
.+. National Library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direclbn des acquisitions et
Bibliographie Services Branch des services bibliographiques

395 Wellington Street 395, rue Wellington
Onawa. Ontario Ottawa (Ontario)
K1A ON4 KlA ON4

NOTICE AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with Cl poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

THE KINETICS OF DISSOLUTION OF IDGH MELTING

POINT ALLOYING ELEMENTS IN MOLTEN

ALUMINUM

by

Ali Shafyei Najafabadi

Department of Mining and Metallurgical Engineering

McGill University

Montreal, Quebec

Canada

A thesis submitted to the Faculty of Graduate Studies and Research in

partial fulfilment of the requirements for the degree of

Doctor of Philosophy

Cl)) Ali Shafyei Najafabadi, 1996



.+. National Library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions et
Bibliographie Services Branch des services bibliographiques

395 W~lIington Street
Ottawa, Ontario
K1A ON4

395, rue Wellinglon
Ottawa (Ontario)
K1AON4

The author has granted an
irrevocable non·exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
hisjher thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in hisjher thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
hisjher permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-12481-9

Canada



•

•

In the Name of God

the Compassionate and the :Merciful

To my wife,

who always was a constant source of inspiration



• Abstract

Abstract

i

•

Manganese and iron are two major alloying elements in various aluminum

proàucts. Since these elementts have high melting points and low diffusivities in

molten aluminum, their dissolution rates are very slow, when they are added to

aluminum melts. In order to improve the kinetics of dissolution, several alloying

methods have been introduced. All methods of alloying use mechanical stirring of

sorne form or other to enhance dissolution rates by promoting forced convective

mass transfer. In the present study, a comparison between the kinetics of

dissolution of iron and manganese when added to the melt as discrete alloying

particles or as compact briquettes (consisting of alloying elements and aluminum

particles) was carried out. This study revealed that exothermic reactions and the

local accumulation of heat within the briquettes can accelerate the kinetics of the

alloy-making process.

Using the results obtained, a model for the dissolution of briquettes in molten

baths of aluminum is proposed. Following disintegration of the briquettes into the

melt, fine particles disperse freely into the bath, while their dissolution being

controlled by mass transfer. To predict the dissolution rates, the relative velocity

between fine particles entrained in the turbulent field and the fluid must be known.

However, such velocities are extremely difficult, if not impossible, to clarify, since

the particles will be moving erratically with a turbulent liquid, in which, random

velocity fluctuations will be superimposed on mean bulk flow velocities. As such,

the hydrodynamic interactions which control particle-fluid mass transfer in an

agitated vessel are highly stochastic and impossible to predict, ab initio. In order

to quantify such phenomena two theoretical approaches have been introduced by

aqueous model researchers. In this investigation, for the tirst time, these theories



have been evaluated for a high temperature liquid metal system involving the

dissolution of alloying particles.

In the evaluation of the terminal velocity theory in high temperature

systems, water modelling experiments in conjunction with dimensional analysis

between cold model and hot temperature system were carried out to study the

entrainment behaviour of (heavy) alloying particles. Then, through continuous

sampling of the melt, mass transfer coefficients and rates of dissolution of

suspended particles in the melt were measured. A comparison between predicted

values and measured results indicated that the terminal velocity theory, in

conjunction with correlations proposed for aqueous systems, was not applicable to

the high temperature alloying systems studied.

In Kolmogoroff's theory of local isotropy, mass transfer in a turbulent

system can be treated by a single parameter, i.e. energy dissipation rate. High

temperature experiments revealed that this approach could be applied to stirred

alloying partic1es-molten aluminum systems. However, at higher rates of mixing,

when a fully suspended condition is reached, further increases in input mixing

energy have negligible effects on diss:Jlution rates. Thus, as a practical measure,

very high mixing rates are not recommended. In this regard, a correlation for mass

transfer coefficient as a function of the rate of input energy was presented .

•
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Le manganèse et le fer sont deux éléments d'alliage majeurs pour des produits

d'aluminum variés. Comme ces éléments ont des points de fusion élévés et des

coéfficients de diffusion bas dans l'aluminium liquide, leurs vitesses de dissolution

dans les coulées d'aluminium sont lentes. Afin d'améliorer les cinétiques de

dissolution, plusieurs méthodes d'addition d'éléments d'alliage ont été introduites.

Toutes utilisent une agitation mécanique quelconque pour augmenter les vitesses

de dissolution en promouvant le transfert de masse par convection forcée. Dans la

présente étude, le fer et le manganèse ont été ajoutés à la coulée sous la forme de

particules discrètes d'éléments d'alliage et sous la forme de briquettes compactes

consistant de particules d'éléments d'alliage et de particules d'aluminium. Les

cinétiques de dissolution obtenues ont été comparées. Cette étude a révélé que les

réactions exothermiques et l'accumulation locale de chaleur à l'intérieur des

briquettes peut accentuer les cinétiques du procédé de fabrication des alliages.

Les résultats obtenus ont été utilisés pour développer un modèle pour la dissolution

des briquettes dans les bains d'aluminium liquide. Après la désintégration des

briquettes dans la coulée, de petites particules se dispersent librement dans le bain

; leur dissolution étant controllée par le transfert de masse. Pour prédire les

vitesses de dissolution, la vélocité relative entre les petites particules entrainées

dans le champ turbulent et le fluide doit être connue. Cependant, de telles vélocités

sont extrêmement difficiles, sinon impossibles à clarifier, car les particules bougent

d'une façon erratique dans un liquide turbulent, dans lequel les fluctuations de

vélocité tout venant se superposent aux vélocités moyennes de la masse du flux.

De cette façon, les interactions hydrodynamiques qui controllent le transfert de

masse fluide-particule dans un contenant agité sont très stochastiques et impossibles
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à prédire, ab initio. Pour quantifier de tels phénomènes, deux approches théoriques

ont été introduites par des chercheurs travaillant sur des modèles aqueux. Dans la

présente recherche, ces théories ont été évaluées, pour la première fois, pour un

système de métal à haute température incluant la dissolution de particules

d'éléments d'alliage.

Dans l'évaluation de ra théori0 de la vélocité terminale pour les systèmes à haute

température, des expériences de modélisation avec l'eau en conjonction avec une

analyse dimensionnelle entre un modèle froid et un système à température élévée

ont été conduites pour étudier le comportement d'entrainement des particules

d'éléments d'alliage (lourdes). Ensuite, par un échantillonage continu de la coulée,

les coéfficients de transfert de masse et les vitesses de dissolution des particules

en suspension dans la coulée ,ont été mesurés. Une comparaison des valeurs

prédites et des résultats mesurés indique que la théorie de la vélocité terminale

associée aux corrélations proposées pour les systèmes aqueux n'est pas applicable

pour les systèmes étudiés d'addition d'éléments d'alliage à haute température.

Dans la théorie de Kolmogoroff de l'isotropie locale, le transfert de masse dans

un système turbulent peut être traité par un seul paramètre (ex : vitesse de

dissipation d'énergie). Les expériences à haute température ont révélé que cette

approche pouvait être appliquée aux systèmes agités. Cependant, pour des vitesses

d'agitation élévées, quand la condition de suspension complète est atteinte, des

augmentations supplémentaires d'énergie fourmxe pour le mélange ont des effets

négligeables sur les vitesses de dissolution. Ainsi, il n'est pas recommandé

d'utiliser des vitesses de malaxage élevées. A cet effet, une corrélation entre le

coéfficient de transfert de masse et le taux d'énergie fournie est présenté.
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Introduction

1.1 AIuminum alloys

Aluminium alloys are used extensively in various product applications

requiring high strength-to-weight ratios, as weIl as superior corrosion resistance,

machinability, surface finishing, electrical and thermal conductivity. They are

formed by processes such as casting, forging, rolling, or extrusion. Depending on

the method of forming and final properties required, specific types of alloying

elements have to be added to the molten aluminum before casting. These elements,

in general, partIy go into solid solution with the matrix and partly form

intermetallic particles during the solidification process. Among the various types

of alloying elements used, manganese and iron play important roles in determining

the characteristics of the final products.

1.1.1 Iron in aluminum

The presence ofiron in aluminum leads two different characteristic features:

First, iron can be one of the most deleterious impurity elements in aluminum

which has two main sources, aluminum ores (bauxite) or it can be picked up in

foundry processing (melting equipments). Iron has a high solubility in molten

alurninum but its solubility in solid aluminum is very low (0.04 wt pct). Therefore,



during solidification, most of the iron present over this range is rejected from the

solidifying phase into the liquid phase contained within the inter-dendritic

regionsy,2J As a result, the enriched liquid forms a complex intermetallic second

phase in combination with aluminum and, often, other elements. The volume

percentage of this insoluble phase increases with iron content. [3J This unfavourable

intermetallic phase with needle-like and platelet morphology, (in the microstructure

of aluminium alloys), sharply reduces the alloy's mechanical properties,

particularly its elongation. In addition to this, large iron-rich needles which form

during the solidification process tend to reduce cast consideration such as the flow

ability and feeding characteristics. [4J In order to overcome/minimize the detrimental

effects of iron several techniques such as manganese addition, rapid solidification

and melt superheating are introduced. For this reason, manganese is almost always

added to liquid aluminum to neutralize the irons effect.

Second, iron is not always considered as an impurity. It is sometimes added

to liquid aluminum intentionally to obtain certain desirable characteristics. For

instance, a higher iron content is beneficial in the die casting industry, It

minimizes the driving force for molten alloys to further dissolve the steel dies

while simultaneously suppressing the tendency of a condition commonly referred

to as "soldering" (or welding) of the products to the steel die. [3,5,6,7J For this

reason, the majority of aluminum die casters prefer alloys with 0.8 to 1.1 wt pct

iron. [4,8,9,IO,l1,12J Iron also improves hot tear resistance during fabrication. [5J

Aluminum alloys (e.g. Al-Si alloys) have sorne applications at high

temperatures, such as their use in pistons. It has been reported that iron can

dramatically increase yield strength, tensile strength, and also creep resistance, at

elevated temperatures. [13,I4,15,I6J

The influence of iron in wrought products is more significant where it

reduces the grain size. Alloys of iTOn and manganese near the ternary eutectic

•

•
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content, such as 8006 alloy, can have useful combinations of strength and ductility

at room temperature and retain strength at elevated temperatures. [1,2] The fine grain

size is stabilized at high temperature by finely dispersed, iron-rich, second phase

particles such as FeA13, FeMnAI6 and œAIFeSi. [5]

1.1.2 Manganese in aluminum

Manganese is almost always added to liquid aluminum to neutralize the

detrimental effects of iron in aluminum-silicon, aluminum-copper, aluminum

magnesium and aluminum-zinc-magnesium alloys. [4,17,18,19,20,21,22,23) Note that the

literature review on the neutralization of iron by manganese is quite abundant.

Manganese converts the crystallization of needle-like intermetallic phases to cubic,

or globular forms such as Chinese script morphology which have less harmful

characteristics, This morphology improves tensile strength, elongation and

ductility. [1,11,12,17,24] Furthermore, it should be noticed that small amounts of

manganese (usually Mn:Fe =1:2) play a positive role by breaking up the iron

needles. [12) When added in a higher ratio, or in the presence of chromium,

depending on the melt temperature, manganese produces a hard multi-component

intermetallic compound, 'common1y referred to as sludge, which affects the

mechanical properties of the casting. As a simple guide for the aluminum caster,

if the sum of the following elements [lx %Fe + 2x %Mn + 3x %Cr) is close to

1.8, then sludge formation will not result, for a melt temperature of 650 °C.Ill ,21)

Although manganese additions are somewhat limited to casting alloys,

manganese is used extensively in wrought alloys, main1y as a hardener. Manganese

increases the strength in solid solution or as a finely precipitated intermetallic

phasey] In solid solution (with a solubility of 1.8 wt pct or more for chill casting),

it is highly effective in strengthening binary alloys.125] However, in the presence

of hard working, it offers significantly more benefits in comparison to casting



products. [26J

Altenpohl[27J lists the aluminum alloys as casting, age-hardenîng and work

hardenîng alloys. In the work-hardenîng alloys category, Al-Mn alloys with large

production tonnages and broad applications, are the leading one. For instance, in

3xxx series alloys used for beverage containers and general utility sheets (e.g. can

bodies), manganese is the main additionYJ It leads to the formation of complex

precipitates that not only retard or inhibit grain growth during the ingot's reheating

but also assists grain refinement during rolling. [25J Furthermore, the presence of

finely dispersed precipitates offers enhanced properties at elevated temperatures in

alloys commonly referred to as heat resistant aluminum alloys.

Given the above introduction, it is clear that manganese and iron are

important alloying additions. However, their high melting points, low dissolution

rates, and their tendency to settle and accumulate on the bottom of melt after

addition, always demand careful technîcal considerations. In dealing with this,

several techniques for iron and manganese additions have been proposed.
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1.2 Alloying methods

In general, molten aluminum is withdrawn from electrolytic cells and then

transferred via ladIes into a holding furnace, normally of the reverberatory type,

where appropriate alloying additions are made and melt refining measures taken,

prior to casting. For those plants far from liquid metal sources, a complete charge

of scrap is melted. The shallow bath of a reverberatory furnace, and large surface

area of the melt is useful for transferring heat from oil-fired flame and roof of the

furnace to the metal charge to maintain a temperature about 710 oC for casting.

Because of this low casting temperature and the wide, shallow furnace design,

obtaining a uniform alloy composition throughout the melt prior to casting, within

a reasonable time, is difficult. Alloying agent must be distrlbuted throughout the



furnace and the molten bath should be well stirred to obtain homogenous

composition. [28]

In order to maintain or improve the alloying efflciency, or to lower the

overall cost of alloying, a number of alloying techniques have been introduced.

The type of the additive, the choice of where and how it is added, and the

influence of the rest of the process, all combine to determine the overall alloying

cost and effectiveness of addition. The most important of these techniques are

discussed below.

The cheapest alloying agents are ferro-alloys such as ferro-manganese or

ferro-chromium which can be added to the Hall cell. However, the advantage of

low raw-material costs is overridden by the disadvantage of cell contamination.

Alloying additions to the cell restrict its production to alloys containing the

additive, which in turn can limit production flexibility. Il also causes other major

problem by lowering plant capacity due to the effect of sludge fOlmation and

accumulations on the bottom of the cell.

Alloying by electrolytic chip or powders, bagged or loose, is another

economical method, but to avoid the problems of contamination and lower cell

capacity, addition to the reverberatory furnace is preferable. The chip, because of

its large section size and the low temperature of the reverberatory furnace, tends

to dissolve rather slowly and to settle out on the furnace bottom. Powders, with

much flner section sizes, exhibit fast rates of dissolution but tend to become

trapped in the dross at the top of the bath. There, the powder burns, causing low

recovery of the alloying elements. [29]

Pneumatic injection of pure powder of the alloying element directly into the

molten metal (using an inert gas) is another accepted method. Il offers the

advantages of direct powder additions with favourable dissolution rates. One

disadvantage of the process is that injection equipment is needed for introducing

•

•
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the alloying elements into the melt. Furthermore, the flow of the powder,

splashing and oxidation, all have to he carefully controlled during injection.

In this system, however, stirring of the bath during injection increases mass

transfer rates and rates of dissolution, but there are sorne practicallimitations in

terms of particle size distributions and injection velocity. Fine particles have

relative1y higher dissolution rates, but also tend to exhibit low recoveries: such

particles have insufficient kinetic energy to penetrate the gas-liquid interface and

tend to resurface with bubbles. Subsequent reactions take place with oxygen at the

surface of the melt. Increasing the injection velocity provides a higher kinetic

energy for the fine particles, but its usefulness is limited on account of increased

splashing and dross formation.

Coarse powders, which have better penetration, exhibit slower dissolution

rates due to their tendency to settle down in the liquid. The accumulation of coarse

particles at the bottom of the melt may form a sludge which will dissolve more as

a function of total size of the sludge heap, rather than as the diameters of the

individually dispersed powders. Practically, such sludge can lower the capacity of

the furnace. In Figure 1.1, a schematic representation of the behaviour of fine and

coarse particles during their injection by a carrier bubble is shown.

Thus, in this method of addition, a narrow size distribution of powders is

recommended so as to optimize the recovery, dissolution rate, formation of

insoluble intermetallic masses and also splashing. For instance, O'Malley[29J found

that manganese powder in the size range between 40 and 140 mesh (100 to 400

/Lm) provided the best combination of recovery, dissolution and intermetallic

formation.

The use of master alloys (consisting of remelted solutions of alloying

elements in aluminum) as an alloy addition, can provide fairly rapid rates of

solution. Their main disadvantage is the need for separate alloying furnaces. If
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master alloys are made where primary molten aluminum is not available,

additional costs for remelting aluminum are involved. Also, since master alloys

sometimes have high aluminum con.ents, extra shipping costs from plant to plan!

require consideration.

Briquettes consisting of a green mixture of powders of an alloying element

and aluminium, tend to replace the master alloys and injection methods. In the

briquette mode of addition, the local accumulation of heat within the briquette, as

a result of exothermic reactions, provides higher rates of dissolution of the high

melting point additives, as compared to the use of pure powders of the alloying

elements alone. Further, they are more convenient to use r:<Jmpared to loose

partic1es.

1.3 Scope of the present study

In Chapter 2, the mechanisms of dissolution of manganese-aluminum and

iron-aluminum briquettes has been investigated at the laboratory scale.

A micro&tructural study of samples taken from briquettes submerged in

liquid aluminum along with a thermal analysis of the samples has revealed that,

after melting of the aluminum powder within the compact, exothermic reactions

between the alloying element partic1es and aluminum, and the formation of sorne

intermetallic compounds around each alloying element partic1e, leads to an increase

in the briquettes' temperatures weil above the temperature of the bath, (prior to

disintegration of briquettes within the melt). Based on phase diagrams for the Mn

Al and Fe-Al systems, among of the several intermetallic compounds which are

stable thermodynamically at the temper;;.ture of our experiments, MnAI4 and F~Als

are the only dominant phases within the briquettes. In the present work, the

kinetics of growth of the intermetallic layers forming around partic1es of alloying

elements have been described theoretically and a model for the mechanism of
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briquette dissolution proposed.

A comparison between the total dissolution times of the briquettes vers!'.:;

discrete partic1es of the original powders, used in making the briquettes, has been

carried out. The results showed that due to the swelling of the briquettes and

penetration of liquid aluminum from the bath into the briquettes, dissolution of

solid partic1es in the liquid proceeds while exothermic reactions and the high

temperature environment within the briquettes, accelerate dissolution rates. As a

consequence, immediately after disintegration of the briquettes in the melt, a very

large up-taking rate of solute partic1es can be achieved.

In Chapter 3, the dissolution kinetics of iron and manganese partic1es freely

dispersed in a turbulent molten aluminum has been studied. After disintegration of

briquettes and dispersion in the mel!, the process of dissolution is controlled by

mass transfer from solid partic1es to the liquid, similar to the dissolution of

discrete partic1e addition. In this study, the knowledge of the relative velocity

between solid particles with irregular motions and the turbulent media is necessary.

The complex hydrodynamic interactions between entrained solid partic1es and the

turbulent fluid have lead researchers dealing with aqueous media to postulate

either the "terminal velocity theory" or the "Kolmogoroff's theory ", as a means for

characterising the kinetics of dissolution.

In the present work, and for the first time, the application of the terminal

velocity theory to a high temperature system (the kinetics of dissolution of

manganese and iron particles during mechanical stirring ofliquid aluminum), has

been investigated. Using water modelling experiments, as well as dimensional

analysis and similarity techniques, conditions for the suspension of alloying

element particles in the liquid were studied. Through continuous sampling of the

aluminum mel!, a comparison between theoretical and measured mass transfer



coefficients and times of dissolution of fully suspended particles was possible.

Significant differences between predicted and measured values were found,

suggesting that more caution in the application of the terminal velocity approach

to high temperature media is needed.
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In Chapter 4, the potential applicability of Kolmogoroff's theory of local

isotropic turbulence for solid alloying particles dissolving in mechanically stirred

baths of liquid aluminium is examined. Although there are sorne limitations, this

theory leads to the conclusion that the hydrodynamics of mass transfer can be

accounted for hy a single parameter, i. e., the rate of input mixing energy per unit

mass. For the dissolution of manganese and iron particles, Kolmogoroffs approach

was found to be applicable for lower rates of input energy, before particles

reached a full state of suspension. The data obtained was expressed according to

two empirical correlations. The agreement between published data for the

dissolution of solid particles in aqueous media and present data confirms that the

rate of input mixing energy can be a useful parameter in the study of mass transfer

phenomena between solid alloying particles and liquid melts. Furthermore, it was

found that when alloying particles became fully suspended, further increases in

rates of mixing produced negligible changes in mass transfer coefficients.

In the final chapter, conclusions of this investigation are presented.
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Fig. 1.1 A schematic representation ofparticle injection. Too fine or too coarse

particles are major sources for alloying element losses.
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DISSOLUTION MECHANISM OF COMPACT BRIQUETTE

OF mGR MELTING POINT ADDITIVES

IN STIRRED LIQUID ALUMINUM

2.1. Introduction

High quality molten metal, along with an improvement in the productivity,

can be achieved by considering the effective factors and optimizing the alloying

process. To this end, a study of the mechanisms of dissolution and of dissolution

times of alloying agents is necessary, especially where large tonnages of various

grades of aluminum alloys are involved.

