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Although the importance of settling in control-
ling the concentration of non-metallic inclusions in 
aluminum melts has long been recognized, its quan-
titative study has so far been limited, due largely 
to the combined difficulties in estimating the para-
meters of the separation process and in obtaining 
quantitative measurements. This paper will present 
experimental inclusion concentration data, measured 
under a variety of casting conditions, whose analy-
sis, when coupled to simple mathematical models, 
helps establish a clearer understanding of the physi-
cal processes at work during settling. The advan-
tages of using in-line inclusion measurement tech-
niques during the casting period to elucidate complex 
physical phenomena will be illustrated. 

INTRODUCTION 

The constant increase in product quality requi-
red by today's market impacts directly on the opera-
tions of the cast shop. For instance, the continuing 
downgauging of sheet products makes it evermore cri-
tical to be able to control the amount and size of 
non-metallic inclusions present in ingots; this 
control is presently effected through a number of 
treatments and practices applied to the metal in its 
molten state, such as settling, fluxing and filtra-
tion. 

Among these, settling has been known for a long 
time to be beneficial to metal cleanliness (1, 2). 
However, although relatively efficient at removing 
inclusions, the extra waiting period introduced by 
settling can become very expensive from a producti-
vity point of view. 

Early attempts at obtaining detailed understand-
ing of settling phenomena have only been superficial 
for a number of reasons: 

a) Progress has been measurement-limited (3); there 
was, until recently, no method capable of provi-
ding inclusion concentrations and size distribu-
tions as a function of casting time under varied 
operating conditions. Up to now, this kind of 
information was gathered through microscopic stu-
dies requiring lengthy preparation and analysis 
times. 

b) Feedback on ingot quality (cleanliness) was tradi-
tionally product-related; besides the large time 

delays and the undesirable marketing side effects 
involved in that practice, it is very difficult to 
properly assess the source of any defect observed 
since multiple effects come into play: furnace 
settling, transfer out of the furnace, efficiency 
of in-line treatment steps and overall casting 
practices can all contribute to the final ingot 
cleanliness level. 

c) Some fundamental physical parameters are very 
difficult to evaluate properly; for instance, the 
actual extent of inclusion wetting, apparent den-
sities of agglomerates and the effects of large 
oxide films wrapped around some inclusions must 
usually be estimated without much direct experi-
mental evidence. 

However, much relevant information has already 
been gathered through the use of microscopic analysis 
techniques based on inclusion preconcentration (such 
as the Alcan PoDFA (1)), measurement of surface de-
fects (such as razor streaks) or micro analysis of 
ingot slices. 

First, it is well established that, in those 
operations where casting conditions are such that two 
drops are cast out of the same furnace batch, the 
extra holding time applied to the second drop ac-
counts for improved metal cleanliness. In fact, as 
can be observed in Fig. 1, for Mg critical alloys 
cast from stationary furnaces, inclusion levels can 
decrease by an average of 60 % during the extra hold-
ing time (typically 1.5 h) allocated to the second 
drop. This decrease in inclusion concentration at 
the exit of the furnace would be of reduced interest 
if it was completely washed out by subsequent in-line 
treatments (such as filtration); however, since most 
in-line treatments operate in a proportional mode, 
such is not the case and an improvement in metal 
quality coming out of the furnace translates directly 
into an improvement in the metal cleanliness going 
out of the filter and/or degassing system (Fig. 2). 

Second, it is now established that inclusion 
concentrations can vary significantly during the cast 
and that, hence, inclusions are not uniformly distri-
buted along the length of cast ingots (1); for ins-
tance, both the top and bottom parts of the ingots 
are considerably dirtier than the middle section, a 
phenomenon associated to turbulence created by the 
start and end of the casting operations. 
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Figure 1. Metal cleanliness improvement between 
first and second drops from the same furnace batch, 
as measured by PoDFA at the outlet of the furnace. 
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Figure 2. Metal cleanliness improvement between 
first and second drops from the same furnace batch, 
as measured by PoDFA after an in-line ABF filter. 

