUI'J\.:I "II" (II t >NO 

conditionÎ ng l'\lrrent~, the d;agn()~tÎl's Will have bt'f'n l'Oll!'i 1 lnl·d \1t';\:,1l11 rq! 

the orifice voltag-e drop IS ais·) an effective mean ()fddl·('tIn!~ bll)l'k'II!I' 

The fi:w occurrence curves for' data !-let 1/':) <t l'e ~hf)wll 1 n Flgllrt' :).~ "nd Il Il'(' Iy 

illustrate cases of urifice ubstruction, The figure ~hl)ws the r<lt(' ~,r f)l'l'IIrt'eI1t'" Ill' 

the normal, the font; and the base!l1ll'purrp type oftran~l(:nt~ (l\'er l,t 

consecutive cycles, The count rates have heen "hLlined l'rom up/dllWlllJlf)(k' 

analysis for ca eh me!t ::,ampling cyril', Cycle III corrt'::-,p()lld~ to th-.· vny fi r:-.t 

cycle of the experiment, immediately fullowing tlH' l·~t:lhlj:.,hment (JI' L1lP lïr~t 

contact of the me 1 t with both ele<:trode::, The experr ment wa,-> ru Il j n ;t :-.rna 11 

laboratory furnace. 

The occurrence curves show some of the charaderj::,til~, of normall'I'IHli tl< IIl~, 

The count rate of n()rmal pulses 1!:1 gencral l y much larger than th:l t l'or tL(~ 

other types oftransients, The count rate::, of buth tht.· 11I1l?; and the hll~!'IlIlf' 

.lump transient cl asses are very low, if not n llil. J l\Jwevl'r, the rLurmal JlIl!,'>f' 

occurrence curve ::,hows unusually low level nuduatiuns both at ('yelP 1/2 and 

cycle #10. 

With regard to qualitative observations that l'an be made with respect lI) the 

data in Figure 5.2, il was found th 1t: 

11 Arter the autonlatÎc condit:or,ing of cycle 111, the ~,ignal beh:lved (1<' for 

normal conditions ufoperation. 'l'hi::, shows that the probe cun produce reliahle 
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Figure 5.2 t'l30 occurrence rate 
Up/down-mode analysis From laboratory experiment 

signais even at tbe first melt sampling cycle, immediately following tbe first 

melVelectrodes contact. 

2/ A man ual conditioning current was activated by the operator before the 

end orthe fi rst 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 baselme)ump, shown in Figure 

5.3. Very few normal pulses are thereafter observed, while sorne long pulses or 

baseline instability, are present. 

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

conditioning procedure (before the end of the cycle). Instantaneously, the 

signal's nonnai characteristics were recovered. 

5/ The rest of the experiment beha ved as for normal condi tions of operation 

up to cycle # 10. At this point, tbe operator observed a reduced number of 

normal pulses and suspected tbat something was going wrong. He therefore 
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activated a manua} conditioningcurrentjust before the end of the cycle but the 

situation became even worse su ch that almost no transients were observed for 
the last seconds ofthe cycle. 

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

The sudden dE'cline in the normal pulse rate of occurrence was strong 

indication of an even tuaI obstruction of the orifice. Other symptoms such as 

the observation of long pulses and slow baseline fluctuations reinforce this 

hypothesis. The use orthe conditioning current as an on-Hue 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 aIl that the long pulses are 

indicators of orifice obstruction. However, as is demonstrated in section 2.3.4, a 
significant amplitude 10ss is introduced by the low pass filter for the long 

pulses. Consequently, th~ Ïl30 occurrence curve of long pulses is al ways under 

estimated and most long pulse's amplitude fail under the threshold detection 
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1 level. This explains why the number of su ch transient does notappear to be 

significant in Figure 5.2. Curves ofi"l2o would probably show stronger 

correlations between the long pulse occurrences and orifice obstruction wilh a 

lower threshold detection lev~l. 

5.3 Effects of stirring the melt around the probe 

The LiMCA instrument allow for the on-line detection of fast surges of 

partic1cs thus providing the ability ta observe a problem in real time. This is of 

great help in scarching for ils origine The occurrence curves of data set # 8 

shown in Figure 5.4 illustrate a detection offast particle population increase. 