In general, during the alloying process when a cold alloying agent is

immersed in a bath of molten aluminum, four different routes for

melting/dissolution of the additions can be identified. These depend on the heat and

mass transfer conditions involved,u·21

In Figure 2.1, a schematic representation of the relevant thermo-physical

phenomena is shown. The first three paths refer to low melting alloying elements

while the fourth depicts the case of high melting point additions. In all cases, and

immediately following immersion, a soUd shell freezes around the addition. For
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low melting point agents below aluminum's melting point, it is possible for

internal melting to begin (lC), and to be completed before the enclosing shell

melts back, (ID). Following the heating up the addition to the bath melting point,

the solid shell melts and the molten core will dissolve/mix rapidly into the bath.

For sorne kinds of additions, with large diameters and low thermal conductivity

immersed in a high superheat temperature, the customary chill layer melts back

before complete internal melting has occurred, (2C), and the addition is re-exposed

to bath.

If the addition is not fully molten by the time the first chill shell has melted,

(3C), il is quite possible for another solid shell to form around solid phase

remaining. Such phenomena are again associated with high superheat temperatures

and large size additions, when the amount of heat being convected into the surface

is below the heat demand from the colder interior. Thus, Figure (3D) shows a

second smaller shell of melt which has formed around the remaining unmelted

portion of the addition, after dispersion of the outer alloy liquid has occurred.

Finally, the last path (4) refers to those additions having melting points

higher than the aluminum's melting temperature such as manganese, iron or

chromium. They evidently must usually dissolve, rather than melt, and the present

investigation is concerned with the interpretation of such phenomena.

Turning to route (4), dissolution rates are generally controlled through a

mass transfer boundary layer between the solid and bulk liquid while heat transfer

becomes of secondary importance. The flux of the solute can be expressed by

Fick's law: J= -D(éJC/éJX), where J is flux, 0 is solute diffusivity, C is solute

concentration and X is effective concentration boundary layer thickness. Owing to

the low values for solute diffusivities and the low solubility of iron and manganese

in aluminum, the dissolution process is slow.

Mechanical stirring, which creates forced convective mass transfer, can be



considered as the major method for enhancing such dissolution rates. In this case,

the flux can be expressed as: J= Km(C,-CJ, where K", is a solute mass transfer

coefficient and C, and Cb are the solubility and bulk concentration of solute in the

liquid phase, respectively. Assuming a linear concentration distribution between

C, and Cb and remembering that K,. can be represented as a ratio of diffusivity to

thickness of mass transfer boundary layer then, increasing the intensity of mixing

results in a decrease in the thickness of the interfacial mass transfer boundary

layer. Such a reduced effective concentration, boundary layer thickness leads to

enhanced mass transfer coefficients, K,. and corresponding dissolution rates.

In the aluminum industry, in addition to the methods of mechanical stirring

(gas stirring or using impeller), other factors such as the price of the alloying

additive, its net recovery, dissolution time, the formation of dross, impurities in

alloying elements and type of furnace may be considered as the primary

parameters in optimizing the process. [3,4,5) Above all of them, methods of addition

and shape of agents govern the whole process. In Chapter l, a relatively complete

survey of alloying methods was presented. In the last decade, there has been

greater competition among the customary methods of addition. These inc1ude

powder injection of metal, compact briquettes and master alloys. However, it

seems that compact briquettes have been partially successful in replacing the other

methods. [5.61 For instance, it is reported that alloying briquettes have given

reliable/consistent recovery at a cost saving over the use of an aluminum master

alloy. (7) Clearly, if a 75 wt pct manganese briquettes is added to molten aluminum

instead of a 10 to 25 wt pct manganese master alloys (available in the market), the

amount of addition is 7.5 to 3 times less. This fact results in substantial cost saving

by reducing the amount of addition required and also times for melting.

Conclusively, due to the limited commercial information on the dissolution

of such compact briquettes, a complete investigation is necessary. Furthermore,

•
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based on the author's knowledge, no comparison between the dissolution behaviour

of alloying briquettes and the original particles used in the fabrication of the

briquettes, has been performed, partieularly in a stirred melt. In the present

chapter, detailed experimental work on the dissolution kineties of iron and

manganese briquettes has been presented.
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2.2. Experimental work

Elkem manganese and iron produets eontaining 75 wt pet powders of

alloying elements and 25 wt pet of aluminum powders were used for this researeh,

(Figures 2.2). The mixture of powders of metals were eompaeted to an apparent

density of 4300-4500 kg/m3 with a weight of 0.075-0.080 kg eaeh one. The size

distribution of the particles used is presented in Table 2.1.

Table 2.1. Size distribution of Fe, Mn and Al particles used in the

fabrication of Elkem briquettes

Bize (/Lm) Fe (wt pet) Mn (wt pet)

<75 6.21 30.7

75 - 105 1.73 7.75

105 - 150 2.8 11.06

150 - 212 14.54 13.97

212 - 300 38.58 16.48

300 - 425 31.70 14.80

425 - 500 2.90 4.27

500 - 600 1.55 0.96
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Size (pm) AI (wt pct)

<45 15

45 - 75 15

75 - 150 25

150 - 250 37

>250 8
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A commercially pure aluminum ingot was melted in an electrical resistance

furnace. The chemical composition of the molten aluminum is given in Table 2.2.

Table 2.2. The chemical composition of commerciaUy pure aluminum (wt pct)

Mn Fe Si Cr Ni Zn Cd Ti AI

<0.01 0.06-0.09 0.09-0.14 <0.02 <0.01 <0.01 <0.008 <0.01 balance

In each experimental run, two iron or manganese briquettes (each one

containing 60 and 56.25 grams of alloying elements respectively) were added to

18 to 20 kg melt. For discrete particles, the equivalent amount of iron or

manganese powders contained in the briquettes were used. A stream of argon gas

above the melt was used to prevent oxidation of the stirred melt.

To study the dissolution performance of discrete particle additions, original

powders of the alloying elements used in making the briquettes were classified,

(see Table 2.1), and each narrow size distribution of particles was then wrapped

in aluminium foil and plunged into molten aluminum. The melt was stirred by

rotating a graphite impeller placed near the bottom of the vessel. A comparison

between dissolution times of briquettes and classified discrete powders was carried

out by taking successive samples from the intensively stirred melt. Chemical

analysis of the samples and measuring the amount of dissolved particles was



carried out using a vacuum emission spectrometer. A schematic of the

experimental set-up is shown in Figure 2.3.

Furthermore, to study reactions between aluminum and alloying particles

inside the briquettes after addition to the melt, a batch of samples was immersed

in liquid aluminum at nooe in a refractory basket. At intervals of five seconds,

one briquette was withdrawn and rapidly quenched. This was continued up to the

point of disintegration of the briquettes. Polished cross sections of the samples

were prepared, and examined metallographically. The composition of the various

layers were analyzed by Energy Dispersive Spectroscopy (EDS) using the TN

5500 microprobe. (Note: TN 5500 is a trademark of Tracor Northern).

A data acquisition system was also employed to record the time-temperature

history at the centre and outside of the submerged briquettes in the melt, during

the exothermic reactions inside the briquettes. The disintegration times of the

briquettes in the molten aluminum were measured using a very sensitive load celI,

when the briquettes were immersed in the melt.
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2.3. Result and discussion

2.3.1 Microstructure study of solid-liquid interface

Based on the Fe-Al or Mn-Al phase diagram (Figures 2.4 and 2.5), the

transformation of the alloying element from its initial solid state, at nooe, into

a liquid solution potentially occurs via the formation of several intermetallic phases

that are crossed between pure alloying element and aluminum under conditions of

equilibrium. The dissolution process leads to the following possible sequence of

exothermic reactions:
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A: Iron-aluminium system

Fe + Al FeAl fiH720 0 C =-25.14

FeAI+ Al FeAl2 fiH720 0 C =-1.047

2FeA12+ Al.... FezAls fiHnooc = 0

FezAIs+ Al .... 2FeAl3 fiH720 0 C =-1.76

FeAl" .... solution in liquid aluminum

B: Manganese-aluminium system

Mn + Al MnAl fiHnooc =-21.58

MnAI+ 2AI MnAI" fiHnooc =0

MnA13+ Al MnAl4 fiHnooc =0

MnAl4 .... solution in liquid aluminum

kJ/g.atom ofAl

kJ/g.atom ofAl

kJ/g.atom ofAl

kJ/g.atom ofAl

kJ/g.atom ofAl

kJ/g.atom ofAl

kJ/g.atom ofAl
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Thus, direct dissolution of the pure solid phase in liquid aluminum may be

preferred to be replaced by the dissolution the FeA13 and MnA14 (the adjacent

phases to the liquid aluminum phase in respective phases diagrams).

In this regard, thermal analyses of the immersed briquettes in the melt,

using a thermocouple in the centre of the briquettes, monitored the exothermic

reactions. As shown in Figures 2.6, a lot of heat was released locally within the

briquette. The reaction begins immediately after the melting of aluminum particles.

The melting of the aluminum particles are reflected in the temperature-time graphs

which exhibit a plateau when the temperature of the heating samples approach the

melting point of aluminium. Once the latent heat of fusion has been provided, the

core temperature then increases sharply, peaking weil above the bath temperature

until disintegration takes place. These exothermic reactions conclude with thick

intermetallic rims which are rapidly formed around iron or manganese particles.

Figures 2.7 and 2.8 show exothermic reactions in manganese and iron briquettes



withdrawn from the melt after 15 and 20 s, respectively. The photographs

illustrate that exothermic reactions can continue, even outside of the melt, once

melting of the aluminum particles within the briquettes has taken place.

In order to study the results of the reactions, the cross section of briquettes

withdrawn from the melt and quenched, have been investigated.

The microstructure of iron-alumirlum compact briquettes, immersed in the

melt for 10 and 25 seconds respectively, are presented in Figures 2.9.a and 2.9.b.

After 25 seconds, the iron briquettes lost their rigidity and disintegrated within the

bath. No specific changes were observed in the microstructure of the samples

before the melting of the aluminum particles. However, microprobe analysis (using

EDS methods) of the sample withdrawn after 25 second immersion, revealed that

amongst the four thermodynamically stable intermetallic phases (i.e. FeAl, FeAI2,

F~Als, and FeA13), FezAls was the only dominant phase. In the Mn-Al system,

amongst MnAl, MnA13 and MnA14, the only dominant phase was MnA14 • The other

intermetallic phases were presumably present as only immeasurably thin layers.

Il therefore seems that the diffusion of alloying element atoms (Mn, Fe) and

aluminum atoms in the F~Als and MnA14 phases are much faster than their

diffusion in the other layers of intermetallic compounds, leading to a more rapid

growth of the MnA~ and F~Als phases.

The predominance of one intermetallic phase among several possible

intermetallic phases has also been observed in other systems. For example, in a

study of inter-diffusion in the Ti-Al system, TiA13 was the dominant phase among

the five adjacent phases. Van Loo et al. [81 annealed a specimen containing a

sandwich layering of Ti-Ti3Al-TiAl-TiA12-TiA13-Al phases at 625°C for 15 hours.

As a result, the adjacent layers, Ti3Al-TiAl-TiA12 , vanished completely and the

situation was changed to Ti-TiAI3-Al. It is clear that the diffusion of Ti and Al in

TiA13 is faster than their diffusion in the other intermetallic compounds. Van Loo's

•
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experiments also proved that any difficulties in nucleation of one of the adjacent

phases cannot be the cause for their abser.ce in the specimen.

Similar inter-diffusion experiments by Kidson et al. [9] between pure

zirconium and aluminum show agreement with the present work. They found that

ZrAl3 was the only phase formed during diffusion.

2.3.2 Kinetics of intennetallic layer growth

The growth rate before disintegration

When the submerged briquette is heated up close to aluminum's melting

point, aluminum particles melt and flow inside the pores of the briquette, wet the

alloying elements and start the reaction. An intermetallic layer of MnAl4 or F~AIs

forms and grows in at the interface of aluminum and the alloying element. During

the growth process two different reactions can be taken place, simultaneously. In

the Mn-Al system for instance, growth can occur at both the MnAI4-AI interface,

and the MnA14-Mn interface. Alloying element atoms (e.g. Mn) move across the

intermetallic layer toward the liquid aluminum, resulting in the following reaction:

[Mn} + 4Al = MnA14 at MnA14 -Liquid Al interface Reaction 1

while aluminum atoms can also diffuse toward the solid manganese phase and

result in the formation of MnAl4 according t~:

•
4[Al} + Mn = MnA14 at MnA14 -solid Mn interface

Similar reactions also take place during the growth of F~AIs'

Reaction II
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The phenomena are illustrated schematically in Figure 2.10, where the

dashed lines, concerning manganese concentration, describe the growth of the

intermetallic into the liquid aluminium, (reaction /). The solid lines, concerning

aluminum concentrations, describe the growth of intermetallic into the solid

manganese as a resuit of aluminum diffusion, (reaction //).

In the growth kinetics of intermetallic layers on specimens of Mo, Nb, Cr

and Y immersed in liquid aluminum, Tunca et al. (10) observed that the growth

process was diffusion-controlled. Therefore, we assume that the growth rates of

MnAl. and F~AI5 are also controlled by the diffusion of atoms across the

intermetallic layers. Other processes, namely wetting, nucleation and chemical

reaction, leading to formation of intermetallic compounds, must occur at a high

rate and do not therefore affect intermetallic growth rates.

Thus, in the tirst reaction, diffusion of manganese through MnAI. layer can

be treated using tirst Fick's law:

(2.1)

where lMn is the flux of manganese atoms across the MnAI. phase towards the

liquid aluminum phase and DMn is the diffusivity of manganese in MnAI•.

For steady state diffusion through the intermetallic layer, the flux through every

plane parallel to the face must be the same. Therefore, neglecting variations in

diffusivity with temperature and composition, the concentration gradient of

manganese can be considered linear as:

where Z is the thickness of MnAI., also C2
Mn and CI

Mn are the maximum and•
aCMnJ = -D --

Mn Mn az
2 1CMn -CMn

=D
Mn Z

(2.2)
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minimum concentration of manganese in MnAI4 phase layer, see Figure 2.10.

(From Mn-Al phase diagram at no°c, C2
Mn = 32.8 wt pct and C1

Mn = 28.3 wt

pct of manganese).

On the other hand, in the first reaction when manganese atoms, passil!g

through the intermetaIIic layer, take part in reaction with aIuminum instantly and

increase the thickness of MnAI4 as X (see Figure 2.10), then, the flux can be

expressed as foIIow:

J - Cl dX
Mn- Mn dt or dX

dt
(2.3)

•

After substituting JMn from Eq. [2.2] in Eq. [2.3]:

2 1
dX 1 DM. (CM. - CM.) (2.4)-= -
dt Z 1

CM.

or
dX= "M. (2.5)
dt Z

where

2 1

"M. =
DMn (CM. - CM.) (2.6)

1
CM.

Now consider the second reaction (Reaction II) which occurs at the Mn

MnAI4 interface (concerning the flux of aluminum atoms toward the manganese

phase through the MnAI4 layer), and the corresponding increase in the thickness

of the intermetaIIic phase, Y. Then, after the same treatment similar to reaction
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one, the growth rate of the intermetallic phase inward manganese phase is:
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z

where

dY --
dt

(2.7)

(2.8)

Assuming growth occurs in a nearly saturated liquid aluminum phase with

negligible potential for dissolution of the intermetallic layer then, after summing

two velocities for interface growths, (dX/dt and dY/dt in Eqs [2.5] and [2.7]), the

total growth rate of MnAl4 (inward liquid aluminum phase and solid manganese

phase), can be expressed as:

and due to Z=X+Y, then:

(2.9)

1

or z= (2 (aMn + a,t/) t)2 (2.10)

Similarity, in the Fe-Al system the thickness ofFe,.Als at each moment of reactions

is :

or
1

, 2z= (2(aF< + a AI) t) (2.11)

•
As a result, Eqs [2.10] and [2.11] indicate that the growth of the

intermetallic layers within the briquettes obey a parabolic law with time such that

growth rates decrease with increasing time, (i. e. decrease with increasing thickness
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of intermetallic layer).

The above theoretical consideration also helps us to describe the interesting

phenomena observed in the growth kinetics of intermeta1lic layers. A comparison

between the morphology of the MnAl4 and Fe:zAls intermetallic phases, presented

in Figures 2.11 and 2.12, shows that in the Mn-Al system the intermeta1lic

phase(s), MnA14, has preferentially grown inside the liquid aluminum phase, while

in the Fe-Al system, conversely, the intermeta1lic phase(s), Fe:zAls, has grown

inside the solid iron phase. This indicates that in Al-Mn system, the growth

kinetics via the outwards reaction 1 is faster than it is via the inwards reaction II,

while in the Al-Fe system, the inwards reaction II is faster. One should note that

for equal growth rates of intermetallic: inside both solid and liquid phases,

continuity requires that the flux of manganese should be equal to one quarter that

of the inwards flux of aluminum, Le. JMn= 114 JAL' Similarity, for the Fe:zAls

phase, for equal growth inwards and outwards of the intermeta1lic phase, the flux

of iron should be equal to 2/5 that of aluminum, Le. J Fe= 2/5 JAl' The present

microstructural observations show that JMn > 1I4JAI while JFe < 2/5JAL• For this

reason, in Figure 2.10, the original interface for the Mn-Al system is depicted

doser to the solid phase than the liquid phase (X> Y), whereas for the Fe-Al

system, it is doser to the liquid phase (X < Y).

The growth rate after disintegration

Following disintegration of the briquettes, partides will be freely dispersed

into an unsaturated melt. As a result, the outer surface of the intermetallic phase

formed in contact with the liquid phase will be exposed to dissolution. In this

circumstance, the growth rate shows sorne deviation from growth in a saturated

melt with no dissolution of solute. For a given temperature, the thickness of the

intermetallic layer can be expressed as:
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1

Z = (2 ex t)2- (Rd - R,)
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(2.12)
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where a= a A1 +aMn or = a'A1+aFc, R.J in the initial radius of the particle at time

of disintegration and R, is the particle radius at time t of dissolution (at time t after

disintegration). Calculation of R, is difficult, if not impossible, because it depends

on the relative velocity between the dispersed particles and turbulent liquid media.

In Chapter 3, proposed theories available for the calculation of R" in both

theoretical and experimental manners, are investigated.

2.3.3 Disintegration times of compact powders in the melt

Dissolution performance of the briquettes is greatly influenced by the

duration that briquettes can maintain their rigidity within the melt. Using a load

cell, it was shown that manganese briquettes could only retain their rigid skeletons

for about 35 seconds and iron briquettes for about 25 seconds, following

immersion in the aluminum melt, (see Figure 2.13). During the first period of

immersion, the load cell registered sorne vibrations before reaching a stable

condition. During the second period, the downward force remains constant. In

heating such samples outside of the bath, PerryU\1 observed that the apparent

density dropped from 4.45 to 2.24 gr/cm3
• Samples withdrawn from the melt also

showed expansion of the immersed sample in melt, see Figures 2.7 and 2.8. Now,

one may ask " why does the downward force remain constant when the briquette

is expanding 7" In the other words, when an immersed sample in the melt swells,

the buoyancy force applied increases and consequently, a decrease in downward

forces is expected. But, load cell experiments indicate a constant downward force

during swelling periods. It transpires that during this period, when the porosity of

the sample increases, penetration of liquid aluminum compensates for increased

buoyancy forces and the result is a constant downward force until disintegration
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takes place, as seen from Figure 2.13. Furthermore, a comparison between the

microstructure of subsequent quenched samples confirmed the penetration ofliquid

aluminum into the briquette during the period of immersion.

The findings from the thermal analysis experiments along with the load cell

experiments results (penetration of liquid aluminum in expanded briquettes and

constant downward force or apparent weight) allow one to propose the followings

model for the dissolution of such briquettes.

2.3.4 Proposed mechanism for dissolution of compact powder

When a cold powder compact briquette is first added to liquid aluminum,

a solid shell chills around it, a shell whose thickness depends upon the superheat

of the bath, the thermal conductivity of the sample and the latent heat of

aluminum.

In Figure 2.14.a, a schematic representation of the cross section of the

additives is shown. Within a short period of heating, the sample reaches the

aluminum's melting point, the solid shell disappears and an exothermic reaction

between the alloying elements and the aluminum powders raises the temperature

of the sample above the bath temperature. The exothermic reaction leads to the

formation of several layers of intermetallic compounds on the surfaces of the

alloying element particles. The release of heat keeps the reaction-site temperature

high enough to have an appreciable solid-state diffusion of aluminum into the

solid-metal particles and, at the same time, allows diffusion of alloying elements

through the intermetallic reaction zones. Furthermore, due to the swelling of

briquettes and increasing amounts of void, (see Figure 2.14.b), liquid aluminum

can penetrate from the bath and continue the intermetallic reactions as weIl as

dissolution of the intermetallic phases in liquid aluminum. For this reason, the

amount of swelling may play a critical role in the characteristic dissolution



behaviour of alloying briquettes. Clearly, larger amounts of liquid aluminum can

penetrate into the briquettes from the bath, due to an enhanced swelling. Hence,

this can provide a higher potential for dissolution of solute in the aluminum inside

the briquettes ( by delaying the onset of saturated conditions).