Finally, it has been recognized that continuous 
or punctual stirring in the furnace during casting 
disturbs settling of inclusions and therefore impacts 
on metal quality by leading to higher inclusion le-
vels in the outgoing metal than could otherwise be 
achieved. 

There is therefore a need to further improve our 
understanding of the settling process in order to 
best optimize its use; the recent development of an 
in-line measurement technique has allowed us to ob-
tain more detailed information and it is an object of 
this study to use this new knowledge to gain a better 
insight into processes involved in "settling". 

MEASUREMENT TECHNIQUES 

Before proceeding with detailed discussions of 
available analysis techniques for inclusion measure-
ment, the importance of sampling must first be recog-
nized. Except in very special cases, sampling is 
actually not carried inside the furnace but rather 
at its exit, in the launder system. This avoids 
inhomogeneous distribution effects in the furnace and 
actually monitors the metal going into the ingot, but 
at the cost of losing any information as to which 
part of the furnace the metal is coming from. At 
typical linear metal speeds of 5 cm/s (corresponding 
to Reynolds numbers upwards of 20,000), the metal 
flow in the launder is turbulent and inclusion con-
centrations are fairly independent of the actual 
sampling location, provided one remains away from the 
launder side or bottom walls or the top oxide layer; 
this has been verified with the LiMCA analyser probe. 
The role of sample size in achieving desired sensiti-
vities has been discussed by Simensen (2). 

As mentioned above, some information on the 
settling process can be obtained through the use of 
a concentration technique, known as the Alcan PoDFA 
(Porous Disc Filtration Apparatus), and whose prin-
ciple is described elsewhere (1). As illustrated in 
Fig. 3, the rate with which inclusion concentration 
decreases with time can be measured in some cases; 
however, each sampling point requires a significant 
amount of effort. Still, a certain number of impor-
tant conclusions can be drawn: a) first, and most 
importantly, it is quite clear that settling proceeds 
during the casting operation and that the associated 
time scale is of the same order of magnitude as the 
casting time (as discussed later on, the last part is 
strictly true only when starting from a freshly stir-
red - or homogeneous - furnace); this also accounts 
for the observed decrease in inclusion concentrations 
between first and second drop in a batch; b) more 
than one inclusion species may be present at the same 
time and these will settle at different rates, depen-
ding on their densities and size disbributions. 
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Figure 3 - Effect of settling on inclusion concentra-
tion as measured by PoDFA. 
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Figure 4 - Effect of settling on inclusion concentra-
tion as measured by PoDFA and LiMCA. 

Clearly, the detailed analysis of settling re-
quires an in-line technique. Such a technique is the 
4M ultrasonic analyser developed by Mansfield (4); 
unfortunately, although favoured by a large sample 
size, this technique's size resolution (>100 microns) 
makes it impractical for the study of inclusions in 
the range 10-100 microns. Final wall thicknesses in 
can products being as small as 120 microns (and 
decreasing), it is imperative to be able to monitor 
inclusions of a much smaller size. 

The relatively recent development of the LiMCA 
(Liquid Metal Cleanliness Analyser), an in-line tech-
nique based on the electrical sensing zone (ESZ) 
prnciple, has allowed us to obtain much more detailed 
information; the technique is described in more de-
tails elsewhere (1). Figs. 4 and 5 Illustrate the 
dramatic improvement in quality of data made possible 
by the use of this new technique; each measurement 
lasting roughly one minute, it is now possible to 
obtain up to 100 data points in a typical 1^ h cast. 
Therefore, as illustrated in Fig. 5, it becomes 
possible, under favourable conditions, to observe 
multiple components in a settling curve; in this 
particular case, where the furnace was mechanically 
stirred 30 minutes before the cast started, processes 
with characteristic time scales of 15 minutes and 2 
hours combine to produce the overall settling. 

Furthermore, this fast measurement capability 
also allows the observation of concentration tran-
sients such as illustrated in Fig. 6; clearly, any 
mixing or disturbance of the metal inside the furnace 
or of its flow going out of the furnace can lead to 
large inclusion releases. Therefore, settling will 
be observed, and hence its beneficial effects be felt 
by the product, only if those effects are not negated 
by disturbing of the metal flow during the cast; 
otherwise, a complete settling period must be reallo-
cated, with an accompanying significant decrease in 
productivity. 