7'0 -. --

1 

- ---- -- ------------------, 
220 

200 

,'0 

1 
110 

:1 , UO 
VI 

! '20 
0 
u .. IDa 
0 

• ao 

80 

.0 

20 

a • • 
2 • e 1 • • 

CYCI.[ NUlo<eCR 
o 1't0h .... + "8L; o 1.0HO 

Figure 5.4 1130 occurrence 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 orthe melt by LiMCA over nine consecutive melt 

sampling cycles. The probe was submerged in the Iaunder, downstream from a 

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 originallevel at cycle 

#7, before going up again at cycle #8 and finally coming down at cycle #9. 

These two drastic surges of particles are directly li nked lo external 

phenomena. Indeed, both at the time of cycle 116 and cycle # 8, an operator had 

stirred the melt in the spoon around the probe. This action remixes settled 

particles increasi ng the local particle population around the probe. However, 

the density ofparticJes decreases rapidly, within one or two cycles from the 

disturbance, indicating the particles were probably carried along, away from 

the probe. 

In the case ofcycle #6, the number of long pulses and baselmejumps 

transients also increased slightly. This indicated a certain degree ofinduced 

ESZ flow disturbance. 

5.4 In-plant use of a SNIF degasser and its effeet 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 ta operate the LiMCA apparatus in a launder downstream from an 

operating SNIF unit, the operators were confronted wit.h a major problem of 

signal instability. Moving the LiMCA probe away from the SNIF unit, the 

gravit y of the problem tended to be reduced. However this solution was often 

impractical because ofspace restriction in many orthe plants. A large 

proportion of long and baselmejump transients, as well as oscillatory features 

were observed on the transient signaIs. Typically, the instability is at its 
minimum level in~mediately following a conditioning current and this 

increases constantly, reaching a saturated level of oscillation prior ta the end 

of a melt sampling cycle. 

Essentially, in these conditions, the standard ESZ up-mode analysis was 

virtually incapable ofproducing a stable signal from which reliable particle 

80 

---,,------------------------------------------



1 

1 

size distribution data could be extracted. Special procedures were designed for 

the operation orthe LiMCA under these circumstances and tested in-plant, in 

order 10 minimize signal instability. These procedures, and the r'esults from 

investigations ofthem are discussed in the following sections. 

5.4.1 Down-mode versus up-mode analysis 

The down-mode analysis was investigated in order to determine ifits usage 

would improve the signal's stability when operating the probe downstream 

from a SNIF unit Theoretically, one would expect to obtain comparable 

partic1e size distributions for a particular melt sample analyzed both in the up­

mode and the down-mode. ln practice this was not the case. TYl-'ically, the 

down-mode analysis (not unexpectedly) gave lower count values. rrhis could be 

explained usmg the assumption that a certain percentage of the incoming 

particles arc 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, Le. when the probe is full with melt, rather than flushing the 

tube right away, the melt was allowed ta rest for a certain time inside the 

probe. Again, the objective was 10 test whether this procedure would improve 

the signal's slabiHt.y. Assuming that the presence of oxide films in the melt 

causc~ instahility 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 of30, 60, 90 and 120 seconds were tested. 

An experimental procedure, as described in Section 3.5, was designed in order 

ta evaluate the baseline stability period. The goal was ta evaluate bow long the 

bascline oscillation level takes 10 reach a specifie amplitude. Two such 

amplitude levels were used in conjunction with the following results. The first 

one is the transie nt amplitude linked 10 2511m particles. On the first observed 

occurrence of su ch an oscillation level, the tape footage is noted as the (·Start of 

Instability". Note that when the baseline oscillation level has reached t'lis 

amplitude, the transients of aIl particles of 2511m 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 illustra tes how 

deleterious su ch a level of oscillation is on a signal's utility. The second 

amplitude level is the one at which the baseline oscillation level satuTates the 

tape recorder input level. On the first observed occurrence of such an 

oscillation level, the tape footage is noted as the "StartofTotal Instability". 