Finally, at a certain point, the rigid skeleton of the briquette disintegrates

and the dissolution process of freely dispersed particles within the liquid bath

begins (Figure 2.14.(;).
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2.3.5. Briquettes swelling

As mentioned, the amount of swelling obtained before disintegration can

have a strong effect on rate of dissolution of compact briquettes. So, process

details and also relevant parameters which contribute to briquette swelling will be

illustrated.

In a binary compact mixture powder system, there is a general rule in

deterrnination of shrinkage or swelling of the compact. The case can easily be

resolved from the latter's constitution diagram. Here, the focus is on the

processes occurring during heating the mixture and after melting of the minor

component while the major component is solid. A high solubility of liquid phase

in the solid phase (as solid solution or intermetallic compounds formation) coupled

to a low solid solubility in liquid causes swelling. Conversely, a high solubility of

solid in liquid coupled to low solubility of liquid in solid aids densification. 112
,131

High solubility of one component in the other is indicative of the existence

of a relatively unidirectional flux of one element toward the solvent. Because of

this, a compact whose basis element is solvent grows whereas compacts based on

a solute metal exhibits shrinkage. The direct reason of growth of solid particles,

during diffusion of atoms from a liquid phase into them, is an increase in particles

mass where there is actually no migration of atoms in the reverse direction, from



solid phase into the Iiquid. The change in volume of the partic1es results in the

change in volume of the briquettes.

The role of high solubility of solid partic1es in a Iiquid phase on

densification is related to lubrication, sliding and surface smoothing. Then, the

capillary forces will pull the particles into a dense packagel14l , and rearrange the

partic1es to minimize interfacial energy. Consequently, the compact as a whole

experiences a shrinkageY2l In Figure 2.15 a schematic diagram on the effect of

solubility on swelling or densification is shown.

In general, for a wetting liquid component in a mixture, the small pores in

the compact are filled first because of favourable interfacial energy reduction

(unless the liquid has a high contact angle). In an Fe-Al or Mn-Al system, after

aluminum partic1es melt, the liquid phase, due to its good wettability, readily

spreads throughout the compact, allowing the alloying element partic1es to react

with the melt over the whole of the their surfaces. Due to the high solubility of

liquid aluminum in the solid iron or manganese phase, there is preferential

diffusion of aluminum atoms into the solid phases. As a result of this, the solid

partic1es grow, resulting in an expansion of the briquettes. Moreover, as a pore

will be left at the site of the original partic1es of aluminum, there will be a net

increase in the volume of the compact. In Figure 2.16, a scanning electron

micrograph demonstrates a pore formation in position of aluminum partic1es in an

Al-Fe system during heatingY3.1Sl

In another study on the iron-aluminum system, Sheasby[l61 has shown that

the Kirkendall effect can also contribute to about 15 pct swelling of the mixture

of the powders. Aluminum diffuses more rapidly through the F~Als rim, causing

a localized expansion that tends to push the alloying partic1es apart.

Concerning the swelling of the compact mixture of metal powders, sorne

analytical relations between the end porosity of the compact and the porosity of the

•

•
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green compact of binary element powders has been suggested.[17.18.19] For a system

with low solubility in the Iiquid phase and a wide range of solubility in the solid

phase (such as Fe-Al or Mn-Al system), Savitskii et al. [17,18J has shown a

correlation as:
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(2.13)
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where Band Bo are end porosity and green porosity of the compact respectively,

and C is the volume fraction of aluminium which has reacted with the solid phase,

as a solid solution or intermetallic compounds. (Note that in this equation porosity

is defined as the ratio of the volume of inter-particles voids to the total volume of

the briquette.)

Apart from the effects of solubility, the diffusion of aluminum atoms into

the solid alloying elements may change the parameters of the lattice of the solid

phase or cause a complete reorganization in structure due to the formation of an

intermetallic compound. Since in Mn-Al or Fe-Al systems the specifie volume of

the intermetallic cOffi{'ounds formed around alloying particles are larger than the

volume of the pure metals, the total radius of the particles increase during

reactions. This, in tum, increases the volume of the sample. (Note: The average

volume per aluminum atom (VAl) in the cell of aluminum phase = 16.6 A3, VF•

in the cell of iron phase = 11.7 A3, VMo in the cell of manganese phase = 12.2

A3, while VF, in the cell of F~A15 phase = 48.2 N, VMo in the cell of MnA14

phase = 78.7 A3).

Therefore, as a result of increasing the amount of porosity and forming

more voids in the briquettes, Iiquid aluminum can penetrate from the bath into the

expanding compact, to continue the dissolution of the solid particles, within the

briquettes. Concluding, it is suggested that the swelling of the briquette and the

size of pores can be maximized by making the average size of the aluminum
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particles relatively large.
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2.3.6. Dissolution time of dispersed particles

A comparison between the time for complete dissolution of a briquette and

the dissolution time of original particles, used in making the briquettes, for full

entrained conditions of particles in highly stirred systems is shown in Figures 2.17

and 2.18. The results show that the dissolution of briquettes into the bath starts at

25-35 seconds, immediately following their disintegration, such that a high rate of

up-take of iron or manganese particles by the liquid aluminum can be achieved

quickly.

The phenomena can be described as follows; 25 wt pct original aluminum

powder inside the briquettes, along with liquid aluminium penetrating into the

expanded sample, provide sorne liquid metal around of solid particles. So, the

solute iron or manganese can dissolve in unsaturated liquid aluminum, before

disintegration. Furthermore, local accumulation of heat released in the briquettes,

increases the maximum solubility of solute in the liquid aluminum, as weIl raising

the diffusion rate of solute from solid to liquid. Therefore, the present conditions

in the sample provide for a relatively high driving force for dissolution of the

alloying elements before disintegration. The dissolution process proceeds until a

saturated condition is achieved. Hence, the saturated liquid aluminum inside the

briquettes (contained a high content of solute), supplies sorne dissolved agent into

bath instantly after disintegration. Chemical analysis of withdrawn and quenched

samples before disintegration confirms the idea. Turning to the microstructure of

iron or manganese briquettes withdrawn before disintegration (Figure 2.11 or

2.12), has shown a super saturation condition of solute in the matrix such that a

lot oflow melting point phases are formed during quenching. (e.g. MnA4 with

25.34 pct Mn, small white areas in aluminum matrix).
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Consequently, by spreading this saturated liquid aluminum in melt,

following the collapsing of the briquettes, a sharp rise in concentration of solute

can be achieved.

However, in the case of alloy making by the addition of discrete parrlcles

of pure alloying elements, the dissolution performance is different. There, two

periods can be observed, parrlcularly for manganese parrlcles. During the first

period, sorne physical actions such as dispersion and heating or chemical reactions

such as removing of oxide layers and nucleation of soluble intermetallic

compounds may delay or slow the initial dissolution process. The results shows

that this period is roughly independent of parrlcle size and takes place over the first

80 seconds or so for manganese and 40 seconds for iron powder. The second

period which takes up the most time for dissolution is controlled by mass transfer

through the boundary layer, similar to dissolution of parrlcles dispersed in the meU

following disintegration of briquettes.

From the point of recovery, since during the whole experiments, for both

of briquettes and discrete parrlcles, the surface of the melt was highly covered by

argon gas, a comparison between the recoveries of the two systems may not be

accurate, parrlcularly with a subsurface addition mode for discrete particles.

However, the final recoveries for manganese briquettes was more than 98% and

for iron briquettes more than 98.5 %. For discrete parrlcles, it was close to 0.4%

lower.

2.4. Conclusions

Among the several methods which have been introduced for alloy making

additions to liquid aluminum, compacted powders of high melting point elements

and aluminum can improve the kinetics of dissolution of alloying agents.

Microstructural studies along with thermal analysis of immersed briquettes
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of Fe-Al and Mn-Al in the bath indicated that after the melting of the aluminum

particles in the briquettes, exothermic reactions between aluminum and solid

particles (AH720 •C F~AIs = 10.47 and AH720 •C MnAl4 = 5.4 kJ/g.atom Al) and

the local accumulation of heat inside the briquettes, increased a briquettes's

temperature sharply, well above the bath temperature. As a result, a high

temperature atmosphere not only accelerates diffusional reactions, concerning the

formation of intermetallic rims around particles of alloying elements, but also

offers a high driving force for dissolution of alloying elements inside the liquid

aluminum available in the compact. As well, penetration of liquid aluminum from

the bath into the expanded sample, delays achieving the maximum solubility by

increasing the amount of liquid. Then, the dissolution of solid particles proceed in

the present liquid inside the briquettes until disintegration occurs.

The microstructural study of the immersed briquettes indicated that among

several thermodynamically stable intermetallic compounds at the temperature of

the experiment, F~AIs and MnAl4 are the only dominant intermetallic phases in

the structure of the respective briquettes.

A theoretical analysis aided by sorne experimental observations (see Figure

2.9) revealed that in the growth of intermetallic compounds within the briquettes,

which obey a parabolic law with time, the diffusion rate of manganese in MnAl4

is higher than is one quarter of the diffusion rate of aluminum. As a result, the

intermetallic region penetrates the liquid aluminum phase preferentially. In the

growth of F~AIs' the opposite phenomenon is observed. The intermetallic phase

grows preferentially inward towards the centre of the iron particle, see Figure

2.10. In this case, the flux of iron is grater than 2/5 of the flux of aluminum.

A comparison between dissolution times of briquettes and original classified

particles, used in their fabrication, showed that a high up-take rate of alloying

particles can be reached immediately following the briquettes disintegration.



Dispersion of sorne saturated liquid aluminum (present inside the briquettes), in

the melt, supplies solute to the bulk instantly. As a consequence, it can lead to a

sharp rise in concentration of solute in the bulk fuIlowing disintegration. This

saturated liquid aluminum in the briquettes wa~~ provided by former 25 wt pct solid

aluminum particles plus liquid aluminum penetrated from the bath due to swelling

ofthe briquettes. Furthermore, one should remember that exothermic reactions and

local heat accumulation in the briquettes hasten the dissolution process. In the

dissolution of discrete powders, however, the process is rather different. It seems

the initial dissolution process is delayed by sorne physical and chemical reactions

(particularly for Mn particles) and therefore, initial up-take rates are low.

However, during the second period of dissolution, the process is controIled by

mass transfer from solid to liquid, similar with dissolution of disintegrated

briquettes. Given that the briquettes were totally dissolved within periods of 420

seconds (Mn) and 330 seconds (Fe), while the larger sized particles from which

they were fabricated required sorne 150 seconds further for complete dissolution.

It is concluded that alloying liquid aluminum with briquettes provides

enhanced rates of dissolution, as weIl as facilitating its method of addition,

compared to discrete particles.
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2.5 Nomenclature

C solute concentration

D solute diffusivity

J flux

V the average volume per solute atom in the ceIl

X thickness of intermetallic layer made via reaction 1

y thickness of intermetallic layer made via reaction II

Z total thickness of intermetallic layer made via reactions 1 and II
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Fig: 2.1 A schematic representation of four kinetic paths for alloying additions

melting or dissolution in bath .
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Fig: 2.2 Elkem alloying briquettes.
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Fig: 2.3 A schematic of the experimental set-up, (T=720°C).
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(J, "(J-A13Fe", with a very complex end-centered monoclinic structure
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Fig: 2.4 AI-Fe phase diagram
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Fig: 2.5 Mn-Al phase diagram .
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Fig: 2.6 Thermal analysis of iron and manganese briquettes submerged in molten

aluminum, (T=720°C) .
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•
Fig 2.7 An example of exothennic reactions and expansion in manganese briquette

immersed in melt, a) green briquette; photographs b, c, d, e) show the sample

withdrawn from the melt, containing its exothennic reactions within the body of the

briquette.
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•
Fig 2.8 An example of exothermic reactions and expansion ID iron briquette

immersed in melt, a) green briquette; photographs b, c, d, e) show the sample

withdrawn from the melt, containing its exothermic reactions within the body of the

briquette.



Fig: 2.9 Microstructure of Fe-Al briquette: a) 10 seconds, b) 25 seconds, after

immersion in liquid aluminum, (T=720°C) .

•

•
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Fig: 2.10 A schematic representation of the concentration distribution of

manganese and aluminum during the growth of an intermetallic layer of MnAI4 •
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•
Fig: 2.11 The preferential growth of MnA14 phase at Mn-Al interface within

liquid phase .
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•
Fig: 2.12 The preferential growth of FezAl5 phase at Fe-Al interface within solid

phase.
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Fig: 2.13 Disintegraûon ûmes of manganese and iron briquettes submerged in

liquid aluminum using a Joad cell, (T=720°C) .
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(a)
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(c)

...... .. ...... Intermetalllc layer

•
Fig: 2.14 Proposed mechanism for the dissolution of compact briquettes in liquid

aluminum.
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•
Fig: 2.15 A schematic plot of the solubility effect on densification or swelling the

briquettes during the heating. S represents the solubility and the subscript denotes

B for base (major phase) solubility in the additive and A for additive (minor

phase) solubility in the baseY3)
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•
Fig: 2.16 Pore formation at the prior aluminum particle sites in a powder mixture

of iron and aluminum due ta the outward flow of aluminum into the iron

particles. [13J
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Fig: 2.17 A comparison between dissolution time of manganese briquettes and

original partic1es used in making the briquettes in a highly stirred system,

(T=720°C).
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•

•

DISSOLUTION KlNETICS OF Fe AND Mn PARTICLES

IN STIRRED LIQUID ALUMlNUM

Evaluation of Terminal Velocity Theory in High

Temperature Melts

3.1 Introduction

Following disintegration of the briquettes in the liquid melt, fine particles

disperse freely in the bath and dissolution continues. In such transport controlled

processes, the degree of mass transfer from a solid to the liquid is a measure of

the relative velocity between them. In a mechanically stirred system, both liquid

and entrained particles will have turbulent motions (in three dimensions with

different mean velocities and random fluctuations). So that particles will be in

irregular motion within a turbulent slirred liquid. Moreover, small scale turbulent

eddies in the system, smaller than the size of the particles, or rotation of particles

within the liquid, could also contribute to relative motion between the liquid and



the surfaces of particles. Therefore, in such turbulent systems, measuring relative

velocities of particles is not simple, if not impossible.

However, in aqueous model systems, sorne approaches have been

introduced, (terminal velocity theory and Kolmogoroffs theory). In the present

study, (for the first time) these proposed theories have been examined in high

temperature liquid metal system.
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•

Mechanical modes of stirring

In general, alloying additions to turbulent liquid melts of aluminum is

accomplished by mechanical stirring. Since the dissolution process of most alloying

particles in liquid aluminum is slow and is contro11ed by mass transfer through a

boundary layer between solid particles and the liquid, mechanical stirring can be

very helpful for enhancing the kinetics of the dissolution process. Mechanical

stirring of liquid aluminium is usually carried out by one of the following methods:

In the first commonly-used method, stirring is done in an alloying furnace

by moving a massive fiat blade back and forth over a heaping of alloying

elements. Shorter dissolution limes can be achieved by this mixing operation, by

exposing a greater surface area of solids to the dissolution process.

In more sophisticated methods, a rotor is employed in the "ladies" which

are used to convey the primary melt from the reduction cell to the alloying/holding

furnace. The high temperature of the melt, as well as the well-designed geometry

of these transport ladies (narrow and ta11), helps to generate an effective turbulent

flow and decreases dissolution time of alloying elements.

Beyond these approaches, gas stirring (using argon), which is sometimes

used to carry the alloying particles in the beginning of the injection process, is also

another accepted addition method in the aluminum industry .



3.2 Previous work on high temperature systems

Kinetic studies of alloying additions to aluminum melts has received

comparatively little study, even though the alloying process can be one of the rate

limiting steps which can influence the rate of production of aluminum alloys.

To the best of author's knowledge, except for sorne limited work in

conjunction with pneumatic powder injection techniques[I,2,3l, no systematic

research has yet been carried out to study the kinetics of dissolution of fine

particles of alloying elements in turbulently stirred systems of molten aluminum

(nor any other metal). More specifically, no study has yet been reported

concerning the kinetics of dissolution of Jully suspended particles of iron and

manganese in a mechanically stirred system of liquid aluminum.

Nearly all previous kinetic studies of the dissolution of alloy additions to

aluminum have been limited to the rotating disk method. This technique has been

popular among most researchers and it is shown that dissolution rates depend

strongly on the hydrodynamic conditions within the liquid. Since the method can

be used to measure diffusion coefficients of high melting alloying elements in

liquid aluminum and to test whether a dissolution process is controlled by mass

transfer from solid to liquid, it is useful to provide a more detailed description of

the method.
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•

3.2.1 Rotating disk mass transjer

In the kinetic study of the dissolution of high melting point elements, the

rotating disk technique is not only used for studying the dissolution of high melting

alloying elements such as molybdenum[4,SI, niobium[4,Sl, chromium[4,6,7,S], yttrium[4],

iron(7,S.9,IO.1I,121, manganese[7J, titanium[1,S,IOl, nicke![S,13], vanadium[SI, ferrous alloYS[9l

and iron-nickel alloys[l4) in liquid aluminum, but is also used for dissolution studies

of high melting point alloys in liquid steel. In the rotating disk method, small



cylindrical specimens with a polished surface are first prepared, then pressed into

a high-purity graphite tube to protect the specimen's lateral surface from the melt.

Thus, only the disk surface dissolves during the rotation.

The dissolution of a solid metal in a Iiquid metal can be described by the

mass balance equation:

• Cbapter 3: Evaluation of terminal velocity theory

dCb S
- = K - (C-C\dt my.b1

After integrating, and applying the initial condition, C = Co at t = 0, :

3-4

(3-1)

=K St
m y

(3-2)

where Cs and C. (kg/m3
) are the saturation and bulk concentrations of solute, S is

the surface area of solid (m2
), t is time (s), V is the volume of the melt and 1<.. is

mass transfer coefficient. Thus, the concentration measured (C.) by periodical

sampling, can readily be analyzed using above equation. For a given temperature

and speed of rotation, it was found that there is a linear relation between ln{ (Cs

Co)/(Cs-C.)} and St/V, which indicates a constant mass transfer coefficient (K,.).

In the rotating disk technique, the flux J(kg m'2s' l
) of material from the

surface of the solid to Iiquid can also be calculated using Levich's(lSI equation:

(3-3)

•

where D is the diffusion coefficient of the solute element, /1 is the kinematic

viscosity and w is the angular velocity of disk. This equation was applied for Iiquid

flow over the surface of the disk which occurs in the rotational speed range of

100-1000 rpm for a disk with an area of about 1 cm2
•

From Levich's equation, the mass transfer coefficient, K,., is related to
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angular velocity through the equation:

K = 0.62 D2f3 v-l/6 rl)1fJ...

3-5

(3-4)

•

The results obtained for most transition metals (such as iron and manganese)

reveal a linear relation between mass transfer coefficient and the root square of

angular velocity of disk, win. This indicates that the dissolution process is

controlled by diffusion ofatoms through the liquid-metal boundary layer adjacent

to the disk, even at excessive speeds of rotation. [5,6,7,8,9,11,12,13,14,16]

The rotating disk technique has also been used to measure solute diffusion

coefficients of the following binary systems: D cr_Al[6,7], D Si_Al[7], D Fe_Al[7,lO,I1,12], D Cu_

AI[7] , D n_Ai"lO], D Ni_Al[7,13], DMn-Al[7] , D W_Al[5
J and D'tainle" .teel_Al[l6]. Measuring mass

transfer coefficients from Eq. [3.2] fordifferent rotational speeds, and substituting

in Eq. [3.4], diffusion coefficients can be obtained. Diffusion coefficients are a

function of temperature and, for different temperatures of the experiment, the

result can be analyzed using an Arrhenius type equation, (more details are given

in Appendix 1).

The rotating disk method can also be used in studying the growth kinetics

of intermetallic layers. In this method, the crucible, together with the flux, the

melt and the specimen, are shot into water to arrest the metal-aluminium reaction

in the interface. It is important that the specimen continue to rotate until complete

solidification of the melt. After cooling, the bimetallic specimen obtained by this

method is cut along the cylindrical axis and, after polishing, the cross section of

the sample is metallographically examined. The results have shown the existence

of an intermetallic layer over the surface of sample.

Finally, from rotation disk technique, it can be concluded that chemical

reactions such as the formation of intermetallic compounds have no effect on the

dissolution rate such that in high rotation speed the dissolution process is still
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controlled by mass transfer.

3-6

3.3 Previous work on cold systems

In liquid metal systems, essentially no work seems to have been carried out

on the dissolution of solid alloying particles in a turbulently stirred system.

However, in "cold" temperature systems, the extent of the work is so substantial

that gathering them into a unit collection proved difficult. The author, through a

literature survey (mostly of chemical engineering research), attempted to simply

introduce the theories proposed for the dissolution of solid particles in low

temperature liquid systems and to evaluate these theories in high temperature

molten metal systems.