PoDFA and LiMCA are complementary techniques, 
one giving indications to the nature and number of 
inclusions, the other providing quantitative, time-
resolved concentration and size distribution data; 
the synergy provided by the combination of both tech-
niques can greatly enhance our understanding of pro-
cesses affecting metal cleanliness. 
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Figure 5 - Effect of settling on inclusion concentra-
tion measured by LiMCA at the exit of a tilting fur-
nace. Note the two components observed. 
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Figure 6 - LiMCA results observed at the exit of a 
stationary furnace during an experimental cast where 
stirring was purposely performed while the cast was 
in progress; note the smooth decrease in inclusion 
concentration after the disturbance. 

RESULTS 

If one could plot the variation of inclusion 
concentration as a function of total elapsed time 
(i.e. furnace settling time + time into cast or 
furnace settling time + first drop time + interval 
between drops + time into cast, for a second drop), 
starting from the actual time t=0, when stirring 
stops in the furnace, Fig. 7 would be obtained. How-
ever, under normal operating conditions, it is very 
difficult to gather data in time zone A (first 10-20 
minutes); in those cases where this has been possi-
ble, as in Fig. 5, and in dedicated laboratory expe-
riments (Fig. 8), the initial rate of settling can be 
very rapid ("lifetime" = 1/k of approx. 10 minutes, 
see below). 
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Figure 7 - Variation of metal cleanliness as a 
function of total elapsed time; region B corresponds 
to data observed under typical casting conditions. 

Time AFTER END OF STIRRING (min) 

Figure 8 - Variation of metal cleanliness during the 
first minutes after stirring stops; the lifetime is 
12 minutes. 

This inclusion concentration decrease will 
remain observable only if a) the metal is not dis-
turbed during the cast, b) the furnace has been 
allowed less than approximately one hour prior set-
tling time; otherwise, the residual rate of concen-
tration decrease may be lost in the point to point 
variation. For instance, continuous stirring in the 
furnace will prevent any settling, resulting in cons-
tant inclusion levels with no observable decrease 
(Fig. 10). 

In those cases where long prior settling times 
(relative to the length of a cast) have been applied, 
it is still possible to observe the continued impro-
vement in metal with time by comparing inclusion 
concentrations averaged over a whole cast (denoted 
N„ 0), for different casts produced under similar 
conditions (because of the long prior settling, 
little or no decrease in inclusion content is obser-
ved during those casts). An example of this tech-
nique is illustrated in Fig. 11 and shows clearly 
that metal quality keeps improving with time, albeit 
with a much longer "lifetime"; a 63 % improvement 
will now require 100-200 minutes (2-3 hours). This 
slowing down of the settling process with time im-
plies that very long settling times become progressi-
vely less productive. 

Table I summarizes the results obtained after 
the analysis of a number of casts of similar alloys; 
again, no significant differences were observed, 
either in average metal quality or settling rates, 
between properly operated tilting and stationary 
furnaces. 

Table I. LiMCA Data - Averaged Values 

Casting _ # S e " l i n g ST.* 
Centre F u r n a c e Casts J £ j (xlo8o°/kg 

Lifetime+ 

(min) 

A 
B 
C 
c 
D 

Stationary 
Ti l t ing 

Stationary 
Ti l t ing 
T i l t ing 

13 
23 

3 
7 
5 

50-610 
40-240 
20-45 
20-45 
20-65 

17 
26 
41 
44 
35 

( 8)# 120 (23) 
(10) 100 (21) 
(16) 32 (12) 
(18) 45 (15) 

(4) 80 (19) 

*N„0Average value of cast averages (overall average) 
+Average lifetime (=l/k) 
^Numbers in parentheses are standard deviations 

In time zone B (20-100 minutes), during which 
measurements are normally performed in a typical 
cast, the inclusion concentration (expressed as the 
total number of inclusions between the sizes of 20 
and 300 micrometers, per kg of metal and denoted as 
N 2 Q ) , decreases exponentially with time (Figs. 4, 5, 

To properly interpret this experimental inclu-
sion separation data, proper account must be made of 
the nature of the species present in the metal as 
well as of their size distribution; therefore, with-
out some physical model to interpret the data, the 
analysis can proceed no further. 