For each of the rest periods mentioned above, the dawn-mode analysis was 

tested with a number ofmelt sampling cycles. For each ofthese cycles, the 

"5tart ofinstability" and the "start of total instability" parameters wcrc 

measured, for both the up-mode and dawn-mode analysis. The results are 

shawn in Figure 5.5, The graph shows the values for the "start ofinstability" 

(2511m related level) and the "start of total instabili ty" (completely unstablc 

baseline), averaged ovcr a number of cycles, for rest periods of 0, 30,45,60,90 

and 120 seconds. 
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Figure 5.5 ESZ stability intervals 
For up/down-mode analysis with rest periods 
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The curves in Figure 5.5 show that in the up-mode analysis. the baseline 

oscilhition level l'l'aches the 2511m relaled level wlthin 2 tü 5 seconds and that 

the :,nturation lewlls re~lcheci in roughly 5 seconds. For down-mode analysis. 

the hd~clJne'::, ()~cJ!laLi()n growth tel\d~ tu take more tune the longer th(~ rest 

perlOds. The 2!)pm related level I~ l't'uched within 10 to 22secunds, while the 

ba~e!Jlll ~atllratt'd levcl ()\.'cun, between 12 nnd 25 ~ec()nds. The saturated 

haseline slall> I!-> l't'ilt'ned Wlt.llI n a tew ~et'()n(b of the 25~m basellnc ()!:>clllation 

level, sugge~ting lhal the ()~cillati()n build~ up in a geumetrical or exponential 

manner. 

Thcsl' raets dearly indicate thal (iIrel't up-mode analyses down~tream of a 

SNIF unit produ('c useless signub Evcn in the down-mode analysis, 120 

second re~l pe;i()ci~ do n()t yield ll~eful ~ignal ~tahility. The 15 tü 20 seconds 

in terva 1 of ba~e Il ne oscÎ llalÏon leve 1 unde r 25um ohtai ned i~ not suffÏcien t to 

allow the galhering of II !:>efu 1 partIcle size dlstnhullOn. :'vlorcover, l'ven if the 

clown-mode analysis reduces the ba~dine instahility somewhat, itdoes not 

l'liminale the o~eillati()n features r()und on lhe transients This is particularly 

dcleteriou!:i tu the reliability of the particle size distribution sinec eaeh cycle of 

an oscillatiun that crosses the threshold lcvel is registered as a particle. 

A hetler picture orthe phenomena resulting from the down-mode analysis of 

melt1:> proces~ed bya SNIF degasser is ohtained by looking at the occurrence 

curves. 'l'he rate of(}ccurrence orthe normal, the b(l!lt!llneJump and the long 

types of tran:,lCJÜS for data set #4, are plottcd for 8 consecutive melt sampling 

l'ydes, and given in Figure G.6. 

For thb data set. the mcasurement of the rates of occurrence coulcl not be 

performcd OVl'r the whule down-mode section of each melt sampling cycle. 

Indeed, the counting prucedure wa:::; interrupted at the pOInt where the 

instability level bceame tuo high for transient types to be detected and 

irlent ified. Consequent!y, the occurrence rate values of data set #4 describe 

on ly the best l':SZ bcha v iour in tervals orthe cycles studied. 

The large proportIOn of basf'lwe)lunp transienls is the mostimportant feature 

of J;'igurt., [).6. 111 faet, the rate of occurrencc ofthc haseltne JU mp transients was 

cvcn higher than the normal pul~es for the fir!:'t th rel' cycles and was still high 
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Figure 5.6 n30 occurrence rate 
Down-mode analysis from in-plant experiment 

for the others. Cycle #4 was the only one ofTcring worthwhile conditions for the 

extraction of a particle size distribution. The fluctuations in the rate of 

occurrence ofboth the ba seime lump and the normal pulse are also particularly 

high. 

The presence of long pulses in this data set is not important and is relatively 

constant. No sign of orifice obstruction was observed, the only ..!xception being 

the last cycle (# 8), where both an increase in long pulses and a significant 

decrease in normal pulses were observed. In t.his case, partial orifice 

obstruction is a legi timate diagnosis. 

Figure 5.7 shows another view of the same dat.a set where only two occurrence 

curves are plotted. The first one corresponds to the summed ra tes of occurrence 

of aIl positive transients, Le. normal pulses, baselLne)1J mps and long pulses. 

The comparison can be interpreted as the signal's activity on the baseline. The 

second one corresponds to the number oftransients of the first c.urve that have 

been observed with oscillatory features. It is consequently a mea\sure of the 

degree ofosc:llation of the signal. From Figure 5.7, itcan be seen that for most 

cycles at least tiO% orthe transit'nts exhibited oscillatory features. This 

indicale:; the high degree ofoscillation from which the si gnal suffers. 
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Figure 5.7 :d30 rate of occurrence. 
Sum of positive versus oscillatory transients. Down-mode analysis from 

in-plant experiment 

Naturally, reliable partic1e size distribution cannot be extracted from this 

signal, using a straight peak picking mode ofinterpretation. 