In general, in studying mass transfer between a solid phase and liquid

media, the simplest case is that of mass transfer from a single-fixed particle in

stagnant bath or one in flow. Mass transfer from suspended particles in a stirred

turbulent system is more complex.

3.3.1 Single particle mass transfer

Mass transfer coefficients for rigid, fixed particles in a flowing fluid are

represented by the equation :

Sh = 2+ A Re'" Sc" (3-5)

where m, n and A in the above equation are a function of the particle Reynolds

number (Re) and Schmidt number (Sc), where;

One can readily show that in the transfer of mass between a solid sphere•
Sh = , Udp

Re = --=--
v

, vSc =
D

(3-6)
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•

and " ~quid, the Sherwood correlation, in the absence of any convection, involves

a Sherwood diffusion term with a limiting value of 2.0, while the second term
, .~ ..-~

corresponds to the forced convection component of Sherwood number. It seems

that natural convection phenomena, resulting from density differences in

concentration boundary layers around solute particles, was neglected in the

presence of a force convection condition. In determination of m, n and A in the

Sherwood correlation, Hughmark[17,18! analyzed the heat and mass-transfer data of

many investigators and proposed several equations for mass transfer. However,

turbulent intensity around an entrained particle in agitated vessels will differ from

that for a fixed particle in a flowing liquid. Therefore, sorne modification is

necessary.

3.3.2 Mass transfer from suspended particles

In order to be able to quantify the dissolution kinetics of smal1 particles in

stirred liquids under conditions of transport control in the liquid phase, the relative

velocity between the particles and the fluid must be known. However, these are

extremely difficult, if not impossible, to clarify, since the particles will be moving---erratically with a turbulent liquid, in which random velocity fluctuations will be

superimposed on mean bulk flow velocities. In addition, the relative effects of

turbulent motions within the fluid on dissolution kinetics will depend upon the size

of the particles relative to the scale of turbulence. It is even possible that the

rotation of the entrained particles within the fluid, by providing a relative motion

of liquid at the surfaces of the particles, may affect the dissolution rates.

As such, the hydrodynamic interactions which control particle-fluid mass transfer

in an agitated vessel are highly stochastic and impossible to predict, ab initio.

However, several approaches have been introduced. Most recent workers have

used either terminal velocity theory or Kolmogoroff s theory (local isotropy in
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turbulent systems) to explain and solve this problem. By simplification, the

terminal velocity theory implies that mass transfer coefficier.t h a agitation system

is related to velocity which would be obtained if the particle movt':s at its terminal

velocity in a stagnant bath. The Kolmogoroff s theory on the other hand, suggests

that mass transfer is related to the rate of input mixing energy into the system,

such that in systems with different agitation systems, equal mass transfer

coefficients are achieved by equal input power per unit mass of the melt. In this

chapter and the next, while explanations the terminal velocity th(;Ory and

Kolmogoroff s theory respectively, their applicabilities in molten metal system, for

the first time, have been evaluated.

3.3.3 Terminal velocity theory

Based on the terminal velocity approach (HarrioU[l9), Nienow[20.21], Levins and

Glastonbury[22J, Conti and Sicardi[23], Calderbank and Moo-Young[24I, Sykes and

Gomezplata[2SI) terminal settling velocity of solid particles in a quiescent liquid is

used to calculate the mass transfer coefficient of suspended particles in an agitated

system. The suspension of solids particles in a liquid media will be obtained when

the rising velocity of the fluid phase equals, or exceeds, the settling velocity of the

particles. It is envisaged that COlillter-current flows apply sorne turbulence forces

on descending particles as so to keep them suspended. If so, the mass transfer

rates are expected to be close to those for particles lnoving freely under gravity.(24)

This theory was later modified by Nienow. [21] It was found that using the

terminal velocity as relative velocity in Sherwood correlation, the minimum

expected value for the mass transfer coefficient is obtained. The minimum

coefficient is then multiplied by a correction factor, which is obtained from

experimental results and justifies using such theoretical mass transfer
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considerations.

In theoretical calculations of the mass transfer coefficient, Nienow[20J used

Rowe's[26J equation :

Sh = 2+ 0.72 Re 1f2 Sc 1f3 (3-7)

•

Limitation of theory

Although the theory has been accepted by sorne researchers and they were able to

analyze their experimental results via this theory satisfactorily, it has a significant

limitation. The theory will break down when the density difference between a

particle and the liquid approaches zero, regardless of particle diameter, due to

particle Reynolds number approaching zero. It is clear that for a neutral buoyancy

particle, the Sherwood correlation is greater than 2.0 (the diffusion term), because

the fluid around the particle is always in a state of turbulent interchange. To solve

this difficulty, Harriott[19] has proposed that for neutrally buoyant particles, an ad

hoc density difference of 0.3 g/cm3 should be taken rather than the true value. [19J

3.3.4 Minimum suspension speed

The determination of the minimum speed of agitation needed to raise

particles off the furnace bottom plays an important role in the kinetics of

dissolution. It is observed frem studies in aqueous medium that below a critical

speed, due to the settling of particles to the bottom of the vessel, the total surface

area of solids is not efficiently available for the dissolution process, therefore,

dissolution rate is slow. Above this critical speed, the rate of mass transfer may

increase slowly Y9.24,27l In a complete suspension, it is sufficient that the whole of

the solid surfaces be exposed to the liquid, and it is often unimportant that the

upper layer of liquid contains smaller and lighter partic1es, wherea.s coarse and
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heavy particles remain in the lower part of the vesse!.

The critical speed for full suspension has been defined as the speed at which

no solids remain on the base of the vessel for longer than one second. (28
)

Zwietering[28] presented a correlation for the critical speed (Ns) to obtain a

full suspension of solid particles:

N =•
S vO.l d;.z Cg f1 plPJOAS XO.13

D:J15
(S-8)

where 5 is a dimensionless constant, v is the kinematic viscosity, dp is particle

diameter, g is the gravitational constant, L'ip is density difference between solid and

liquid, PL is density of liquid, X is the concentration of solid in liquiù (mass per

mass ofliquid, times 100, dimensionless), and DI is the diameter of the impeller.

However, dimensionJess constant (5) depends on system geometry, and several

graphs were presented in his paper to give values of 5 for five impeller types at

various VD/DI and various impeller clearances. (VD is diameter of the vesse!.)

The following equation has aJso been proposed by K. Raghava Rao et al. 129)

N =• (3-9)

while G. Baldi et al. [3D) presented:

N =•
C 110.17 Cg f1p)0,42 d;.14 XO•12S

0.58 D0.8'J
PL 1

(3-10)

• and C.M. Chapman et al. (31) reported:



• Chapter 3: Evaluation of tenninal velocity theory 3-11

(3-H)

•

where PN is power number (dimensionless) = (input power/pLN3D/), and C is a

constant.

While there is sorne discrepancy among these equations, Zwietering's

equationl281 has received more support than the others because it represents the

most complete investigation of N, in terms of its extensive range ofgeometries and

materials studied for aqueous systems.

Furthermore, in study of minimum suspension speed, it was observed that

Ns depends strongly upon the impeller clearance from the bottom and decreases

as the impeller is moved closer to the base.

Most of the investigations on this subject have been carried out using single

impeller systems, however, Armenante et al. [321 has also investigated the role of

a multiple impeller agitation system mounted on the same shaft. He found that the

presence of multiple impellers may not necessarily be beneficial to the achievement

of suspension conditions. In this case, while the critical agitation speed decreases

with the number of impellers on the shaft, the power requi:;-ed is higher.

In conclusion, a literature review on the present topic reveals an abundance

of work and numerous correlations for the suspension of particles. This extensive

research discloses the importance of mixing, as weil the critical effect of

suspension of particles, on solid-liquid mass transfer processes. One can conclude

that in a solid-liquid system, special care should be taken in assuring an

appropriat"'. degree of suspension.

Degree of suspension

In general, three categories for the suspension of solids can be identified:
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a:) On bottom motion, in which coarse particles are moving on the bottom

of the vessel, whereas fine particles will be suspended off the bottom.

b:) Off bottom suspension, in which all particles are suspended, but not

uniformly throughout the vessel content.

c:) Uniform suspension, in which all particles, fine or coarse, are suspended

uniformly.

It is well known that in the dissolu:' ~n of solid particles in a liquid, a

complete and uniform suspension is not necessary. Therefore, the off bottom

suspensicn condition as defined by Zwietering, (no solid particles remains on the

base for longer than one second), was adopted for this investigation.

3.4 Experimental procedures

In the present work, two series of experiments were carried out.

a) Sorne aqueous model experiments were used to study the suspension behaviour

of particL:~s in turbulent system. b) Water model experiments were followed by

high temperature experiments to determine actual mass transfer coefficients and

dissolution times of high melting point alloying elements particles in liquid

aluminum.

The case of iron and manganese were chosen for the present investigation

since these alloying elements are very important alloying additions in the

improvement of mechanical properties of die casting and wrought aluminium

products.

3.4.1 Water modelling experiments

As noted, the contact area between solid particles and the liquid should be

maximised, and this is possible by generating effective turbulence ~hroughout the

melt and by bringing the highest density materials into suspension. In the actual



liquid metal system, due to its inherent opaqueness, it is not easy to evaluate the

degree of suspension of particles during stirring. Substituting water as the

modelling medium is an appropriate and reliable method to elucidate ~,.ch

complexities.

In Table 3.1, wrne of the relevant physical properties pertaining to the

present water model and the high temperature system are provided.
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Table 3.1 Physical properties of water model and prototype

1
Item

1
Water model [ Prototype

1

Particle density (Pp) kg/m3 Lead particles: 11680 Fe:7830, Mn:7300

Particle diameter (dp) p.m 90-550 90-550

Liquid density (PJ kg/m3 999 2370

Liquid viscosity (p.) kg/m.s 1.05xIQ-3 l.lxlO-3

Impeller diameter (DI) m 0.07 0.07

"essel diameter (Dv) m 0.14 0.14

Clearance m 0.01 0.01

Temperature (T) oC 15 720

3.4.1.1 Measurement of critical rotational speed in water

Turning to section 3.3.4, several correlations for the suspension of the

particles have been suggested, based on experiments using cold model systems.

However, due to the discrepancies which exist among current empirical

correlations, determination of critical speed of impeller needed for a full

entrainment of iron and manganese particles within the liquid aluminum was

necessary. In particular, in the case of this study, a high density difference

between iron or manganese particles :md molten aluminium ("" 5.4 gr/cm3
) is
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involved, which is essentially not compatible with previous experiments.

Furthermore, in liquid metal experiments, it was not easy to obey the proposed

standard geometric dimensions which are used in aqueous model for mixing. For

instance, thick-bladed graphite impellers which were used in liquid aluminium

experiments are entirely different from the stirrer types recommended for cold

models. Hence, the present practicallimitations lead the author to adopt another

approach, involving water modelling experiments in company with dimensional

analysis, so as to correlate the results of the cold model with high temperature

systems.

In water model experiments, the critical speed of rotation in water, N" was

measured by observing the suspension of lead particles as seen via a mirror placed

below the bottom of the plexiglass vessel, which was well illuminated. These

experiments were performed for a variety of classified particle sizes ranging from

90 to 550 ftm diameter. The data obtained is shown in Figure 3.1. By dimensional

analysis, and using the current water model results, one can predict the minimum

speed of rotation of the impeller required to obtain a full entrainment of iron and

manganese particles in liquid aluminium.

3.4.2 Dimensional analysis

In a dimensional analysis, at first, the variables involved in the problem

should be identified. In Table 3.2, the variables: density of liquid (pJ, diameter

of the particles (dp), ?:;pru,mt weight of particles (W=(ndp3/6)(pp-pJg), liquid

viscosity (ft), impeller diameter (Dû, vessel diameter (Dv), and impeller speed (N,)

as well the respective dimension of each variable have been shown, (where pp and

g are particle density and acceleration of gravity, respectively) .
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Table 3.2 The dimension of variables involved

PL dp W P. DI Dy N,

ML-3 L MLi2 ML-Iii L L il

3-15

•

ln our system, seven variables with three dimensions; mass M, length Land time

T, are available. Then, due to difference between the number of variables and

dimensions (7 - 3= 4), only four dimensionless pi groups (7ti), with combination

of variables, can be defined. The combination procedure is:

7t1 =Dt. PLb
• P.c . N,

M<LDT> = (L)8. (ML-3? (ML-lil)c. (il)

7t1 =O.z.PL·N,/p.

7t2 =0'" PLb
• P.c . Dy

M<LDT> = (L)8. (ML-3? (ML-Iii)". L

7t2 =Dy/DI

7t3 =D", PLb
• P.c . dp

M<LDT> = (L)8. (ML-3)b. (ML-Iii)". L

7t3 =dp/DI

7t4 =Ot. PLb
• P.c . W

M<LDT> = (L)8. (ML-3? (ML-Iii)". (MLi2)

7t4 =PL.W/p.2

Therefore, four dimensionless pi groups, involved in the system, have been



• Chapter 3: Evaluation of terminal velocity theory

introduced:

3-16

'1(=
4

Based on dimensional analysis and similarity (Buckingham pi theorem), each

pi group can be defined as a function of other involved pi groups in the system as:

7t1=f(7t2, 7t3, 7t4), or:

(3-12)

According to the modelling theory provided, if 7t2, 7t3 and 7t4 in the cold

system are selected such as to be equal to respective ~, ~ and 7t4 groups in high

temperature system, then it leads to the equality of amount of the dependent

function for both systems, i. e. 7t1•

To assure these similarities, the geometrical configurations of the hot and

cold model systems (Dv/D~ and dp/DI as well as PL.d/(pp-pJ/JL2 for both systems,

were selected such that 7t2, 7t3 and 7t4 were identical in water and liquid

experiments, (see Table 3.1). Noting that in order to get equal7t4 for both system,

density ofparticles in the water should be equal to 11650 kg/m3. For this reason,

lead particles with density of 11680 kg/m3 selected for water modelling

experiments. These conditions resulted in the equality of 7t1 for both systems:

•

(3-13)
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3.4.3 Prediction ofcritical rotational speed of suspension in liquid

metal

As mentioned, the critical impeller speed in molten aluminum can be

determined using water modelling results and a dimensional analysis between water

modelling scale and prototype. Inserting respective values for PL' p. and DI for

water and liquid aluminium from Table 3.1 into correlation obtained, Eq. [3.13],

the relation between critical rotational speed of impeller (N,) in liquid aluminium

and water for complete suspension will be as follows:

Ns = 0.4 NsL'pUAI W..,.
(3-14)

•

Therefore, applying the results obtained from water modellin3 experiments (Figure

3.1) in the Eq. [3.14], the critical impeller rotational speed in liquid melt was

predicted, (Figure 3.2). To ensure full suspension, the melt was stirred 20%

higher than the predicted rotational speeds for each specific size of solute particles.

3.4.4 High temperature experiments

The main objectives of the hot metal work was to study the dissolution

process for alloying particler, using two entirely independent methods, namely the

conventional analysis method and the more sophisticated on-line particle detection

technique, known as LiMCA, the acronym for Liquid Metal Cleanliness Analyzer.

The latter method is based on the resistance pulse principle. In this work only the

results obtained based on the conventional method have been presented.

To prevent electrical noise in the system compromising LiMCA signals, an

air drive motor was used for stirring. Using a tachometer on top of the motor

shaft, desired mixing rates and speeds of rotation could be reached by changing

input air-flows. Aluminium melts were prepared in an electrical resistance furnace

having a capacity to hold 15-20 kg of aluminium. The melt temperature was



controlled in the range of 720-725 oC. To minimize the oxidation ofparticles and

the melt, a stream of argon gas covered the surface of the liquid during the

experiment. The meU was stirred by a four-bladed graphite impeller, 70 mm

diameter, 35 mm high and 10 mm thick, connected to the motor by a graphite

shaft. The impeller was placed in the melt with a clearance of 10 mm from the

bottom of crucible. The LiMCA tube and the thermocouple tube served as baffles

prevented vortex formation. A schematic of the high temperature experimental set

up is shown in Figure 3.3.

Considering the sensitivity of the LiMCA, the iron and manganese particles

in the range of 90-550 ~m diameter were sieved and classified. In Table 33

equivalent spherical diameters of classified powders and the relevant range of the

particles are shown.
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Table 3.3 Size range of classified iron and manganese particles used.

size range (stm) equhalent diameter (stm)

75 -105 90

105-150 127.5

150-212 181

212-300 256

300-425 362.5

425-500 462.5

500-600 550

Alloying was carried out by p1ungi.ng a thin cored wire consisting of 0.5 to 0.6 wt

pct of alloying powders wrapped in an aluminium foil. Sampling was carried out
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periodically by stopping the mixing and taking the sample from the surface (and

bottom of the melt). Ensuring that no particle was entrapped inside the surface

samples talken, a vacuum emission spectrometer method was employed to clarify

the amount of dissolved alloying elements in the bulk. Differences between the

initial concentration of solute before the alloying addition and the concentrations

of solute measured subsequently, were used to calculate changes in the average

size of particles during dissolution. Further details in calculation procedure will be

given later, (or see Appendix 2). Due to intensive mixing, one can be sure that the

liquid is sufficiently homogenous Le., any difference between the concentration of

dissolved alloying elements in the surface and bottom layers of the melt are

negligible. Therefore, the amount of dissolved alloying elements measured in the

bulk can be a reliable method to deduce variations in the mean size of particles

during dissolution. In addition, a few of the bottom samples, which included

entrapped particles, were analyzed by Energy Dispersive Spectroscopy (EDS)

using the TN 5500 microprobe. The measured amount of dissolved iron and

manganese in the matrix of the bottom samples (using EDS method of analysis),

confirmed top to bottom bulk homogeneity.

3.5 Results and discussion

3.5.1 Theoretical mass transfer coefficient

It has been suggested that the relative velocity between solid particles and

liquid, in full suspension, is equal to the terminal settling velocity. This would

seem almost reasonable because the gravity force is balanced by the upward forces

of rising fluid. When a free-falling particle reaches terminal velocity, the SUffi of

applied forces (EFJ, acting on it is equal to zero, therefore:
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(3-lS)

where
(3-16)

(3-17)

(3-18)

where Fg' FB and FD are gravity, buoyancy and drag forces applied on the partic1e

respectively, R is the radius of the partic1e, g is the gravitational constant, pp is

partic1e density, PL is liquid density, CD is the drag coefficient and U, is the

terminal settling velocity. Inserting Fg , FB and FD from Eqs [3.16, 3.17 and 3.18]

in Eq. [3.15], then, the terminal velocity is:

(3-19)

•

In general, the drag coefficient (CD) is a function of partic1es Reynolds

number (Re). In this regard, three regions for relation between Re and CD have

been identified.

Substituting CD=O.44, CD= 18.5Re-O·
6

, and CD = 24Re-1 in Newton's,

intermediate, and Stokes' region respectively,133J the terminal velocity in each

region is:
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500< Re <200000 (3-20)

u =1

in Newton 's region

0.337 gO.71 Rl.14 (pp - pJO.71

0.29 0.43
PL Il

in intermediate region

2< Re <500 (3-21)

u = _2g_R_
2

:-(p--=p_-.....:pJ::-
1 911

0.0001< Re <2 (3-22)

•

in Stokes' region

It is now appropriate to identify the regimes applying to the iron and

manganese particles, selected for this study. The critical particle size above which

each taw will not apply is obtained by taking the maximum Reynolds number for

each region and deducing Ut. The maximum diameter of the particles in each

region, for iron and manganese particles is given in Table 3.4.
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Table 3.4 Maximum valid diameter for Fe and Mn particles in each region

Region Max. dFe (m) Max. dM. (m)

Stokes' law 4.7x lO-s 4.98xlO-s

Intermediate law 5.42xlO-4 5.8xlO-4

Newton's law 2.26xl0-2 2.44xlO-2

In the present study, the iron and manganese particles with equivalent diameter

between 90 to 550 p.m areseen to obey Eq. [3.21], i.e., the intermediate region.

As such, the terminal velocity is:

Fe

Mn

U = 1508.5 R 1•14,

U, = 1403.0 R1•14

mis

mis

(3-23)

(3-24)

Considering the diffusion coefficients and also Schmidt numbers of iron and

manganese particles in liquid aluminium at (no°C), (DFe-AI = 1.95xlO-9
, DMn_AI =

O.85xI0-9 m2fsl7J and ScFe = 238, ScMn = 546), then, inserting Ut from Eqs [3.23]

and [3.24] in the Sherwood correlation, (Eq. [3.7] which is proposed by Rowel261

and used by Nienow[201), for dissolution of suspended particles in a highly turbulent

system, the theoretical mass t.:ansfer coefl:cient based on terminal velocity theory

can be cfI.1culated:

•
Fe

Mn

K = J..95xl0-9 R-1 + 6.375xl0-4 Rom, mis

mis

(3-25)

(3-26)
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Justified mass transfer coefficient (K)

In the aqueous model study, it was quoted that terminal velocity theory

gives the minimum mass transfer coefficients. Therefore, in order to justify the

theory with experimental results, Nienow[21
1 suggested that the actual mass transfer

coefficient for complete suspension should be between 6 pct to 50 pct above this

calculated mass transfer coefficient and should depend on particle size. The

enhancement in the mass transfer coefficient with partick size can be

approximately expressed by the empirical equation:

~ =E = (_----'='R=--_)O.08
Kt R= 20 llm

(3-27)

where ~ is the justified mass transfer coefficient for full suspension of particles

and K. is the theoretical mass transfer coefficient based on terminal velocity.