A SIMPLE PLUG FLOW MODEL 

N 2 0 (t) = N 2 0 (t0)e 
-kt (1) 

where k is defined as the rate of settling (min-1) 
and its inverse is known as the "lifetime" (min); 
after one lifetime, the inclusion concentration will 
have decreased by 63 %. 

As is clearly illustrated in Fig. 9, no funda-
mental difference in behaviour is necessarily obser-
ved between tilting and stationary furnaces. 

In analysing the behaviour of inclusions in 
casting furnaces, conventional wisdom is to assume 
that the bath of metal is stagnant (convection and 
current flows induced by pouring are assumed negli-
gible) and that inclusions settle out under gravity, 
following Stokes' law in the small size range or an 
"intermediate" law at higher Reynolds numbers. The 
assumption of a stagnant metal bath can be regarded, 
in first approximation, as reasonable since signifi-
cant thermal stratification of the bath takes place, 
the less dense hotter liquid being heated from above 
the bath while the colder metal at the bottom is 
losing heat through the base of the furnace. 
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Figure 9 - Rate constants for inclusion removal for a 
tilting and stationary furnace; the lifetimes (=l/k) 
are respectively 26 and 25 minutes. 
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Figure 10 - Variation of metal cleanliness at the 
exit of a continuously stirred furnace. 
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Figure 11 - Variation of metal cleanliness after long 
settling times; here the average metal quality for a 
complete cast is plotted as a function of total 
elapsed time. 

"i = Ui ni (3) 

Since the inclusion density population is low 
(total inclusion concentrations are expressed in 
ppm-parts per million), one can disregard interac-
tions, hindered settling; we also disregard wetting 
or surface force interactions. Assuming the parti-
cles to be spherical (no shape factors), of diameter 
D and density p (calculated density), their settling 
(or rising, for neöative density uirferences) veloci-
ties can then be described by Stokes1 Law (Re<2): 

Under steady state conditions, an equivalent 
flux of particles will settle past every plane x, 
provided x is greater than h, the plane of separa-
tion, above which all particles of size i have 
vacated. Clearly, the plane of separation is defined 
by 

uit (4) 

18 μ 
(2) 

where μ is the viscosity of molten aluminum and pAi 
its density. Terminal velocities predicted for par-
ticles of different sizes and densities are shown in 
Fig. 12. 

Restricting for now our discussion to those 
particles which settle out (pp^Ai)» t n e flux of 

particle of size 1 settling out of the bath, i. , 
will be equal to the number of i-sized particles 
present per unit volume of aluminum, n^, multiplied 
by the settling velocity, i.e. 

Based on this equation, MgO inclusions (density 
= 3.58 g/cm3) with a diameter greater than 30 microns 
(not 90, as incorrectly stated in (5)) can be sepa-
rated out, over a distance of 1 m, in half an hour. 

SIZE DISTRIBUTION CONSIDERATIONS 

Clearly, particles of higher density or larger 
diameters will settle out more rapidly than their 
less dense, smaller counterparts. This must be taken 
into account in any theoretical analysis of LiMCA 
readings. The typical frequency distribution of 
inclusion sizes observed is an exponentially decrea-
sing function of size, there being far more smaller 
inclusions than larger ones (Fig. 13, Table II). 
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One can empirically f i t such d i s t r ibu t ions with 
an exponential probabi l i ty density law 

η χ (D) =■ P (x - d) = M 
" λ <x - ßmin) 

1 - e -λΗ 

where H-D„e -D . „ . max mm 
The probabi l i ty d i s t r i bu t ion i s then 

N (D) = P (x ,< d) ■= f P(x) dx 
Dmin 

where 

INCLUSION RADIUS (micrometers) 

N <Dmax> P (x s max' 

(5) 

(6) 

(7) 

and 

Figure 12 - Settling speeds as a function of inclu-
sion radius for inclusions of various densities. For 
inclusions in the size range from 20to 50 microns 
diameter, settling speeds vary from 0.1 to 2.5 mm/s. 

o 

INCLUSION DIAMETER (micrometers) 

Figure 13 - Typical inclusion size distribution 
measured with LiMCA. 