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 weIl as turbulence in the downstream flow ofmelt in 

the launder. This turbulent flow ean be expeeted to hinder the disengagement 

ofbubbles and oxide films from the melt. The passage ofsuch 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 efTects by allowing bubbles and films to separate before they reach the 

ESZ, a "spoon" was used to test the principal. 

A schematic orthe so called "spoon" is given in Figure 5.8. It comprises a 

coated metallic open-top box fixed to a handle. The downstrearn 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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Figure 5.8 "Spoon" configuration 

melt in contact with the probe can then only recirculate through the holes on 
the downstrearn face of the ttspoon". 

The use ofthis device considerably reduced the level of signal instability. 
Figure 5.9, similar 10 Figure 5.7, gives the rate of occurrence rurves for the 
sum of aIl positive transients versus those for oscillatory transients. This data 
set # 1 covers 25 melt sampling cycles over a range of 43 consecutive cycles. 
The oscillation problem was practically eliminated through use of the ttspoon" 

protection. lndeed, only a few occurrences of oscillatory signaIs were observed 
in the first four melt sampling ..:ycles orthe experiment. This number is very 
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small and practically negligible in comparison with the rate of occurrence of 
the grouped positive transients. 
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Figure 5.9 1'\30 rate of occurrence 
Sum of aIl positive transients versus oscillatory transients. 

"Spoon" protection experiment from in-plant experiment 

The sununed ratt. of occurrence of a11 positive transient classes in Figu!'e 5.9 

show a relatively high degree ofvariability. This is often Iinked 10 the 

instability ofESZ. The standard occurrence curves of normal, baselmeJump 

and long pulses are shown in Figure 5.10. The most obvious observation from 

this graph is the high rate of occurrence of baselinejumps 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 oflow turbulence around 
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Figure 5.10 d30 rate of occurrence 
"Spoon" protection experiment Crom in-plant experiment 

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 baselmejump is stil! as important as the one for the normal 

pulses. The use oflhis device is consequently not a complete solution. 

The interpretation orthe positwe bast:linejump transients is not 
straightforward. Presuraably, their occurrence is related ta penetration of a 
pat'ticle or a bubble into the orifice as w~ll as a local non-wetting of the orifice 
wall. Figure 5.11 shows the occurrence curves for data set 13. This data set 
was extl'acted from the signal of an experiment analyzing the melt upstream of 
a SNIF degasser unit. The experiment was perfonned within the same cast as 
data set Il 1. The normal, baselinejump 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 neu ideal conditions of operation. The 
rates of baselinejumps and long transients are stable and relatively low. 

Upstream of the SN IF , the rate of occurrence of normal pulses ranges from 110 
ta 150 per minute, while downstream, using a "spoon" (from Figure 5.10), it 
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Figure 5.11 1130 rate of occurrence 

Analysis from in-plantexperiment, upstream from a SNIF unit 

ranges from 30 to 150 per minute. A comparison ofthese numbers suggests 

that the use ofa SNIF unit helped to reduee the concentration of inclusions (of 

diameter >3011m) within melt. This conclusion is correct only provided the 

baselmeJump counts are not interpreted as deriving from the passage of 

particles through the ESZ. 

Inc1uding the baselmeJump rates, it is obvious that there is much more 

activity on the signal downstream from the SNIF than upstream from it. This 

eonfinns the faet that the SNIF degEtSSer introduees 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 weIl as the inclusion content of the melt. 

5.5 "Positive" versus "negative baseline jumps" 

In Chapter 4, the negative baselinejump class of transient was defilled and 

deRcribed. Occurrence curves fur this c1ass oftransient have yet ta be 

discussed. Thus, negative triggering is required to detect them. Positive 

triggering is al ways used in LiMCA signal analysis because the principal 
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classes oftransicnts require posit.ive triggering. The significant occurrence of 
negatwe baselme)umps was only observed wh en posItive ones had an 
important rate of occurrence. Figure 5.12 illustrates three occurrence curves 
for data set Il 1 ("spoon" protection experiment). The first corresponds ta the 
grouped positive transient classes, representing positive activity on the signal. 
The second and third are respectively the positive and negative baselinejump 

rates. 
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Figure 5.12 fl30 occurrence 
Positwe versus negative baselinejumps 

SNIF protection experiment from in-plant experiment 

The negative basehne)ump count rate tends 10 follow the posltwe baselinejump 

rates, particularly for the first nine melt sampling cycles of the data set. The 
rate of occurrence of negatwe basehnejumps were always lower than tbat for 

BU. From cycle #- 21 to the end of the dat&. set, the rate of occurrence of 

negatwe basellnejumps was rnuch lower than !hose for positive BUs and the 

two curves did not correlate. 