E ir a dimensioniess ratio, and the value of R=20 Jtm is the particle size below

which the enhancement is negligible; since the mass transfer contribution from the

2.0 term in Rowe's equation, Eq. [3.7], begins to swamp the Reynolds group in

the typical solid-liquid system.[211

Applying the proposed correction factor, the justified mass transfer

coefficients for the full suspension condition are:

Fe ~ = 4.63xl0-9 R-(J92 + 1.515xl0-3 RUS mis (3-28)

mis (3-29)

• The relation between theoretical mass transfer coefficient (K.) and the



justified mass transfer coefficient ~) for manganese and iron as a function of

particIe diameter are shown in Figure 3.4. Increasing the particle diameter, a small

increase in mass transfer coefficient was observed for particles beyond Stokes'

law. (Note: For fine particIes which obey Stokes' law (Re< 2), mass transfer

coefficients decrease with increasing particle size.)
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3.5.2 Theoretical dissolution time

While the dissolution rate of suspended iron and manganese particles in an

agitated liquid aluminium is mass transfer controlled, the dissolution time can be

predicted as :[34,351

tIR
P - =Pdt

-K (C -C,) + Pp Cr dR
m r dtPL

(3-30)

where dR/dt is the rate of change of the particle radius, Cs and Cb are the

saturation limit and bulk concentrations, and K,., is the mass transfer coefficient.

Both diffusion and bulk flow terms are included in the above mass balance

correlation. Dissolving small amounts of solute in bulk, Cb is close to zero then,

integrating and rearranging Eq. [3.30] as:

(3-31)

•

where tD is dissolution time of the particle and Ra is initial particle size.

The mass transfer coefficient can be fitted to an Arrhenius type correlation

with temperature according to: K,., = K., exp(-Q/RT), where K., is frequency

factor, Q is the activation energy, R is gas constant and T absolute temperature.

Higher temperatures lead to higher K,., and also C" resulting in lower dissolution

tÏmes. The maximum solubility at given temperature is determined by the phase



diagram for pure elements in solution with liquid. For the present study the

solubilities of iron and manganese at the temperature of the experiment (?20°C)

were found as: C"F.= 90 and C'.Mn= 140 kg/m3
.

In calculations of the theoretical dissolution time based on terminal velocity

theory, the correlations previously obtained for mass transfer coefficients, K, and

~, (Eqs [3.25] and [3.28] for iron particles and Eqs [3.26] and [3.29] for

manganese particles), can be substituted in above equation (Eq. [3.31]), and the

equations integrated. The predicted dissolution times as a function of particle size

are shown in Figure 3.5.

At the end, one important point which has been considered in the calculation

of dissolution times should be noted. As the dissolution process continues, once

a particle reaches a radius smaller than 24 ~m, it no longer obeys the proposed K,

or ~ correlations for the intermediate region; rather, in this period of dissolution,

Stokes' law and relevant equations must be applied in calculation, see Table 3.4.

Furthermore, assuming Cb = 0 may increase the degree of uncertainty in

the results obtained. Hence, in order to improve the accuracy, the amount of

manganese or iron added to the melt was kept as low as possible and not more

than 0.5 to 0.6 wt pct. In subsequent calculations of mass transfer coefficients and

dissolution times, Cb WllS taken to be equal to the average of the initial and final

concentrations of the solute in the system.
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3.5.3 Measured mass transfer coefficients

When a solid solute particle is immersed in a solvent liquid, it becomes

smaller and smaller, due to the transfer of mass from soHd to Iiquid. In deducing

the experimental mass transfer coefficients, the rates of change in the initial size

of particles during the dissolution process were measured. In this regard,

knowledge of initial particle diameters, the initial concentration of solute in the
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melt before the addition and the concentration of the solute in the bulk at time t

after addition, are necessary.

Assuming a spherical shape for particles with an equivalent radius of R."
then the solute concentration in the bulk measured at time t after addition, can be

related to the mean radius of the particle via:

R = R (1 _C, -Co )lf3
1 0 C -C

'J 0

(3-32)

•

where Ra is the initial radius, R. is the radius of particles at time t, CO' Cf and C,

are initial, final and transient bulk conceï:trations at time t of dissolution,

respectively. (More details in the calculation procedure of particle size from

concentration measured are given in Appendix 2).

The variation in the diameter of iron and manganese particles which were

exposed to dissolution process in the molten aluminum are shown in Figures 3.6

and 3.7 respectively. The existence of plateaux at the beginning of the graphs,

suggests a mixed controlled process at the start of dissolution. It seems that these

incubation periods are needed for dispersion, heating of the partic1es and removal

of any adsorbed interfacial layers together with the formation of intermetallic

compound layers around particles.

Taking the slope of each curve (dR/dt), and substituting it in the mass

balance equation (Bq. [3.30]), mass transfer coefficients for each size of particle

can be obtained. (Note: since the procedure for the calculation of the theoretical

mass transfer coefficients is established on the basis of mass transfer controlled

dissolution and also in order to have an accurate comparison between the

theoretical and measured mass transfer coefficients the first periods of dissolution

(incubation times) were ignored in measuring slopes in diameter changes with
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time). A comparison between theoretical mass transfer coefficient, as calculated

from the terminal velocity approach, and measured values are shown in Figure

3.8. The results indicate significant differences between the actual and predicted

mass transfer coefficients. For manganese particles, the measured values are only

in the order of 13 to 15 pct of the theoretical values (calculated from Rowe's

equation), while for iron particles they are as small as 14 to 16 pct of theoretical

results. In these aspects, il would seem that the terminal velocity theory is not

applicable in dissolution of iron and manganese in stirred liquid aluminum.

3.5.4 Other proposed correlations for mass transfer

Since a Humber of correlations, (as weIl as that proposed by Nienow, Eq.

[3.7]), have been developed for particles dissolving in aqueous systems, it was

decided to test whether any of these might be more adequate in quantifying mass

transfer phenomena in the present high temperature system.

In Figures 3.8 and 3.9, comparisons between measured mass transfer

coefficients and theoretical mass transfer coefficients, calculated from the various

correlations proposed[36.37.38.39.40.41] , are shown. The differences are remarkable, as

can be seen from Tables 3.5 and 3.6, which make this comparison easier. As seen,

the experimental results for manganese particles, depending on particle size, are

only in the range of 25 to 33 pct of the lowest predicted values (calculated from

Kudryashev's equation[411). For iron particles (Table 3.6), they are also as small

as 28 to 35 pct of theoretical results .
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Table 3.5 A comparison between measured mass transfer coefficients (p.m/s),

for man~anese particles, and theoretical mass transfer coefficients (p.m/s)

as calculated from proposed correlation: Sh = 2 + A.Re1l2.Sc!/3

d"" ± W, K,. K,. K,. K,. K,. K,. K,. ± W"'"
(pm) A=O.72 A=0.6 A=0.55 A=O.s A=0.49 A=0.33 experiment

540 ± 47 195 163 150 J.36 135 90.1 29.7 ± 2.8

460 ± 37 194 162 149 136 134 89.7 29.2 ± 2.9
~.

358 ± 61 191 160 148 134 132 89.2 28.3 ± 6.5

250 ± 43 189 158 146 133 131 89.2 28.5 ± 6.2

178 ± 30 187 158 146 133 131 'o.n 26.6 ± 6.6l ,"'v

124 ± 22 187 158 147 134 132 92.1 26.7 ± 6.9

89 ± 15 188 160 149 137 135 95.7 24.2 ± 6.1
:=.•

Table 3.6 A comparison between measured mass transfer coefficients (p.m/s),

for iron particles, and theoreticaI mass transfer coefficients (p.m/s) as

calculated from proposed correlation: Sh = 2 + A.Re1l2.Sc!/3

dFo ± W, K,. K,. K,. K,. K,. K,. K,. ± W"'"
(pm) A=O.72 A=0.6 A=0.55 A=O.s A=0.49 A=0.33 experimenl

538 ± 46 366 306 282 256 253 170 59.4 ± 6.2

457 ± 36 363 304 280 255 251 169 59.0 ± 6.2

356 ± 61 359 301 278 253 249 169 59.7 ± 13.6

245 ± 42 355 299 276 252 248 170 56.4 ± 13.2

177 ± 30 354 298 276 252 249 172 53.3 ± 13.5

126 ± 22 355 301 279 256 253 178 52.8 ± 13.9

87 ± 14 360 308 287 264 261 188 52.6 ± 13.6
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Note: In Table 3.5 and 3.6, Wd and WKm represent uncertainties (99.5%

confidence limits) in the measurement of diameter of particles and measured mass

transfer coefficients.An uncertainty analysis section given in Appendix 3 provides

further details. Moreover, if we assume a Gaussian distribution for the sizes of the

particles in each range, (the average diameters are given in the first columns of the

prior tables), then standard deviations of the particles will be equal to one-third of

the uncertainties of the particles' diameter or S.D. = Wd/3. As a resuit, the

standard deviations for K", will be much lower than Wk", given in last columns of

the tables.

Finally, one should remember that the terminal velocity approach gives the

minimum mass transfer coefficient and cold model experimental findings have been

analyzed via an increment modification factor, which increase the theoretical mass

transfer coefficients from 6 to 50 pet. However, in the current study, even without

applying any the increment factor on theoretical values, they are still much higher

than the experimental results presently attained.

Concluding, the significant gap between theoretical and experimental resuits

is a sign of the weakness of the terminal velocity approach for predicting the mass

transfer coefficients for alloying particles entrained in a molten aluminum system.

3.5.5 Measu,red dissolution times

Considering the changes in particle diameters during dissolution, the results

indicate short incubation times preceding the start of dissolution, and particularly

so for manganese particles. Based on the Fe-Al and Mn-Al phase diagrams, the

transfer of solid element to the liquid phase occurs via the formation of several

intermetallic compounds. Microscopie studies of samples withdrawn from the

lower layers of the melt verified the existence of layers of Fe,.AIs or MnA14 around

iron and manganese particles during their dissolution, respectively. Il seems that
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this incubation time is necessary for formation of soluble intermetallic compounds

together with the rime required for heating and dispersion of particles into the melt

following their addition.

As mentioned earlier, in order to gain an accurate comparison between

theoretical dissolution times (established on the basis of mass transfer controlled

correlations) and measured dissolution times from experiments, this incubation

period was subtracted from total measured dissolution time.

After addition of alloying particles to the stirred melt, followed by

measuring the changes in bulk solute concentration, the time for complete

dissolution is marked by the start of the plateau region of highest bulk

concentration. A comparison between measured and predicted dissolution times as

a function of particle size for iron and manganese particles are shown in Figures

3.10 .and 3.11, respectively. As the results show, differences are considerable.

Theoretical dissolution times are just only between 13 pct to 16 pct of the actual

results, for coefficient A= 0.72 in the Sherwood correlation. While for coefficient

A= 0.33, they are only in the order of 25 to 33 pct of measured values, which

depends on particles diameter. Rence, the results indicates the weakness of

terminal velocity theory in prediction of mass transfer coefficients or dissolution

times of alloying particles in molten al'_;minum.

Nevertheless, one may assert that the possible agglomeration of the particles

in the melt reduces the total surface of particles exposed to dissolution, thereby

causing a significant difference between measured and predicted values. Rowever,

several melt samples indicated the exclusive existence of discrete particles in the

melt with no agglomeration. In order to be certain of complete suspension, not

only was the critical suspension speed of impeller selected to be 20 pct above these

predicted, but another set of experiments at very high rates of stirring was carrled

out, to check any differences. For particles in the range of 212-250 /Lm, it was



found that even there, mass transfercoefficients still remained much lower than

the theoretical value, (see Chapter 4).

The significant difference between the actual and predicted values of mass

transfer coefficients and dissolution times suggests that the terminal velocity theory

developed for aqueous media is inadequate for the high temperature liquid metal

systems studied in the present work. It would appear that a simple extension of this

theory to metallic systems may be flawed. This conclusion is reinforced by the fact

that much better agreement would be obtained between the present data and

predictions based upon Kolmogoroff's theory of turbulence for modelling

dissolution processes. This will be presented in detail in Chapter 4 of this work.

• Cbapter 3: Evaluation of terminal velocity theory 3-31

•

However, if someone insists in analysing the results for dissolution of iron

and manganese particles in a stirred liquid aluminum via terminal velocity, he can

correlate the results via the following proposed correlations given in Table 3.7.

Table 3.7 Proposed correlations for dissolution of iron and manganese in

stirred liquid aluminum in case of fully suspended particles.

Bq. No Element Proposed correlation R* Figure

3.33 Mn Sb = 2 + 0.02 Re"-83 • SC°.33 0.958 3.13

3.34 Fe Sb =2 + 0.01 ReO.9 • Sc°':l3 0.955 3.12

3.35 Mn Sh = 0.1 ReO.513 • SCO.33 0.999 3.13

3.36 Fe Sh = 0.1 Reo.sos • SCO.33 0.999 3.12

*: R is correlation coefficient obtained via the method of least squares

analysis, R = 1 indicates a perfect fit, see appendix 4 .
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As seen from Table 3.7, Eqs [3.33] and [3.34], having a form similar to

those equations proposed by proponents of the "terminal velocity theory", show

poor fits, (with substantial scattering) of the data around the equations. Neglecting

the diffusion term in the Sherwood correlation (=2), and regressing the data, Eqs

[3.35] and [3.36] can also be obtained. These equations fit extremely weIl with no

any scattering in the data, (see Figures 3.12 and 3.13).

Moreover, as Figure 3.14 indicates, using Eqs [3.35] and [3.36] for

terminal velocity theory, actual dissolution times of manganese and iron partic1es

in molten metal can be predicted satisfactorily, with standard errors of 10 and 8.5,

respectively, (or correlation coefficients of 0.999), see appendix 4.

3.6 Conclusions

Since the kinetics of dissolution of alloying partic1es is controlled by mass

transfer through a concentration boundary layer, mass transfer coefficients can be

greatly affected by relative velocities of the partic1es in the system. On the other

hand, due to irregular motion of fine partic1es in highly turbulent flows, the

relative velocity of the partic1es with respect to the fluid' s motion is extremely

difficult to describe. This difficulty has lead cold model researchers to suggest two

approaches, the first being the terminal velocity theory, the second, Kolmogoroff's

theory of local isotropy.

In this chapter the applicability of the terminal velocity theory has been

investigated. The results obtained revealed that the terminal velocity approach

along with correlations developed for aqueous models, could not be applied to the

present high temperature system i. e. the dissolution of iron and manganese

partic1es in turbulently stirred liquid aluminium.

It has been proposed by previous researchers that, during full suspension of

partic1es in stirred aqueous systems, the terminal settling velocity of partic1es in
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stagnant baths can be considered as being representative of the relative velocity

between solid particles and liquid. Substituting terminal velocities in relevant

correlations, minimum mass transfer coefficients are obtained.

In the present study, water modelling experiments in conjunction with

dimensional analysis of the link between water models and high temperature

systems, allowed that suspension behaviour of alloying particles in molten

aluminum to be studied. Then, through sampling of melt continuously, mass

transfer coefficients of suspended iron and manganese particle classified in the

range of 90 <dp <550 IJ·m have been measured. The results obtained have shown

significant differences between theoretical and measured values.

Terminal velocity examiners remarked that terminal velocity theory yields

only minimum mass transfer coefficients. In order to justify the theoretical results

with experimental values, modification (or increment) factors, have been

recommended. In the present study, even without applying any enhancement

factor, the theoretical mass transfer coefficients were much higher than those

deduced from the experimental results. In the other words, the experimental results

were only in the order of 13 to maximum 33 pct of the predicted values.

Finally, applying the "terminal velocity theory" in accompaniment with the

Sherwood correlations suggested by cold model researchers, to the molten metal

systems lead to serious errors in terms of the mass transfer coefficients predicted.

However, if one insists in applying the terminal velocity theory for dissolution of

alloying particles in turbulent molten aluminum system, a correlation in the form

of:

(3-33)

•
with a correlation coefficient of 0.999 can be useful, even though the general form

of the equation is quite different from equations suggested, previously.



• Chapter 3: Evaluation of terminal velocity theory 3-34

3.7 Nomenclature

A constant in Sherwood correlation

C, maximum solubility of solute in the aluminum melt

Cb bulk concentration of solute at time t = Ct

Co initial concentration of solute at t=O

CD drag coefficient

Cf final concentration of solute in the aluminum melt

dR/dt rate of change of partic1e radius

D solute diffusivity

dp partic1e diameter

dpe iron partic1e diameter

dMn manganese partic1e diameter

Dv vessel diameter

DI impeller diameter

E dimensionless mass transfer coefficient, <K:ï/K,)

FR buoyancy force

FD drag force

Fg gravity force

g gravitational constant

Km mass transfer coefficient

~ justified mass transfer coefficient

K. theoretical mass transfer coefficient

K" frequency factor in Arrhenius equation

J flux of material

L dimension of length in dimensional analysis

M dimension of mass in dimensional analysis

• Ns critical rotational speed of impeller
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N rotational speed of impeller

P input power in the system

PN power number (= P/PL.N3.D(5)

Q activation energy in Arrhenius equation

R particle radius

R., initial radius of particle

R, radius of particle at time t after addition

R gas constant in Arrhenius equation

Re particle Reynolds number (Ul'dp/v)

S.D standard deviation

S surface of the disk

Sc Schmidt number (=v/D)

Sh Sherwood number (= K",.dp/D)

tD required time for complete dissolution

t time after addition

T dimension of time in dimensional analysis

T temperature in Arrhenius equation

U relative velocity

Ut terminal settling velocity

V volume of the melt

W apparent weight of the solid particles in the liquid

Wd uncertainty in diameter of particles, (99.s % confidence limits)

WKm uncertainty in mass transfer coefficients, (99.5 % confidence limits)

X concentration of solid in liquid (dimensionless)

00 angular speed of rotation of disk

& rate of input mixing energy

• PL liquid density
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Pp particle density

~p solid and liquid density difference

v liquid kinematic viscosity

JI. liquid viscosity

7ti dimensionless group numbers, (i= 1, 2, 3, 4)
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Fig. 3.1 Rotational speed as a function of particle diameter for complete

suspension in aqueous mode!.
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Fig. 3.2 Predicted speed of rotation as a function of particle diameter for

complete suspension of manganese and iron in liquid aluminum.
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Fig. 3.10 A comparison between predicted and measured dissolution times for

iron particles entrained in liquid aluminum at 720 oC.
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DISSOLUTION KINETICS OF Fe AND Mn PARTICLES

IN STIRRED LIQUID ALUMINUM

Evaluation of Kolmogoroff's Theory in High

Temperature Melts

4.1 Introduction

4.1.1 Mass transfer between rigid particles and a liquid

As mentioned in Chapter 3, mass transfer coefficients for solid particles in

a flowing fluid are generally represented by an equation of the form:

(4.1)

•

According to this equation, in treating mass transfer from or to particles,

a knowledge of the particle's Reynolds number, or relative velocity of the particles

with respect to the fluid, must be known. In the case of particles entrained in a

turbulent liquid in a stirred vessel, this is extremely difficult to clarify. Solid

particles as weIl as liquid both have different gross velocities in direction and

magnitude. They move turbulently with various random fluctuations in any
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direction. As such, the hydrodynamic interactions which control partic1e-liquid

mass transfer in an agitated vessel are highly stochastic and impossible to predict,

ab initio. However, in aqueous systems, sorne approaches for treating of mass

transfer to or from small partic1es have been introduced.

In Chapter 3, the terminal velocity approach was introduced. Terminal

settling velocity of partic1es in a stagnant bath has been considered as the relative

velocity of the partic1es in turbulent flow, in calculation of mass transfer. In this

chapter, the rate of input mixing energy (i.e. dissipation rate of energy) in the

system which results from "Kolmogoroff's theory oflocal isotropy of turbulence"

has been employed in another approach to treating mass transfer. In the other

words, a dimensionless energy dissipation rate group number in the form of

(êll3.dp413/1I), has replaced the Reyr.olds number in Eq. [4.1] viz;

ë1/3 d4f3

Sh = 2 + A ( p )" Sc~
v

(4.2)

•

where A, ex and {J are constants, êand Il are the dissipation rate of energy per unit

mass and the kinematic viscosity of fluid, respectively.

4.1.2 Theory of local isotropy of turbulence

Turbulence is always dissipative and requires a continuing supply of energy

from the large scale eddies within the bulk flow to feed il. The mechanical energy

associated with bulk flow velocities is dissipated by viscous energy losses in the

smaller eddies, thereby leading to an increase in the internal energy of the fluid.