Table II. Typical Inclusion Size Distribution 
Measured 

Size of particles 
(microns) 

20 to 25 
25 to 30 
30 to 35 
35 to 40 
40 to 45 
45 to 50 

with LiMCA 

Frequency 

(%) 

69.0 
17.7 
7.2 
3.7 
1.7 
0.7 

N <Dmln> P (χ < Dmin> (8) 

The fitting of a suitable \ to a given popula-
tion curve can be carried out by a Bayesian method or 
by the M.L.E. method (maximum likelihood estimation). 
For the size distribution tabulated, the value of λ 
fitted was 0.1895. The resulting match to the actual 
data is shown in Fig. 14; as can be seen, such an 
expression fits typical size distribution data, at 
the start of settling, quite well. However, this 
expression can be cumbersome to manipulate and a 
simpler, more descriptive equation for the size dis-
tribution can be obtained at a given time. Since the 
total number of inclusions covered by the distribu-
tion tabulated above was 10,000/kg (i.e. N20=10,000/ 
kg), it is easy to obtain 

N (D) NQe 
-D/D e = 69e -D/5.5 (9) 

where D , the characteristic diameter of the distri-
bution is equal to 1/slope, D is expressed in micro-
meters and NQ is expressed in thousands of inclusions 
per kg of metal; in an exponential distribution (log-
normally distributed), D is also equal to the mean 
and the standard deviation. N„ is the number of 
inclusions projected at 0 micron and is expressed in 
thousands of inclusions per kg of metal. 

In the range D>20 micrometers covered by LiMCA 
measurements, 
micrometers; this "generates a 

D is typically of the order of 5 
"shallower" size dis-

tribution than the value of De=2 micrometers observed 
by Bathen (6) in the range 0-10 micrometers. Either 
of the resulting continuous distributions can then be 
easily integrated to obtain any desired total in the 
size range of interest. 

It is also possible to calculate a corresponding 
volume concentration at a given time, from 

C (D) = N (P) v iSl = v VA1 6 V 
D3e -D/D, (10) 

Al 
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for three different depths of metal bath, for a range 
of possible densities: 1.80, 2.50, 3.00, 3.58 (MgO), 
3.98 (A1203) et 4.50 (TiB2) g/cm

3. The first three 
densities are somewhat arbitrary but were picked to 
present small differences of densities with molten 
aluminum (2.37 g/cm3). Note that 1.80 g/cm3 corres-
ponds to the density of MgCl„ at temperatures greater 
than 708°C, i.e. in liquid form; its solid density is 
2.33, rendering separation from molten aluminum 
almost impossible. The levels selected correspond 
roughly to 10 cm below the surface of the melt, 
("tilting furnace scenario"), at midpoint (45 cm) and 
10 cm from the bottom ("stationary furnace scenario") 
of a 90 cm deep metal bath. 

I N C L U S I O N D I A M E T E R ( m i c r o m e t e r s ) 

Figure 14 - Comparison of size distribution measured 
by LiMCA and calculated by Eq. 5. 

INCLUSION DIAMETER ( m i c r o m e t e r s ) 

Figure 15 - Calculated inclusion volume concentration 
d i s t r i bu t i on corresponding to the number d i s t r ibu t ion 
function of Fig. 13. 

The resul t ing d i s t r ibu t ion (Fig. 15) has a maximum at 
D=3D ( i . e . 16.5 microns in the previous case) , with 
a c o r r e s p o n d i n g s t a n d a r d d e v i a t i o n = /3D ( 9 . 5 
microns). 