A mu ch larger rate of pos1tive baselinejumps compared to its negative 

relatives, may be an indication of the accumulation ofparticles on the orifice 
waHs. Strong correlat.ion of these two curves would, on the other hand, indicate 
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a balanced situation in terms of accumulation and release ofparticles in the 

orifice. Monitoring negatwe baselmeJump rates of occurrence would be 

particularly useful while operating the LiMCA apparatus in a melt, difTerent 

than aluminium, in which the probe materiai is subject ta 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 ofLiMCA signaIs. One cannot claim that they constitute a 

complete and sufficient set for representing the LiMCA signal generated in 

aluminium melts. Drawing a complete picture ofthe LiMCA signal was 

beyond the scope ofthis work. However, the slices of signaIs and their 

correspondi ng da ta sets were chosen beca US(! they reflected a n umber of 

identified ESZ states. 

The goal of the work presented in this chapter was ta show how the ESZ sta tel:i 

can be characterized through the relative rates of occurrence of the difTeren t 

types oftransients. While examples ofsuch characterizations have been 

prel:iented, analysis of a much larger set of signaIs samplc should be carried on 

so that a set ofESZ states and decision rules can be established, basl~d on the 

relati ve ra tes of occurrence of the difTeren t transien t classes. These rules cou Id 

be integrated in the third level of the LiMCA signal monitoring and control 

machine presented in Section 4.3.2 and iIJustrated in Figure 4.14. 

The relative rates oî occurrence could be cornputed over each melt sampling 

cycle. Making a decision on the ESZ state for each particular cycle aHow 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 ir,tervals (every 5 seconds for example) could allow the 

machine to activate the conditioning current whene'/er the ESZ state isjudged 

unstablc. This way, sorne meit sarnpling cycles could be recuperated for the 

production ofreliable 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.: ifmore than 50% of the 

detected transients are baselme)umps, the signal isjudged useless for the 

extraction of particle size distribution da'c.a). The rules could also be based on 

comparisons with previously acquired relative rates of occurrence. For 

example, for normal conditions of operation, the values ofrelative rates of 

occurrence should be relatively constant over consecutive melt sarnpling 

cycles. Therefore, comparison of such value ofprevious melt sarnpling cycle 

could be indicative of an al:.normal ESZ behaviour. 
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CONCLUSIONS 

Metal cleanliness can be measured on-Hne by the LiMCA apparatus, based on 

the Electric Sensing Zone (ESZ) technique. The sensor, suhmerged in a liquid 

metal bath, produces a characteristic electrical signal transient during the 

passage ofa particle through its sensing zone. Detection ofthese signaIs allow 

to derive the size distribution of the particles suspended in the liquid metal. 

SignaIs generated by the LiMCA apparatus, when 'Used in liquid aluminium 

baths, have been studied. 

The t.ransfer 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 atr~Htude by a factor of9%, typically. This 

amplitude loss is detrimental to the part.icle 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 transie nt classes were identified. They are the 

normal, t.he long and the positive or negative baseline jump puises. The normal 

pulses are related ta the passage of a particle through the ESZ and yield ta the 

evaluation of the particle size distribut.ion ofthe 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 

baselinejumps are respectively related to a sudden reduction or increase of the 

ESZ volume and correspond to undesirable behaviour of the sensing zone. The 

detection oftransients and the identification of the class to which they belong 

aHow to validate the particle size distributions derived. 

When the LiMCA apparatus was operated In a launder downstream from a 

SNIF liquid metal cleaning unit, oscillatory features were observed on ail 

classes oftransients. These oscillatory features were highly detrimental to the 

reliability ofparticle size distributions derived from such operations. A few 

sensor operating techniques such as down-mode LiMCA signal analysis and 
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t protection of the LiMCA probe by a "spoon", were tested in order t.o limit the 

oscillatory features of the signal. They faHed in provjding a stable LiMCA 

signal from which a particle size distribution can be derived. 

Rates of occurrence of aIl class oftransient were estimated for a number ofESZ 

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 difTerent transient classes. 
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