In an agitated vessel, the impeller continually produces primary eddies

which have a length scale which are similar in magnitude to the dimensions of the

main flow. When the Reynolds number of the main flow is high, these large

primary eddies are unstable to small disturbances and, through inertial interactions,

disintegrate into smaller eddies. These small eddies, in turn, at sufficiently high



Reynolds numbers, are unstable. This process is repeated in the form of a cascade

until the Reynolds number of the smallest eddies are too small to permit further

degeneration. [l, 2J

The energy which is supplied by an agitator in a stirred vessel for instance,

lies chiefly in the main flow and the largest eddies. The nth order of sizes eddies

absorb sorne of the energy from the (n-l)th order eddies and transfer it on partly

to the (n+ l)th order eddies by means of work done against Reynolds stresses and

partly to internal thermal energy. Clearly the amount of energy transferred to

higher order eddies will be larger compared with the amount of energy dissipated,

for eddies oflarge dimensions and high velocities. Thus, as the process progresses

to higher order eddies with lower characteristic Reynolds numbers, the portion of

energy which is dissipated by viscosity will increase and, for the very smallest

eddies the motion is entirely laminar. The situation is weIl summarized in a rhyme

which Batchelor[l] believes is due to L.F. Richardson:

"Big whorls have /ittle whorls, whichfeed on their velocity;

Little whorls have smaller whorls, and so on unto viscosity. ..

Since the transfer of energy from large eddies to small eddies occurs in different

directions, the directional information of the large eddies is gradually lost. Thus,

if a volume of fluid is considered whose dimensions are small compared with the

scale of main flow, the magnitudes of fluctuating components of the velocity which

are defined by root mean square values of ü2 , v2, w2
, are equal. Thus, isotropie

turbulence exists, even though the turbulent motions of the larger eddies may be

far from isotropicY' 2J Noting that by introducing the concept of local isotropic

turbulence, mathematical treatments of turbulent flow, which are considerably

complicated, can be resolved.

Kolmogoroff concludes therefore that in large Reynolds number flows, aIl

eddies which are much smaller than the primary eddies are completely independent

•

•
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of bulk motion and the details of the agitation device, and in general, also

independent of external conditions. The properties of these small eddies are

determined solely by the local rate of dissipation of energy per unit mass of fluid,

ë, and the kinematic viscosity of fluid, v, because these are the only parameters

which govern the motions of small eddies. In the other words, the character of

the turbulence in this range is determined by é and the other parameter which

determined the rate of dissipation, (v). [4J

Following a relatively difficult mathematical and statistical treatment, the

energy spectrum of turbulent flow has been formulated in the form:

E(k) = C k 4 exp(-2k2 v t) (4.3)

where C= f(v, t) is a constant, v is kinematic viscosity, t is time, k (proportional

to reciprocal of eddy size) is called the wave number and is related to turbulent

frequency n according to the formula k=2'1l"n/U, where U is time-mean

velocity. (3,4) In Figure 4.1, the energy spectrum fonction E(k) as a fonction of

wave number, k, has shown. The energy spectrum fonction increases very rapidly,

initially according to 1(', reaches a maximum value, and decreases monotonously

to zero as k increases. By integrating over all wave numbers:

total turbulence kinetic energy = {~ E(k) dk (4.4)

Given Eqs [4.3] and [4.4], one can establish the rate of change of kinetic energy

of turbulent motion, (i. e. the dissipation rate of turbulence energy), over all wave

numbers as:

•
•
1: =

ôf ~ E(k) dk
o - -2v f ~ k 2 E(k) dk

ôt 0

(4.5)
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Meanwhile, the above equation ean be obtained from energy equation of the flow

using the isotropie turbulence eoneept!41• Also, it is clear from equation that the

energy dissipation is selective towards the high wave numbers or small eddies

beeause of the strong effeet of the I<.2 factor. One notes that for a fluid with high

Il, viseous dissipation reduees kineties energy of turbulent flow effeetively.

For this reason, Kolmogoroff assumed that the eharaeter of turbulence in

the range of high wave numbers (i.e. small eddies) is only determined by two

parameters, energy dissipation rate (ë) and kinematie viseosity (II).

From dimensional reasoning, as first performed by Kolmogoroff, the

dissipation rate of turbulence energy and kinematie viseosity ean be arranged in

sueh a manner as to give a length seale (Kolmogoroffs length seale, lJ, a time

seale and a velocity seale:!2.4.5,6)

Length scale:

Time Scale:

Velocity scale:

V3 1/4
lk = (-.)

e

V 1{2
t = (.)

e

u = (Vé)I/4

(4.6)

(4.7)

(4.8)

Thus, the dimension of Kolmogoroffs length seale and velocity seale are sueh that

the Reynolds number with referenee to this length and velocity is:

Conceptually, the Reynolds number represents a balance of inertial forces to

viseous forces. Thus, within the speetrum of eddies sizes, Kolmogoroffs length•
U lk

Re--=l
v

(4.9)



scale represents the size where two forces are in balance, i.e. FI=F~.

Kolmogoroff postulated that if MI and Mz are two points with a distance r

in a small volume of turbulent flow, U I and Uz are the velocity components in

direcûon ofM.Mz at the points of M, and 1\IIz, then a relaûve velocity between two
- -

points U" can be defined by: U,z= (UI-U:z)z . There, U,z is determined mainly by

the small eddies, which are staûsûcally independent of the main flow. [Z, 7)

For r <c lb Ü,z can be a funcûon of the local rate of energy dissipaûon (ë),

distance (r), and kinematic viscosity (v). [Z,5,7,8] This indicates that the relative

velocity (between two point with a distance r inside an eddy with the length scale

equal to lk or smaller) is such that the corresponding Reynolds number will be

equal to, or less than, one. As a result, viscous forces will be higher than inertial

forces. In this case, U,z cao be defined by the governing parameters, v, ë and r.

From dimensional considerations, one has:

• Cbapter 4: Evaluation ofKolmogoroff's theory 4-6

U- 2 - C E 2- - r
r 1 V

(4.10)

(4.11)

while for lk ~ r~ L, r is still sufficiently small compared to the main flow,

however, the picture of the motion is determined by the inertial forces and the

influence of viscous forces is unsubstantial; therefore, U,z is only a function of ê
and r. [Z,5,7,8]

•

Note that for both Eqs. [4.10] and [4.11], Ur dimension is such that if r is

subsûtuted by lk' then Ur becomes equal to the velocity scale u, defined in Eq.

[4.8].

4.1.3 Application of Kolmogoroff's theory to mass transfer

Turbulent flows in the immediate neighbourhood of particles usually affect

the particle and any mass, momentum or heat transfer processes around il. When
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the dissolution process for solid particles in an agitated system is controlled by the

thickness of the boundary layers around particles, the effect of the main flow is

negligible and mass transfer is largely determined by what occurs in the small

volume around the particles. In such cases, Kolmogoroffs theory oflocal isotropy

can be applicable, because il introduces an approximate statistical definition of the

flow field in a small volume of turbulent fluid. Here, the average statistical

properties of the turbulent flow in the immediate vicinity of the particles involved

are determined entirely by the local rate of energy dissipation per unit volume.

By replacing dp (diameter of particle) with r in Eq. [4.11] , Shinner and

Church[7j proposed a correlation between Reynolds number and the dimensionless

energy dissipation group number as follows:

U d C èl/3 d4/3
Re=TP=2 P

v v
(4.12)

where it was mentioned that Ur should not be taken as representing the real

velocity of the particle in the common meaning. Il is a statistical parameter

describing fluid flow around the particles.

Thus, considering that lk is too small in turbulent flow versus particle size, a

general equation can be presented for mass transfer coefficient in agitated vessels

in the form of:

Ê1/3 d4/3
Sh = 2 + A ( p)" Sc ~

v
(4.13)

•

Using this approach, sorne cold model researchers were able to analyze their

results satisfactorily. In Table 4.1, sorne of the empirical correlations obtained on

this basis are given.
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•

Table 4.1 Proposed correlations for mass transfer based on dimensionless

energy dissipation rate concept.

Levins et al. [9J, 1972 Sh =2+ 0.5(é1l3 .C\,4/3/p)0.62 Sc1l3

Sano et al. [IOJ, 1974 Sh =(2+ 0.4(éI/3 .C\,413/p)3/4 SC I/3)</>

Asai et al. [III, 1988 Sh=(25•8 + {O.61(é l13 .C\,4/3/P)0.58 SC1l3)P.8)115.8

Kikuchi et al. [12J, 1988 Sh =2+ 0.52(é 1l3.C\,4/3/1')0.59 SC l/3

Ohashi et al. [13], 1981 Sh =2+ 0.59(é 1l3.C\,4/3/1')0.57 Sc1l3

Calderbank et al. [14J, 1961 K", SC2/3 =O.13(é.p)1I4

Brain et al. ,l15J, 1969 Sh =f«éll3 .C\,4/3/p)1I3, Sc1l3)

Sanger et al. [161, 1981 Sh =2+ 2.31(i.C\,4/v)0.22 SCO. 18

Conti et al. [17J, 1982 Sh =f«é1l3 .C\,4/3/p)l/3, Sc1l3)

Therefore, if we assume that the rate of energy supplied in a turbulent system is

equal to the average rate of dissipation of energy, the amount of energy supplied

to the system is the only important parameter in determining mass transfer

coefficients. In this regards, Sano et al. [IOJ observed that mass transfer coefficients

for particles suspended in a vessel agitated by an impeller are almost the same as

those for particles in a bubble stirred column, provided the rate of specific energy

supplied is the same.

Variations in the dimensions of the agitator, speed of rotation and its

position on the vessel only affect the particles mass transfer by changing the local

energy dissipation. Levinsl91 found that, there was no systematic scatter in mass

transfer coefficient for widely different types of impellers, see Figures 4.2 and

4.3. He also observed that the position of the impeller within the vessel had a
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negligible effect on the rate of mass transfer. Sano et al. [101 revealed that the effect

of baffles and also variations in diameter of the vessels on mass transfer rate can

be represented in terms of corresponding values of (èll3~413Iv).

4.1.4 Limitations of Kolmogoroff's theory

Several objections can be raised against Kolmogoroffs theory. One

concerns the choice of an appropriate length dimension for distance (1.J. The

apparently arbitrary assumption that r is identical, or at least proportional, to

particle diameter (dp) is also considered to he another weakness for this approach,

and it is quoted that this is far from theory. However the present author suggests

that this tenet may he partially justified by theory as follows:

When a laminar flow encounters a fixed particle, it proceeds against a drag

force and this results in a reduction in kinetic energy. The reduced kinetic energy

per unit mass of the fluid, which is changed to heat as local dissipation of energy

per unit mass around the particle, ê, can be equated according to:

2
. 1 dUr
e = -- --

2 dt

where Ur is relative velocity between fluid and particle.

Assuming an encounter time t=~/U" then:

(4.14)

3
• Ur
e -

dp
or (4.15)

•
Since small particles in a highly turbulent flow encounter small edèies with low

Reynolds number, tben laminar flow condition may exist around the pa-rticles. As

a result, Eq. [4.15] obtained has a general form similar to Eq. [4.11] defined by

Kolmogoroff and deduced from dimensional analysis. Therefore, r can
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•

satisfactorily be replaced by the diameter of the particle, dp •

Any density difference between solid particles and moving liquid media is

another important variable which has been neglected in Kolmogoroffs theory.

Presumably, particles with different densities in one identical system will exhibit

different responses to the fluctuating flow, unless they are so small as to provide

no inertial resistance.

4.2 Experimental work

In order to study the effect of the rate of input mixing energy on the rate

of mass transfer and kinetics of the alloying process, two different types of

impellers were used in the present work; a) a four-bladed graphite impeller, 70

mm diameter, with blades 35 mm high and 10 mm thick, positioned in the centre

of the crucible and, b) a six-bladed impeller, of the same diameter and thickness

and 40 mm high, placed at the 114 diameter position of the crucible. In both

configurations, the clearance between the impeller and the bottom of the crucible

was selected as 10 mm. The constant speed of rotation desired was readily

achieved using a De motor, and a tachometer installed on top of the motor shaft

monitored the speed of rotation during the experiment. The rate of input mixing

energy, which was equal to output power of the motor, could be measured by

recording the applied current and voltage for each specific RPM. A correction for

power losses in the motor was made, motor efficiency being supplied by the

manufacturer in the form of graphs for various load conditions. The results

obtained were in good agreement with energy values registered by a torque meter

that was designed and installed on the shaft of the motor.

Powders of manganese and iron, sieved and classified in the range 212-250

",m (with an equivalent spherical diameter, do =231 ",m), were used for this

investigation. Further details of the experimental set-up, method of alloying



• Chapter 4: Evaluation of Kolmogoroffs theory

addition, sampling and analysing methods have been given in Chapter 3.

4.3 ResuUs and discussion

4.3.1 Moss transjer measurement

4-11

Based on a literature review, the dissolution of most transition metals in

liquid aluminium is mass transfer controlled. The experimental work on the

rotating disk technique reveals linear relations between the mass flux of solute,

through a boundary layer between the solid and Iiquid and the square root of the

speed of rotation of the disk (WII2), (Chapter 3).

Assuming a small control volume at the solid-Iiquid interface and making

a correlation based on a mass balance through the control volume, the rate of

change in particle radius (dR/dt) can be related to the mass transfer coefficient,

K,.., as:

P dR = -K (C -C \+ Pp CsdR
Pdt m s b' P dt

(4.16)

•

where the first term on the right side involves boundary layer diffusive mass

transfer, which is proportional to the difference in solute concentration between

bulk liquid Cb and that at the interface, in equilibrium with the solute concentration

of the solid C" i. e. solubility Iimit. The second term involves a convective mass

transfer contribution resulting from the movement of each particle's interface with

respect to ils boundary layer. This term is oruy 6 pct of the first term for

manganese particles and 4 pct for iron particles.

In dissolving small amounts of alloying elements in the bulk, Cb remains

close to zero. In the present series of experiments, the maximum bulk

concentration at the end of dissolution was around 0.5-0.6 wt pet, (i.e. 12 kg of

iron or manganese per cubic meter of liquid aluminum), while the saturation



concentrations, determined by the Al-Mn and Fe-Al phase diagrams, are Cs•Mn =

140 and Cs•Fe= 90 kg/m3.1181 As such, the assumption of zero bulk solute

concentrations results in insignificant errors in deduced mass transfer coefficients.

However, in order to provide more precision to the final results, Cb was assumed

to be equal to the average of the initial and final concentrations of solute within

the bulk liquid.

To measure dR/dt for each intensity of mixing, a knowledge of the initial

concentration of the solute in the melt before alloying, together with the initial

diameters of the particles, is needed. By continuously sampling the melt and

measuring increments in solute concentrations within the bulk, the mean sizes of

particles at each moment of immersion, (and thence dR/dt), could be calculated,

see Appendix [2].

The diameter-time histories of iron and manganese particles, during the

dissolution process, for different speeds of rotation of the four-bladed impeller, are

shown in Figures 4.4 and 4.5 respectiyely. In general, increasing the intensity of

the stirring moyes the time-particle diameter lines towards the origin together with

increases in the slopes of the lines. Meanwhile, the existence of plateaux at the

beginning of the graphs, suggests a mixed controlled process during the onset

dissolution. Il would appear that these incubation periods are needed for the

dispersion and heating of the particles and also for the remoyal of any interfacial

layers. They involve reactions which conclude within the formation of soluble

intermetallic compounds at the solid-liquid interface. Neglecting initial mixed

controlled periods, taking the slopes of each curve (dR/dt) and substituting them

in Eq. [4.16], mass transfer coefficients can be obtained. The relationship between

mass transfer coefficients of iron and manganese particles as a function of speeds

of rotation of impeller are shown in Figures 4.6 and 4.7, respectively. The results

exhibit rapid increments in the mass transfer coefficients with increasing speeds

•

•
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(4.17)

•

of rotation, which is concluded by rapid decrements in dissolution times.

In Figure 4.8, dissolution times ofiron and manganese particles are shown.

As seen, by increasing the speed of rotation of the impel1er, particle dissolution

times diminished sharply.

Sharp rises in mass transfer coefficients (or rapid decreases in

corresponding dissolution times) occurred when the condition of ful1y suspended

condition of particles in the stirred liquid was approached. (For critical speeds of

rotation see Chapter 3). However, at higher speeds, further increases in the

intensity of mixing had little effect on rates of dissolution. This is in good

agreement with the findings of other researchers using aqueous systems. (14,19,20,211

In general, in the mixing of solid particles with a liquid, three categories of

entrainment of solute particles can be considered, a) On-bottom motion, b) Off

bottom entrainment, and c) Uniform entrainment. As the results indicate, no

significant differences appeared in the rate of dissolution when off-bottom

conditions moved towards a uniform distribution of particles within the melt.

4.3.2 Measurement 01 energy dissipation rates

In general, every solid body that has a certain velocity relative to a

surrounding fluid, experiences a drag force. To keep this body in its original state,

a power P has to supplied to the system. The energy supplied to the liquid, by an

impel1er rotating in an agitated system, can be calculated from the following

equation: [22,23, 24J

where PN is a dimensionless grouping known as power number, PL is density of

the liquid, N is speed of rotation and Dl is diameter of impel1er. It is wel1 known

that the input power to a stirred system (per unit mass of liquid) is equal to the



average rate of dissipation of energy per unit mass, i.e. P/total mass ofliquid =è.
In such cases, the average rate of dissipation of energy is usually determined by

measuring the torque on the motor. In the current experimental work, the input

power for each specific RPM was measured by subtracting the input power of a

DC motor, when it rotates in the melt, from the input power when it was

essentially unloaded, rotating in air at the same RPM.

In Figure 4.9, the rate of dissipation of energy in the liquid aluminum

system as a function of impeller Reynolds numbers and impeller's speed of

rotation are shown. The results demonstrated that the six-bladed impeller, placed

in an off-centre position, supplied slightly more energy to the system than did the

four-bladed impeller placed centrally.

Substituting the rate of input energy measured via the experiments in the

system into Eq. [4.17], the power number of the graphite impellers can be

calculated. The power number of an impeller is an important parameter in the

design of mixing systems. It is reported that within the accuracy of the power

measurements, it was revealed that the power number was independent of the size

of vessel. [9) Sorne research shows that at impeller Reynolds. numbers higher than

10", the power number becomes independent of impeller Reynolds number. [23.2~.261

In Figure 4.10, the relation between power numbers obtained and impeller

Reynolds numbers rotating in molten aluminum at no oc is shown. For the

present experimental geometries with 0.9xHt < ReimpeJler< l3xHt, the associated

power numbers were approximately independent ofimpeller Reynolds number. It

was found equal to 5.1 for the four-bladed impeller in centre position and 6.2 for

the six-bladed impeller in the off-centre position.

•

•
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4.3.3 Dimensionless energy dissipation rate correlation

In applying Kolmogoroffs theory for the dissolution of solid particles in a

stirred system, another point of uncertainty still remains. One may assume that the

results obtained just reflect the average rate of energy dissipation over the whole

vessel while the theory of mass transfer based on the Kolmogoroffs approach is

strictly valid only if the local rate of dissipation of energy is used. However, based

on the following explanations, it may be allowable to apply the average rate of

dissipation of energy instead of the local rate. First, most recent researchers have

analyzed data based on this approach satisfactorily, as seen from Table 4.1.

Second, Kikuchi[12
l has found that there is a close agreement between the concept

of the local rate of dissipation of energy around a fixed particle and the average

rate of dissipation of energy, for suspended particles in stirred tanks.

One should note that, Kolmogoroff proposed two conditions for this

approach which frequently apply in stirred reactors: a) a high Reynolds number

and, b) a very smaliiength scale of turbulence compared to the scale of the main

flow, i. e. lk ~ L. For instance, concerning the former condition, at a rate of

energy dissipation of 1 W/kg in water at 20 °e, Kolmogoroffs length scale for

the smallest eddies lk is 32 ~m, and for liquid aluminum at nooe, lk is 18 ~m.

Thus, for an agitator blade with 70 mm diameter (i.e. L= 70 mm), lK <C L. One

may conclude that this theory can be applicable to the dissolution of solid particles

in agitated turbulent systems.

Measured mass transfer coefficients (from Figure 4.6 and 4.7) and rates

of energy dissipation for each specifie rotation speed (from Figure 4.9) can be

combined together on the basis of Kolmogoroffs approach to find an empirical

correlation for mass transfer from or to particles. Similar to Eq. [4.13], the

experimental data was plotted in terms of the (Sh-2)Sc-l13 grouping versus the

dimensionless rate of dissipation ofenergy group (ell3dp4/3/p). The results are given
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in Figures 4.11 and 4.12. Note that the exponent on the Schmidt number in the

mass transfer correlation, Eq. [4.13], was selected as 1/3 based on boundary layer

theory. At relatively lower rates of input turbulent mixing energy, both sets of

results could be satisfactorily correlated by the following equations:

èl/3 d 4/3
Sh = 2 + 0.1 ( P )0.7 Sc l/3 for Mn particles

v
(4.18)

with a standard error of 0.040, (or a percent relative errors rangi.ng from 4 to 17

pct),and

è1/3 d4/3

Sh = 2 + 0.13 ( P )0.6 SC I /3 for Fe particles
v

(4.19)

•

with a standard error of 0.041 (5.4 to 14 pct), see appendix 4. Furthermore, the

correlation coefficients for both present equations, as calculated by the method of

least squares, are more than 0.98. As seen from Figures 4.11 and 4.12, at higher

rates of input energy, above the point at which partic1es become freely suspended

(entrained), further increases in the rate of mixing produced negligible changes on

the Sherwood number. It seems that higher rates of dissipation of energy in the

turbulent system around the solute partic1es have no further effect on the thickness

of partic1e mass transfer boundary layers.