The corresponding to ta l volume concentration in the 
truncated size range, using the probabi l i ty d i s t r i bu -
t ion law, i s given by 

—9 D 
0.524 x 10 N-.--. λ , max , ■, ,-n n ■> / i n 

C(D,t) = *.?■* f D3e-^D-Dmin>dD <U> 
1 - e-*H \ l n 

where the conversion factors are such that C is 
expressed in ppm and where Dm is the relative maxi-
mum diameter within the liquid, up to the plane of 
separation, such that 

„ = (18μϋ}| 
g Δρ 

n - i (12) 

In Figs. 16-18, the time variation of the volu-
mic concentration of inclusions (N20 = 10,000/kg, 
size distribution described above) has been plotted 

1 0 c m f r o m top o f m e t a l c o l u m n 

— £ ] — 1.80 g / o n 3 
— ώ — 2.50 g i c m s 
— © — 3.00 g i c m 3 
— 0 — 3.5β g/cmS 
— ώ — 3.98 g/cm3 
- - © - - 4.50 g/cm3 

TIME (mini 

Figure 16 - Inclusion volume concentration predicted 
by simple model for a position 10 cm underneath the 
top of the metal bath ("tilting furnace scenario", 
for a range of species (densities). 

TIME (min) 

Figure 17 - Inclusion volume concentration predicted 
by simple model for a position midpoint (45 cm) in 
the metal bath, for a range of species (densities). 

TIME (min) 

Figure 18 - Inclusion volume concentration predicted 
by simple model for a position 10 cm from the bottom 
of the metal bath ("stationary furnace scenario"), 
for a range of species (densities). 



■DMjQGCaciGaDi From Light Metals 1988, Larry G. Boxall, Editor 

MODEL RESULTS 

Referring to the previous figures, it can be 
seen that inclusion concentrations decrease monotoni-
cally with time. For particles heavier than alumi-
num, the concentration decreases faster a) when the 
density is high b) near the top of the column ("tilt-
ing scenario"); for inclusions lighter than alumi-
num, the reverse conditions are true. Therefore, 
this very simple model predicts, rather trivially, 
that tilting furnaces constitute a better choice when 
in the presence of inclusions heavier than aluminum 
and, conversely, that stationary furnaces should be 
favoured when light inclusions are present. 

For MgO, (d=3.58), settling times corresponding 
to an inclusion concentration reduced to zero vary as 
follows: 

Table III 

Position 
Settling Time 

(min) 

Top of furnace (x=10 cm) 
Middle (x-45 cm) 
Bottom (x=80 cm) 

8 
32 
58 

At any given location, the settling time depends 
heavily, as expected, on density; for the middle of 
the furnace (x=45 cm). 

Table 

I n c l u s i o n Dens i ty 
(g /cm 3 ) 

2 .50 
3.00 
3.58 (MgO) 
3.98 (A1 2 0 3 ) 
4 . 5 0 (TiB 2) 

IV 

S e t t l i n g Time 
(min) 

213 
60 
33 
25 
20 

Particles lighter than aluminum give inverted 
trends: for instance, for liquid MgCl2 (d=1.8), 
settling times are: 

Table V 

Position 
Settling Time 

(min) 

Top of furnace (x=10 cm) 
Middle (x=45 cm) 
Bottom (x=80 cm) 

147 
78 
16 

In the case of mixtures of different types of 
inclusions, the overall behaviour will be dictated by 
the inclusion type having the least density diffe-
rence with aluminum (Figs. 19, 20). Therefore, it 
should be extremely difficult, according to this 
model, to remove MgCl, (liquid, or worse yet, solid) 
from a tilting furnace. 

Therefore, a simple plug flow model predicts 
that inclusions will be removed by settling in times 
varying from 5 minutes to a few hours, depending on 
the size distribution and densities of the inclusions. 

10cm from lop of metal column 

B ι.βθ fl/cm3 
Θ 4-50 S/cm3 
Δ 50/50 MIXTURE 

Figure 19 - Time variation for the inclusion concen-
tration on a mixture of floating (MgCl2) and sinking 
(TiB2) inclusions, at a point 10 cm from the top of 
the metal bath ("tilting furnace scenario"). 
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Figure 20 - Time variation for the inclusion concen-
tration on a mixture of floating (MgCl„) and sinking 
(TiB„) inclusions, at a point 10 cm from the bottom 
of the metal bath ("stationary furnace scenario"). 
For this particular mix of species, the inclusion 
concentration is initially higher for the stationary 
furnace, but it decreases towards zero much more 
rapidly; in this case, after approximately 15 mi-
nutes, the performance of the stationary furnace is 
superior to that of the tilting furnace. 