In this regard, several arguments can be presented. Alternative possibilities

to explain this insensitivity to higher mixing rates, such as the agglomeration of

partic1es or partially rate limiting chemical reactions at the partic1e melt interface,

can be discounted on the basis of experimental observations and previous

dissolution studies using rotating disk methods. As seen from Figure 4.13, a thick

layer of intermetallic phases can exist around alloying partic1es during dissolution

process, even at high rates of mixing. These showed that the kinetics ofdissolution

were still dominated by mass transfer at much higher shearing rates than those
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achieved in the present work. One may therefore conclude that the dissolving

particles, being small, resided in micro-eddies within highly turbulent flow fields,

moving in harmony with the surrounding liquid, therefore exhibiting no further

inertial responses to the moving media. Levins et. al. [271 studied the motion of 80

to 90 p.m iron and aluminium particles in water in a highly stirred system. They

found that the ratio of the fluctuating velocity of the particles to that of the liquid

was 0.98 for iron particles and 0.99 for aluminium particles. It can be therefore

concluded that these particles follow the fluid's motions very closely. That being

the case, for alloying particles entrained in turbulent aluminium system, further

increases in mass transfer would not be anticipated.

In describing the present phenomena, another approach may be useful.

Kolmogoroff defined the size of the eddies in which energy was dissipated as

being: lk = (1'3/ë)1/4, Eq. [4.6].

In Figure 4.14, a plot of lk versus Il, for aluminum system, is shown. As seen, by

increasing the intensity of mixing, lk decreases sharply. However, at higher rates

of mixing, the changes in the size of eddies is very small. One can conclude that

by increasing the rate of mixing, initially the number of small eddies which

surround the surface of the particles increases, (because the size of the eddies

becomes smaller). This, in turn, provides higher mass transfer rates. At higher

rates of intensity, however, as the figare shows, no changes in the size of eddies

occurs. Consequently, there is no change in the mean number of eddies interacting

with the particles. As a result, mass transfer rates exhibit no further increases at

higher rates of mixing.

However, the agreement between the results obtained from the two different

liquid mixing system geometries, as weil as the agreement of cold model studies

with the present hot temperature study, suggest that the dimensionless energy

dissipation rate group, based on Kolmogoroff's theory oflocal isotropie turbulence,



• Chapter 4: Evaluation ofKolmogoroff's theory 4-18

•

may be useful as a general parameter in the study of mass transfer phenomena

between solid particles and liquid metals. The former can be easily replaced by the

Reynolds term in mass transfer correlations. However, in high temperature liquid

metal applications, for dissolution of iron and manganese particles in mechanically

stirred liquid aluminium, over the critical intensity of mixing, (è > 0.5 W/kg for

the experimental system), the theory may not be more useful. Then, clearly, a

very high rate of mixing is not suggested.

4.4 Conclusions

Mass transfer from solid iron and manganese particles into turbulent liquid

aluminum can be treated by Kolmogoroff's approach. The results obtained indicate

that mass transfer coefficients of particles in the range of 212-250 p.m are

independent of the methods of stirring (stirrer types and their positions) and can

be satisfactorily correlated on the basis of the rate of power input/unit mass.

Experimental results showed that mass transfer coefficients of manganese and iron

particles are strongly dependent on the intensity mixing, until the particles became

fully suspended. Further increases in rates of mixing produced negligible changes

in mass transfer coefficients. It would appear that particles stayed in micro-eddies

within the turbulent flow field, moving with them, with little further inertial

response to the moving fluid. Therefore, from a practical point of view, to

improve the kinetics of alloying processes, high intensities of mixing is not

recommended, as such measures could promote the loss of liquid metal by

oxidation or possibly splashing, as weIl as unnecessarily wasting stirring energy.

4.5 Nomenclature

A constant in Sherwood correlation

C constant=f(v,t)



• Chapter 4: Evaluation ofKolmogoroffs theory 4-19

Cs maximum solubility

Cb bulle concentration

D solute diffusivity

dp particle diameter

-do initial average particle diameter

DI iP.1J'eller diameter

E(k) kinetic energy spectrum

Fi inertial forces

F~ viscous forces

k wave number

K,. mass transfer coefficient

L scale of the main flow '" DI

lk Kolmogoroff's length scale

n turbulence frequency

N rotation speed of impeller

P rate of input mixing energy per total mass of liquid

PN power number = PI(PLN3D1
S
)

R particle radius

Re particle's Reynolds number =U,dpIv

Reimpeller impeller's Reynolds number =ND?lv

Sc Schmidt number =vlD

Sh Sherwood number =K",dp/D

t time scale

u velocity scale

U time-average velocity

U, relative velocity

• W watt
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a constant in Sherwood correlation

{J constant in Sherwood correlation

w angu1ar speed of rotation of disk

è rate of energy dissipation per unit mass of liquid "'" Pltotalliquid mass

PL liquid density

pp partic1e density

" liquid kinematic viscosity

p. liquid viscosity

cP Carman's surface factor

4.6 References

1. G.K. Batche1or, " Ko1mogoroff's Theory of Locally Isotropie Turbulence",

Proceedings ofthe Cambridge Philosophical Society, 1947, vol. 43, pp. 533-559.

2. A.N. Ko1mogoroff, Comptes Rendus (Doklady) de l'Academie des Sciences de

l'URSS, 1941, vol. 30, pp. 301-305, vol. 31, pp. 538-540 and vol. 32, pp. 16-18.

3. R.S. Brodkey, The Phenomena ofFluid Motions, Addison-Wesley Publishing

Company, pp. 286- 287.

4. J.O. Hinze, Turbulence, An Introduction to Its Mechanism and Theory, 1975,

Second Edition, McGraw-Hi11, New York, pp. 221-223.

5. S. Panchev, Random Functions and Turbulence, Pergamon Press, Oxford,

1971, PP. 150-151.

6. D.M. Levins and J.R. Glastonbury, "Application of Ko1mogoroff's Theory to

Partic1e-Liquid Mass Transfer in Agitated Vesse1s", Chemical Engineering

Science, 1972, vol. 27, pp. 537-543.

7. R. Shinnar and J.M. Church, " Predicting Partic1e Size in Agitated Dispersions

", Industrial and Engineering Chemistry, 1960, vol. 52, pp. 253-256.



• Chapter 4: Evaluation ofKolmogoroffs theory 4-21

•

8. S. MiddIeman, "Mass Transfer from Particles in Agitated Systems, Application

of KolmogoroffTheory ", AIChe Journal, 1965, voUl, pp. 750-752 and 760

761.

9. D.M. Levins and J.R. Glastonbury," Particle-Liquid Hydrodynamics and Mass

Transfer in a Stirred Vessel, Part II. Mass Transfer ", Transactions ofthe Institute

of Chemical Engineers, 1972, vol. 50, pp. 132-146.

10. Y. Sano, N. Yamaguchi and T. Adachi, " Mass Transfer Coefficients for

Suspended Particles in Agitated Vessels and Bubble Columns ", Journal of

Chemical Engineering ofJapan, 1974, vol. 7, pp. 255-261.

11. S. Asai, Y. Konishi and Y. Sasaki, " Mass Transfer between Fine Particles

and Liquid in Agitated Vessels ", Journal of Chemical Engineering of Japan,

1988, vol. 21, pp. 107-112.

12. K.I. Kikuchi, T. Sugawara and H. Ohashi, " Correlation of Liquid Side Mass

Transfer Coefficient Based on the New Concept of Specifie Group ", Chemical

Engineering Science, 1988. vol. 43, pp. 2533-2540.

13. H. Ohashi, T. Sugawara, K. Kikuchi and R Konno, " Correlation of Liquid

Side Mass Transfer Coefficient for Single Particles and Fixed Beds ", Journal of

Chemical Engineering ofJapan, 1981, vol. 14, pp. 433-438.

14. P.H. Calderbank and M.B. Moo-Young, " The Continuous Phase Heat and

Mass Transfer Properties of Dispersions ", Chemical Engineering Science, 1961,

vol. 16, pp. 39-54.

15. P.L.T. Brain, RB. Hales and T.K. Sherwood, " Transport of Heat and Mass

Between Liquids and Spherical Particles in an Agitated Tank", AIChE Journal,

1969, vol. 15, pp. 727-732.

16. P. Sanger and W.D. Deckwer," Liquid-Solid Mass Transfer in Aerated

Suspension ", Chemical Engineering Journal, 1981, vol. 22, pp. 179-186.

17. R. Conti and S. Sicardi, " Mass Transfer from Freely Suspended Particles in



• Chapter 4: Evaluation ofKolmogoroffs theory 4-22

•

Stirred Tanks", Chemical Engineering Communications, 1982, vol. 14, pp. 91-98.

18. Selected Values of the Thermodynamics Propenies of Binary Alloys, 1973,

American Society for Metals, Metals Park, Ohio, pp. 156-165 and 185-188.

19. A. W. Nienow, " Dissolution Mass Transfer in a Turbine Agitated Baffled

Vessel ", The Canadian Journal ofChemical Engineering, 1969, vol. 47, pp. 248

258.

20. P. Harriott, " Mass Transfer to Partic1es: Part 1. Suspended in Agitated Tanks

", AIChE Journal, 1962, vol. 8, pp. 93-102.

21. F. Kneule, " Die Prufung von Ruhrern durch Loslichkeitsbestimmung ",

Chemie-Ingenieur-Technik 1956, vol. 28, pp. 221-225.

22. J.Y. Oldshue, Fluid Mixing Technology, 1983, McGraw-Hill, New York, p.

51.

23. R.J. McDonough, Mixing for the Process Industries, 1992, Van Nostrand

Reinhold, New York, p. 42.

24. P.H. Calderbank and M.B. Moo-Young, " The Power Characteristics of

Agitators for the Mixing ofNewtonian and Non-Newtonian Fluids ", Transactions

of the Institute ofChemical Engineers, 1961, vol. 39, pp. 337-347.

25. P. Plion, J. Costes and J.P. Couderc, " Study by Laser Doppler Anemometry

of the Flow Induced by a Propeller in a Stirred Tank" , 5th European Conference

on Mixing, 1985, Wurzburg, West Germany, 10-12 June, pp. 341-354.

26. N. Harnby, M.F. Edwards and A.W. Nienow, Mixing in the Process

Industries, Second Edition, 1992, Butterworth-Heinemann, Oxford, p. 140.

27. D.M. Levins and J.R. Glastonbury," Partic1e-Liquid Hydrodynamics and Mass

Transfer in a Stirred Vessel, Part 1. Partic1e-Liquid Motion", Transactions ofthe

Institute of Chemical Engineers, 1972, vol. 50, pp. 32-41.



• Cbapter 4: Evaluation of Kolmogorof!'s theory 4-23

Dependent on
condition of
fconation

Independ~nt of condition
of formation

•

~ ~ k: wave number
~ ~, "____----<.~~Energy-cOnlaining~~.------------

Large.c:.t eddies of ~ eddies ~ Universal equilibrium range
pennanent character ~. • ~

Fig. 4.1 Schematic of turbulent kinetics energy spectrum as a function of wave

number, (i.e. reciprocal eddy size) .



• Chapter 4: Evaluation ofKolmogorolf's theory

~--------~----, ~

4-24

•

"CO

• -!o

.N
o

· 2
.CD

o

· :g

• •l

•

~

•

·

·
•

N· ~

1 1

cD IQ

1., 1

N

•

.. Q
o-

K", x104 (mis)

•
Fig. 4.2 Effect of stirrer to vessel diameter on the mass transfer coefficient. (9)



• Chapter 4: Evaluation of KolmogorofFs theory 4-25

N
Q
o

'c.,)

•
K", xl04 (mIs)

Fig. 4.3 Mass transfer coefficient as a function of irnpel1er design. (9)



• Chapter 4: Evaluation of Kolmogoroff's theory 4-26

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

500

455RPM
_.-<;,_ ..

l00RPM
B

A

•

200RPM
·····0...··

--*_.

150RPM
--..-_.

250RPM

650RPM

550RPM

: 350RPM
: _....-...

400

Fe particles
do= 231 p,m

~"il. \, \

Il·. \
\~'. ,,.... ~

\ '. \. \

\
". \

'. \,... "'1', \

"' \\.... ". '\ Q \
\ " " \
.\ \~~. \
. ~\ \ \

~I '.. ~
'.1" ".', \

\\ \ \
\\ \ \
\\.... \
\1', "
i.1 '.. "i.1 ~ ~

i. 1.... \
i. 1.... \
i. 1.... \
.. \ ". 1• • 1

\ .... \
: " \
\. 1

~ \ ~ A,

\
" "',, ,

\ .... " ...
'. 1
'. 1

\
'. 1
'. 1

\
(:) 1

'. 1

'. \.... \
\. \.... ". \.... ~

.'.~ ~ ""' \ ", \
" " '\. \ \'. \
\'. \ ". \.\. \

'. \ \ .... "
100 200 300

Time (s)

o
o

50

200

•
Fig. 4.4 Change in mean diameter <J.tm) of iron particles during the dissolution

process versus the speed of rotation of four-bladed impelJ.er.



• Chapter 4: Evaluation ofKolmogoToffs theory 4-27

250

500

•

200RPM

lSORPM
---/>---

2S0RPM!
- .... - :

1
1

3S0RPM:
1 _ ...... _ .. 1

1
1

455 RPM!
-'-Â--' 1

1
1
1

SSORPM:
1
1
1
1

6S0RPM:
1

8 1_________ .1

1 ·····0··.··

400

Mn particles
do= 231 ,.,.m

100 200 300
Time (s)

"'~"";;:
"-
"\ ,

"'-'" ,""'" ,\\ '\ '
"\"" "\1 ""
\\\'Q \
"\ ", \
\\ \ ... \
\ ' ',\

\ ',\
\\ \ ", \

"\ cvll1\ \ ',\.~ ~ \

\\ \ \
\\'\ \
\ \ \ ' \'. ,~\\ \ ~ "
'i ,.... '
4, '" "l>
l, \ /i) ,.. . \
1 i \... ,.. . \
1 i \... \'. \... ,\ -. ',\

" \ <:> \\ '. ... 4.\ ~,
, . \" ,
\ \ \',
\\ \ ':. '&
\\ \ ':. ..
\\ \ ':. .... \ ' \\' * 'l \~ \

ïi \ ':. ..
\\ \ ... ..
ïi \':. '\
\' \... ".\ ~ \
li \ " ,.. . \

\\ \ '&.... \... \
~~' \

\\ \ b ..
\ " \... \. ',' \
\ '. \... \..' \
\ '. \ ", \. \ \ \

o
o

50

200

•
Fig. 4.5 Change in mean diameter (jLm) of manganese particles during the

dissolution process versus speed of rotation of four-bladed impeller.
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Fig. 4.13 Intermetallic layer which exists around alloying particles (Mn) during

dissolution at high rates of mixing.
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Summary

In general, manganese and iron are two major alloying elements which are

added to molten aluminum to improve the mechanical properties of the final

products (alloys). These elements, such as the majority of the other transition

metals, have higher melting points than the aluminum's melt temperature. As such,

when they are added to aluminum, they tend to dissolve rather than melt. At the

same time, their rates of dissolutIon, which is controlled by mass transfer through

a boundary layer, are very slow, due to their low solute diffusivities in liquid

aluminum. Thus, the kinetics of their dissolution can be improved by mechanical

stirring, ( i. e. creating forced convective mass transfer). Other parameters such as

type of alloying agent (pure elements or master alloys), and the method of their

addition can also affect the kinetics of the alloying process.

In Chapter l, through studying the effect of mechanical stirring on

dissolution rates, the advantages and disadvantages of commonly used methods of

alloying addition in the aluminum industry were described. It seems that among

these methods, mixing and compacting powders of high melting point elements and

aluminum together, to make briquettes, is the most beneficial and efficient method

compared to others. Alloying briquettes not only offered a higher overall

dissolution rate as wel1 recovery, but was also convenie~t in terms of technique of

addition.
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In Chapter 2, a comprehensive study of the mechanism of a compact

briquette's dissolution, together with a comparison between global dissolution

times of compact powders and discrete partic1es has been performed. As a

conclusion, a brief summary of the findings are presented here.

A thermal analysis of immersed briquettes of Fe-Al and Mn-Al in molten

aluminum indicated that after the aluminum partic1es in the briquettes melt,

exothermic reactions between aluminum and solid partic1es provide a local

accumulation of heat within the briquette. This phenomenon increases the

temperature of a briquette sharply, which peaks well above the bath temperature.

The high temperature environment within the briquettes accelerates diffusional

reactions, which result in the formation of intermetallic rims around particles of

alloying elements. It also raises the dissolution rate of intermeta1lic compounds in

the liquid aluminum existing inside the briquette. The dissolution process continues

until solute saturation conditions are achieved inside the compact. The thickness

of the intermetallic layers then increase rapidly.

Chemical phase analysis of the microstructure of immersed briquettes using

the EDS method (Energy Dispersive Spectroscopy) indicated that among four

thermodynamically stable intermeta1lic phases (viz. FeAl, FeA12, F~AI5' and

FeAI3), FezA1s is the only dominant phase in the Fe-Al system. By contrast, in the

Mn-Al system, among the MnAI, MnAl3 and MnAl4 intermetallics possible, the

only dominant phase was MnA14 • The other intermeta1lic phases were presumably

present only as immeasurably thin layers. It would therefore seem that the

diffusion of alloying element atoms (Mn or Fe) and aluminum atoms in F~AIs and

MnAl4 phases are much faster than their diffusion in the other layers of

intermeta1lic compounds. For these reasons, MnAl4 and F~AI5 phases grow faster.

The predominance of one intermetallic phase among several possible intermetallic

phases has also been observed in other systems. Similar inter-diffusion experiments



in Al-Zr and Al-Ti systems confirm the results of the present work, ZrAl) or TiAl)

being the ooly phase formed during diffusion.

A theoretical analysis aided by sorne experimental observations revealed that

during the growth kinetics of intermetallic compounds, which obey a parabolic law

with time, two behaviours occur. The intermetallic region, MnA14 , penetrates into

the liquid aluminum phase preferentially while the F~Al, phase, grows

preferentially towards centre of the solid iron particle, (see Figures 2.11 and 2.12).

This indicates that the flux of manganese in MnAl4 is higher than the one quarter

of the flux of aluminum, i.e. lM. > 1I4lAI> while in the growth of F~Al" lF' <

2.5lA!'

During the study of the dissolution of the briquettes, samples withdrawn

from the melts demonstrated a swelling in the briquettes, after melting of solid

aluminum particles in the briquettes has occurred. Several reasons can cause this

expansion. A high solubility of the aluminum phase in the solid iron or manganese

phase compared to the solubility of manganese or iron in aluminum is indicative

of a relatively unidirectional flow which causes an increase in the volume of the

solid particles. As a result, the volume of the briquettes increases. Furthermore,

in Al-Fe or Al-Mn systems, the specific volume of intermetallic compounds

formed around solid iron or manganese particles is higher than that of pure metals.

The total radius of alloying particles increases during the reactions, which in turn,

increase the total volume of the briquettes.

Hence, due to the swelling of the briquettes and an increase in buoyancy

forces applied on the submerged briquettes, a drop in the total downward force

measured by load cell is expected. But, the load cell monitored a constant

downward force during expansion of the briquette before disintegration. It

transpired that liquid aluminum penetrated into the briquettes and compensated for

the buoyancy force. Liquid penetrating into the expanded sample from the bath,

•

•
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allows continued dissolution of alloying elements to proceed within the briquettes

because saturation of the liquid aluminum phase by the manganese or Iron is

retarded. Moreover, the enhanced temperatures which result from exothermic

reactions offer a high driving force for the dissolution of alloying elements within

this liquid aluminum present within the compact.

The period that a briquette retains its rigidity in the bath plays an important

role in its dissolution performance. During retention of alloying particles within
\

the briquette, the particles are at a higher temperature than the bath. The load tell

experiments monitored that manganese briquettes retained their solid skeleton and

rigidity for 35 s, and Iron briquettes, 25 s. After these retention times, the

briquettes collapse in the melt and the dissolution of freely dispersed particles

commence. It can be concluded that one main advantage of the briquettes vs

powder or master alloy additions relates to the ~xothermic reactions which oceur

during this short period of time.

A comparison between the dissolution times of briquettes and the original

classified particles used in their fabrication was canied out. The results showed

that there was no rise in bulk concentration of solute, prior to disintegration of the

briquettes within the melt. However, immediately following the briquette's

disintegration, a sharp rise in solute concentration within the bulk metal was

achieved. As mentioned before, collapsing briquettes supply sorne liquid aluminum

saturated with solute to the melt. This results in an instant increase in bulk solute

concentration. This saturated liquid aluminum was generated by melting 25 wt pct

of the solid (Le. aluminum particles), plus the liquid aluminum which penetrated

from the bath into the briquettes during their expansion. In the dissolution of

discrete powders, the process is rather different. The process can be broken into

two steps. During the first stage, it seems the initial dissolution process is delayed

by sorne physical and chemical reactions (particularly for manganese particles) .
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Thus, the dissolution rate of particles are initially low. However, in the second

period, dissolution is controlled by mass transfer, similar to the dissolution

performance of dispersed particles introduced into the melt following collapse of

the briquettes. The experimental results indicate that the briquettes were totally

dissolved within periods of 420 s (manganese) and 330 s (iron), while the larger

sized particles from which they were originally fabricated required a further 150

s, for complete dissolution.