However, the shapes of the predicted curves 
representing the time variation of the inclusion 
concentration do not match those observed. The real 
curves (Figs. 4, 5) show no initial plateaus of 
constant concentration as predicted in Figs. 16-20, 
and therefore no inflection points are present in the 
real curves; furthermore, they do not drop sharply to 
zero concentration after a given time, but rather 
approach zero asymptotically. This suggests that 
important elements of the physics of the settling 
process have been omitted under the very restrictive 
hypotheses of this simple model. 

DISCUSSION 

The previous theoretical analysis, based on the 
settling of inclusions from a stagnant bath, results 
in predictions that hardly match those observed expe-
rimentally. Besides the point of inflection in the 
predicted curves, and which does not appear in expe-
riment results, some specific predicted times are 
difficult to match with measurements. For example, 
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the data displayed in Fig. 4 has been shown to be due 
to TiVB type inclusions (p=app. 4.2); the observed 
"lifetime" of 45 minutes does not agree with the 
predicted time for removal of this type of inclusions 
in a tilting furnace of 5-10 min (Fig. 16)*. Furthe-
rmore, exploratory vertical samplings of a 750 kg 
furnace suggest that inclusion concentrations, for a 
given size range, are relatively independent of 
depth, in direct contradiction with the model predic-
tions (Fig. 21). 

Evidently, the previous "classical" analysis is 
incapable of describing fully the phenomena taking 
place, and calls into question the whole assumption 
of a stagnant bath. Theoretically, and provided the 
furnace sidewalls are perfectly insulated, the ther-
mal stratification of the melt between the hotter 
upper zones closer to the overhead heat sources and 
the lower zones of the cooler floor of the furnace, 
will be stable; observations show temperature drops 
of 100°C over a meter depth of aluminum to be quite 
typical. Nonetheless, such observations cannot rule 
out the possibility of natural convection currents 
being generated as a result of unbalanced heat losses 
through the furnace sidewalls. Whereas, such cur-
rents, if mild, would have a negligible effect on 
thermal profiles in view of aluminum's high thermal 
conductivity (i.e. a low Prandtl fluid number of 
approx. 0.07), they would have a profound effect on 
inclusions with settling velocities of 0.1 to 3.0 
mm/s. 

Initial mathematical modelling work being per-
formed on real furnace geometries show that losses 
through small, poorly insulated, vertical sections of 
sidewalls can act as significant heat sinks and gene-
rate localised natural convection flow patterns with 
velocities of the order of 0.1-1.0 mm/s. Further-
more, currents set up by metal pouring out during a 
cast can have significant effects on the settling 
process. 

Therefore, if one starts casting out of a "well 
stirred" bath in terms of inclusions and assumes that 

the inclusion concentration in the launder is a 
reflection of the inclusion concentration in the 
"well stirred" volume, then exponentially decreasing 
curves are rapidly predicted, as shown below, if some 
type of inclusion capture mechanism is introduced, 
for instance by assuming that inclusions are absorbed 
into a stagnant hydrodynamic boundary close to the 
floor of the furnace (or the top for floating inclu-
sions). 

If the inclusion density for spherical inclu-
sions of diameter D is represented (on a volume 
basis) by %,, then, by continuity, the drop in inclu-
sion density within the bulk of a "well-stirred" bath 
would be governed by the flux of these inclusions 
into the stagnant boundary layer on the bottom of the 
furnace. Ignoring complicating factors such as coa-
lescence, we can write 

d nE 

d t % (13) 

where np"ls the flux of size inclusions entering the 

boundary layer of surface area A. Assuming that 

V 
U 
D nni where U represents the Stokes 

velocity and a represents a parameter for successful 
entry into the boundary layer, 0<α<1, (that will be a 
function of local turbulence levels within the bath), 

d nI 

d t 
- a UD A nD (14) 

Given Stokes velocity dependence on inclusion diame-
ter and density difference with the bath (Eq. 2), 
substituting Ed. 2 into Eq. 14 and rearranging 

d nr, a Ap g D A 
18 μν 

dt (15) 

B 20ci 

© 4flCt 
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>eneath metal Eurfai 
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Therefore, the rate of disappearance of inclusions in 
the bulk of the furnace is now dependent on both 
Stokes' law and the inclusion concentration. 

Replacing V/A by a liquid depth L, and lumping the 
constant parameters into an overall constant vf^aApg·) 

Ιδμΐ, 
one arrives at: 

d nr 
k D2dt (16) 

Integration for an inclusion of size D, then yields 
the form of exponential drop sought: 

Figure 21 - Variation of inclusion concentration vs 
time for two different depths in a 750 kg furnace. 

nD,t=t 
nD,t=0 

-kD2t (17) 

*The fact that the curves in Figs. 16-20 are expressed in volume concentration and LiMCA measurements are 
expressed in number concentration w i l l not s igni f icant ly affect the discussion; in part icular, with the d i s t r i -
butions typical ly observed, the range 20 to 50 microns is past the concentration maximum and the number and 
concentration size distr ibut ions w i l l simply vary with di f ferent but interrelated variances. 
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This latest expression predicts that, for a 
given size range, large inclusions will disappear at 
a more rapid rate than smaller ones, the absolute 
Value Of the rate constant being kD2. Therefore, the 
rate constant for each of a series of narrow size 
ranges (every 5 microns, from 20 to 50) was calcu-
lated for a number of casts where the number of in-
clusions was large enough that good statistical accu-
racy was maintained through the full size and time 
ranges; the process is illustrated in Figs. 22 and 
23, where each calculated rate constant for a given 
size range (Fig. 22) is plotted versus some appro-
priate function of the inclusion diameter (Fig. 23). 

In occasional cases, the predicted D2 dependency 
is observed (Fig. 23a); however, this appears to be 
only one possible limit case since the exponent of D 
has been observed to assume values between 0 and 2 
(Fig. 23b). Since the D2 dependence comes from the 
introduction of Stokes' law into a well stirred mo-
del, it must be remembered that other capture mecha-
nisms can be at work, where the inclusion transport 
speed across a boundary will not be dictated by 
Stokes' law (for instance, capture by the side walls). 
In these cases, the size dependence of the rate cons-
tant will take forms other than the D2 function pre-
dicted above. 

It is clear from the point reached in the above 
discussion that, to proceed further in the under-
standing of the settling process, a full hydrodynamic 
description of melt behaviour in a typical casting 
furnace must be developed, taking into account the 
contribution of local metal turbulence. Similarly, 
in order to ascertain the optimum design of such 
furnaces, and optimum means for empying them during 
metal casting operations, a hydrodynamic description 
of the emptying process itself is also required. As 
described above, work along such lines, using realis-
tic geometries and boundary conditions, has been 
initiated. Numerical computations to date suggest 
that recirculation velocities are such that furnaces 
may not be stagnant in terms of inclusion settling 
phenomena. 

TIME (mln) 

Figure 22 - Variation of settling rate constant for 
different size ranges; data obtained in a tilting 
furnace, with a Mg-containing alloy, after extensive 
Cl2 furnace fluxing (large quantities of floating 
inclusions). 
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Figure 23 - Dependence of settling rate constant on 
inclusion diameter; data for Fig. 23a taken from Fig. 
22. 

CONCLUSIONS 

Although many details in our understanding of 
settling phenomena in casting furnaces remain to be 
worked out, certain conclusions can be drawn from the 
present study. 

First, settling, unless otherwise upset, pro-
ceeds for many hours; however, its rate varies in 
time in such a way that it remains productive only 
for approximately the first two hours. 

Second, experimental measurements with in-line 
analysis techniques do not fit the predictions of a 
simple "static" model based on Stokes' law; in parti-
cular the predictions for the relative behaviour of 
stationary and tilting furnaces are not verified. 
Predictions based on the addition of an inclusion 
capture mechanism to a well-mixed bath correspond 
better with the observed trends. 

Thirdly, it appears that the contributions of 
metal currents inside the casting furnace are signi-
ficant and this is the subject of an ongoing study. 
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