Ccncluding, the alloying of liquid aluminum using briquettes provides

enhanced rates of dissolution, as weIl as convenience of method, compared to

discrete particles.

Following the disintegration of the briquettes and free dispersion of alloying

particles into the melt, dissolution rates are controlled by mass transfer from the

solid to the liquid phase. Thus, in treating mass transfer rate, a knowledge of the

relative velocities between solid particles and the liquid phase is necessary. On the

other hand, due to the highly irregular motion of particles (with a complete

random fluctuation in three dimension), in a turbulent system, describing the

relative velocity of the particles in a stirred vessel is not simple, if not impossible.

This difficulty leads the researcher to suggest sorne approaches in describing of

solid-liquid mass transfer phenomena. In Chapters 3 and 4, the theories proposed

by cold model researchers; terminal velocity theory and Kolmogoroffs theory,

have, for the first time in molten metal systems, been investigated.

The terminal velocity approach suggests that during the full suspension of

particles in stirred aqueous systems, the terminal-settling velocity of particles in

stagnant baths can be considered as being representative of the relative velocity

between solid particles and the liquid.

To evaluate this approach for the dissolution of iron and manganese in

molten aluminum, mass transfer coefficients of the particles were first obtained
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using theoretical correlations proposed by cold model researchers. In the second

step, real values of mass transfer coefficients of alloying particles in molten metal

system were measured experimentally. Finally, by comparing theoretical and

measured values, the applicability of this theory for the two high temperature

alloying systems was assessed.

In general, the movement of solid particles in liquid systems 'can be

influenced by the liquid's drag forces applied to the particles. Thus, the drag

coefficient, which is a function of particle Reynolds number, can be related to

mass transfer coefficient. In calculation of theoretical mass transfer coefficients,

it was found that the motion of the alloying particles (with the size range of 90<
dp <550 /Lm), in liquid aluminum and the relevant drag force coefficients, are

located in the intermediate region (a region between Stokes and Newton's region).

Therefore, by substituting the appropriate drag coefficient in terminal velocity

correlation and then inserting the terminal velocity deduced in proposed

correlations by cold model researchers, the mass transfer coefficients of the

particles in a fully entrained condition were predicted.

In measuring actual mass transfer coefficient experimentally, it was

necessary to determinate the critical speed of rotation of the impeller in the melt,

required to raise the alloying element particles off the furnace bottom. However,

a uniform distribution of entrained particles within the whole vessel was not

required. Due to the inherent opaqueness of the melt, the evaluation of the degree

of suspension (on-bottom or off-bottom condition) of the particles was not easy.

However, water modelling experiments in conjunction with dimensionless analysis

between cold and hot model systems were used to resolve this problem. Defining

five dimensionless 11' group numbers, and designing the systems such as to have

equal corresponding dimensionless numbers, a correlation between the critical

speed of rotation of the impeller in the (visible) water model system and the



(opaque) molten metal system was obtained. Using this correlation, the critical

speed of rotation of impeller required to suspend manganese and iron particles in

molten aluminum could be predicted.

Through the sampling of the melt and measuring the changes in the initial

sizes of alloying particles entrained into the turbulent molten aluminum, the actual

mass transfer of classified particles with specific sizes in the range of 90 to 550

p.m have been obtained. A comparison between measured mass transfer

coefficients and predicted values indicates a significant difference. It was observed

that for manganese particles, the measured values are only in the order of 13 to

15 pct of the theoretical values" while for iron particles they were as small as 14

to 16 pct of the theoretical values, (when A=O.72). The theoretical dissolution

times of the particles were also only 13 to 16 pct of the actual results. However,

in order to reduce any uncertainty in the final conclusion, other proposed

correlations for mass transfer in aqueous systems, were investigated. For ail cases,

the differences between experimental and predicted values were significant.

It should be mentioned that in the terminal velocity approach, by

substituting terminal velocity into the relevant correlations, only the minimum

mass transfer coefficients will be obtained. The minimum mass transfer

coefficients are then multiplied by a modification factor, to align theoretical mass

transfer coefficients with experimental results. However, for the present study,

even without applying this correction factor (which is infact an enhancement

factor), the theoretical mass transfer coefficients were much higher than the

measured results. Accordingly, it can be concluded that the terminal velocity

approach, developed for aqueous models, cannot certainly be used for the

dissolution ofiron and manganese particles in stirred liquid aluminium. Employing

this theory in accompaniment with the Sherwood correlations suggested by aqueous

model researchers would be flawed. Nonetheless, if one wishes to retain terminal-

•

•
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settling velocity as the relative velocity of entrained alloying particles in a

turbulent melt, a correlation obtained in the forro of:

Sh ~ 0.1 Re0.5. SCO•33 (5.1)

with a correlation coefficient more than 0.999 is recommended. One will note that

the general form of this equation is quite different from previous correlations

proposed in cold models. However, it can be used to determine the actual mass

transfer coefficients of iron and manganese particles in liquid aluminum

satisfactorily.

Besides the terminal velocity theory, another approach for treating mass

transfer in aqueous stirred systems was introduced. In Chapter 4, for the first time,

the applicability of the Kolmogoroffs approach in high temperature has been

investigated. In this model, the relative velocity of the particles can be replaced

by the rate of dissipation of energy in the system around entrained particles. In

other words, a dimensionless energy group number in the form of èl/3dp4/3/V is

substituted for the Reynolds number in the relevant Sherwood correlations, where

é is the rate of energy dissipation, dp is the particle diameter and v is the

kinematic viscosity of liquid. Therefore, by measuring the rate of input mixing

energy into the system, i. e. the rate of dissipation of energy in the system, mass

transfer coefficients of particles can be predicted. The results obtained from this

approach indicate that mass transfer coefficients of manganese and iron particles

(with an equivalent spherical diameter, ct;. = 231 p.m) were independent of the

methods of stirring (stirrer types and their positions) and could be satisfactorily

correlated as a function of the rate of power input per unit mass. At relatively

lower rates of input turbulent mixing energy, the experimental data i. e. measured

mass transfer coefficients and energy dissipation rate at each specifie rotation
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speed, could be plotted in tenns of the (Sh-2)Sc· l13 grouping versus the

dimensionless rate of dissipation of the energy group, èll3dp4l3fv, (with correlation

coefficients of more than 0.98) in the form of:

è1/3 d4/3
Sh = 2 + 0.1 ( P )0.7 SC I/3 for Mn particles (5.2)

v

èl/3 d4/3
Sh = 2 + 0.13 ( P )0.6 Sc l/3 for Fe particles (5.3)

v

The results demonstrate that mass transfer coefficients increase when the intensity

of the mixing is increased. However, at higher rates of energy input, above the

point at which particles become freely entrained in flow field, the further increases

in the rate of mixing produced negligible changes in mass transfer coefficients (or

Sherwood number). One may therefore conclude that the dissolving particles,

being small, resided in micro-eddies within highly turbulent flow fields, moving

in harmony with the surrounding liquid and therefore exhibited no further inertial

responses to the moving media. However, agreement between the results obtained

from the two different liquid mixing system geometries as weIl as the agreement

of cold model studies with the present hot temperature study, suggest that the

dimensionless energy dissipation rate group, based on Kolmogoroff's theory of

local isotropie turbulence, may be useful as a general parameter in the study of

mass transfer phenomena between solid particles and liquid metals. The former can

easily replace the Reynolds term in the mass transfer correlations.

Concluding, in high temperature liquid metal applications, the dissolution

of iron and manganese particles in mechanically stirred molten aluminium revealed

that beyond the rate of intensity needed for just completely suspending dispersed

solid particles, the theory may not be of further relevance. Over that critical

intensity of mixing, ( ë > 0.5 Wfkg for the experimental system) the rate of
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dissolution was found to be almost independent of the rate of mixing. Therefore,

from a practical point of view, in order to improve the kinetics dissolution of

alloying particles in the melt, a very high intensity of mixing is not recommended,

such measures could promote the 10ss of liquid metal by oxidation or possibly

splashing, as weIl as unnecessarily wasting stirring energy.
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Contribution to knowledge
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1. The kinetics ofdissolution of compact briquettes of alloying elements and

aluminum particles in turbulent molten aluminum have been investigated.

2. A comparison between dissolution behaviour of compact briquettes of

alloying particles and discrete particles revealed that exothermic reactions inside

the briquettes improve the dissolution rates of the briquettes .

3. Mass transfer coefficients and the dissolution times of particles entrained

within a turbulent field of liquid media as a function of the intensity of mixing and

particle size have been measured.

4. Proposed models in aqueous systems for the dissolution of fine particles

in a turbulently stirred liquid have been studied in molten aluminium.

- Terminal velocity theory in conjunction with proposed correlations was

found to be inapplicable to the high temperature system studied. However, a new

correlation for treating mass transfer coefficients and dissolution times of

suspended iron and manganese particles in stirred turbulent liquid aluminum has

been derived.

- Kolmogoroff s theory of local isotropy is applicable to high temperature

befOl e full entrainment of the particles in the melt is reached. In this regard,

respective correlation has been proposed. Using this correlation, mass transfer

coefficients of fine particles as a function of input mixing energy can be predicted

satisfactorily.

5. Mass transfer rates of iron and manganese into liquid aluminum melt are

strongly dependent on the intensity of the mixing. However, from a practical point

of view, very high rates of mixing is not recommended .
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1. The author believes that the dissolution of other high melting alloying

particle in molten metals, which is controlled by mass transfer through a boundary

layer, will demonstrate the same trend, (i.e. will not obey the terminal velocity

theory or show limited agreement with Kolmogoroff's theory). This needs further

investigation.

2. Similarity between equations obtained for iron and manganese particles

suggested that an equation with a general form and very close to these equations

may be used for dissolution of particles of other transition metals in molten

aluminum, which again calls for more investigation.

3. The particle size range used in the present experiments is selected such

as to be suitable for measurement using the LiMCA technique. However, the

dissolution of other particle's sizes located in Stoke's region or Newton's region

can be investigated.

4. In the study of the Kolmogoroff's theory in high temperature, only two

geometrical systems for mixing were used. However, the investigation in other

geometrical systems such as mixing by an inert gas, (and measuring the input

energy by plume of gas), or a combined system of gas and impeller may be

required.
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Application of the rotational disk technique to the calculation

of diffusion coefficients

Diffusion coefficients of high melting point additives in liquid aluminum

play an important role in determining rates of alloying dissolution. In general, the

diffusion coefficient is a function ofchemical composition and temperature. During

the dissolution of most transition metals in liquid aluminum, saturation

concentrations are relatively low, so that the influence of concentration on

diffusion coefficients can be considered negligible. The temperature dependence

of the diffusion coefficient can be described using Arrhenius equation as:

(1)

•

where DT is the diffusion coefficient of alloying atoms passing through a

concentration boundary layer (m2s·I
), Do is a frequency factor (m2s' I

), Eo is the

activation energy for diffusion (Jmole· l
) , R is universal gas constant (=8.314

Jmole·1K·1), and T represents absolute temperature (OK).

Using the rotational disk technique, Do and Eo can easily be measured. At

first, via running the experiment at different rotational speed and using Eqs [3.1]

to [3.4] (given in Chapter 3), mass transfer coefficient and then diffusion
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coefficient, for a given temperature can be obtained. Then the experiments will

continue for different temperatures. An appropriate linear relation between InD and

liT i., obtained, indicating that the dissolution of solid alloying metals in a liquid

can be analyzed in the form of an Arrehenus equation. In Table 1, Arrhenius

parameters, and the diffusion coefficients of several transition metals in liql'id

aluminum at T=720°C (including manganese and iron), using the rotation disk

method, are shown.

Table 1. Diffusion coefficients of some alloying elements

in liquid aluminum

Alloyiog Do (10-4) ED (1ü3) D720•c (1O'~
element (m2s'1) (Jmole'!) (m2s'1)

Mn 2.15 102.67 0.85

Fe 168.7 131.88 1.95

Cr 24.22 134.99 0.19

Ti 21.82 158.93 0.0095

Cu 0.341 82.85 1.49

Ni 2.273 93.40 2.77

Nb 0.0015 36.9 1.72

Ta 0.0026 41.2 1.78

Mo 0.0028 40.2 2.16

W 0.0035 41.9 2.21
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Ca/culation of change in a parlicle 's size during dissolution

via measured changes in the bulk concentration

To calculate of the change in partic1e radius during dissolution, the initial

solute concentration (before alloying addition), together with the number of such

addition partic1es should be known. Assuming spherical partic1es with an

equivalent initial radius Ro, the number of partic1es (N) in total mass, m, of

alloying elements added to liquid aluminum, can be calculated via the equation:

mN=---
3

4/3 Tt Ra Pp

where Pp and m are density and total mass of alloying elements, respectively.

The decrease in the total mass of N partic1es exposed to dissolution, at time

t after addition is can be related to the increase in solute concentration via:

c = C +t a

4 3 4 3
N ( -Tt Ra Pp - -Tt Rt pp)

3 3 X 100
M

(3)

•
where

Co =initial concentration of alloying elements in liquid aluminum (wt pct)
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Cl = concentration of alloying elements in liquid aluminum at time t after addition

(wt pet)

M= The total weight of (liquid aluminum + alloying particles)

~ =radius of alloying particles at time t after additions

When ~ is close to zero (end of dissolution), Cl reaches its final

concentration, Cr:

(4)

After dividing Eq. [3] by Eq. [4], the relation between size of the particles at each

moment of dissolution and measured solute concentration is:

•

(
Ct -c..)~

Rt = Ra 1 - Cf -è~
(5)
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Uncertainty analysis

In general, severa! types of errors may cause uncertainty in the experimenta!

measurements. First, gross b!unders in instrument or apparatus construction may

invalidate the data. Second, fixed errors (or systematic errors), that rcmain rough!y

the same from one reading to another, may exist. Third are random types of error.

These errors can be caused by personal fluctuations, random e!ectronic fluctuations

in apparatus or instruments, various influences of friction, etc.. In many instances,

it is not easy to distinguish between fixed errors and random errors.

However, a very carefu! recent calibration, with standards ofhigh precision,

can be usefu! in !owering the uncertainty in readings. This is much better than

performing measurements with an instrument of unknown calibration history.

Now, suppose a set of measurements with specified uncertainties is made

and these measurements are then used to ca!cu!ate sorne desired resu1ts of the

measurements. How can one estimate the amOUl1t of uncertainty in the calculated

results from the uncertainties in primary measurements? If the resu!t R is a

function of independent measured variables x" x2, x3, ... x., with particu!ar

uncertainties, then:

•
(6)



At tirst, one may suggest the combinatio;~ of all the errors in the result R,

in the most detrimental case in order to estimate thl: maximum error in R, but this

is quite unlikely. For instance. in the calculation of the electrical power of a motor

(power = volt x amps), when the voltmeter reads an extreme "high value", there

is no reason why the ammeter would also simultaneously read an extreme "high

value". Therefore, this combination is most unlikely.

A more precise method of estimating uncertainty in the experimental results

has been suggested as:
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aR 2112
+(-w) ]ax n

n

6

(7)

where, WR is the uncertainty in the result and Wh W2' ••• ,w. are the amount

uncertainties in independents variables Xl' x2, .•• , X., respectively.

Calculation of uncertainties in particles size (WR):

Initial particles size (R.), the measured concentration of dissolving particles at time

t (Ct>, initial concentration (Co) and final concentration obtained (Cf) can be

correlated to calculate the particles size in each moment of dissolution (RJ as

follows:

(
C - C )1/3R=Rl-' 0

, 0 c - C
1 0

(8)

•
Taking the partial derivatives of R, in relation to the variables Ro, Ct, Co and Cr

respectively and substituting the products of sensitivity of each variable and its

uncertainty, i. e. [(aR/aRo)' wRJ, [(aR,IaCo).wcJ, [(aR/aCr)'wcJ and [(aR,/3C.).wcJ,
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into Bq. [7], then, the uncertainty in R. can be expressed as:

where

7

C - C -2(3
A = (f ')

Cf - Co
(10)

•

In following tables, the arnount of uncertainties WRI in sorne calculated sizes of

iron and rnanganese particles are given, noting that WCf> WCo and WCl vary in the

range of 0.002 to 0.006 wt pct, depending on the concentration of the solute in

bulk.

Fe particles

R.=545/Lm, C.=0.095 wt pct, C,=0.605I wt pct

Tirne (s) C. (wt pet) R, ± uneertainty (JLrn)

0 0.0946 545 ± 47

50 0.1141 538 ± 46.4

100 0.1985 505 ± 43.6

150 0.2752 471 ± 40.6

200 0.4470 369 ± 31.8

250 0.4703 350 ± 30.2

300 0.5651 233 ± 20.3

350 0.5902 168 ± 15.4

425 0.6026 91 ± 10.1

485 0.6051 0
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Fe particles

R =361 /lfIl, C.=!I.113 wt pet.:.=O.661 wt pet• .' .

Time (s) C, (\'It pet) R. ± uneertaint~· (J.Lm)

0 0.113 361 ± 62

50 0.135 356 + 61.1

100 0.201 341 ± 58.3

150 0.478 250 ± 42.9

200 0.652 210 ± 36.1

230 0.631 135 ± 23.3

260 0.651 88 ± 16.2

305 0.657 59 ± 7.4

345 0.661 0

Mn particles

R.=463 Itm, C.=O.004 wt pet, C,=O.647 wt pet

•

Time (s) C, (wt pet) R. ± uneertainty (J.Lm)

0 0.004 463 :l: 37

50 0.015 460 ± 36.7

100 0.056 450 ± 35.9

150 0.258 391 ± 31.3

200 0.352 357 ± 28.5

250 0.453 310 ± 24.8

300 0.567 230 + 18.4

350 0.6138 171 ± 13.9

400 0.6412 90 ± 11.4

440 0.644 68 ± 8.3

475 0.647 0
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Mn particles

R,,=181 l'ffi, C.=0.0151 wt pel, C,=0.6230 wt pel

Time (s) C, (wt pet) R, ± uneertainty (JLm)

0 0.0151 181 ± 31

30 0.0256 180 :1: 30.8

65 0.044 178 ± 30.5

90 0.187 162 ± 27.7

120 0.248 154 + 26.4

150 0.4453 120 ± 20.5

180 0.535 95 + 16.3

210 0.6175 37 ± 7.2

240 0.6230 0

Uncertainties in dR/dt and mass transfer coefficients

9

•

In fol1owing tables, the uncertainties in measured dR/dt and also K", for

different sizes of iron and manganese particles are presented.
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Fe particles

10

•

~ Particle
1

Correlation
1

dRIdt ± WdR/dt K,. ± WKm

diameter (/tm) coefficient' (/tm/s) (/tm/s)

538± 46 0.986 -o.644± 0.074 59.4± 6.2
-,

457± 36 0.980 -0.636± 0.074 59.0± 6.2

356± 61 0.980 -0.6415 ± 0.163 59.7± 13.6

245± 42 0.982 -0.6065± 0.158 56.4± 13.2

177± 30 0.973 -0.586± 0.162 53.3± 13.5

126± 22 0.994 -0.5725± 0.167 52.8± 13.9

87± 14 0.978 -0.5705 ± 0.163 52.6± 13.6

* Noting that a correlation coefficient equal to one indicates a perfect fit of the

lines with respect to the data.

Mn particles

Particle Correlation dRIdt ± WdPJ" K,. -t WKm

diameter (/tm) coefficient (/tm/s) (/tm/s)

540± 47 0.984 -0.573± 0.058 29.7± 2.8

460± 37 0.982 -0.562± 0.059 29.2± 2.9

358± 61 0.977 -0.546± 0.132 28.3± 6.5

250± 43 0.981 -o.550± 0.126 28.5± 6.2

178± 30 0.950 -0.512± 0.134 26.6± 6.6

124± 22 0.956 -0.513 ± 0.142 26.7± 6.9

89± 15 0.911 -0.470± 0.124 24.2± 6.1
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Calculation of standard error

Assume we have two variables, X (independent) and Y (dependent), which

are measured over a range of values, (such as times of immersion of particles in

the melt and times of complete dissolution, or the rates of input energy in the

system and mass transfer coefficients measured). We May be able to obtain an

analytical expression of Y as a function of X. In this case, the standard error of

Y, uY,x, for the data is:

Oy,x = (
E (Yi - Yie )2 )1f2

n - 2
(11)

•

where Yi are the actual value of Y measured by experiment and YiC are the values

computed from analytical expression obtained for the same value of X.

AIso by dividing of 100 Uy,X by Yi' the percent relative errors in Yi can be

deduced.

Calculation of correlation coefficient

If one can find a suitable correlation between X and Y by either least square

analysis or graphical eurve fitting, then, by calculation of the correlation

coefficient, r, one can know how good this fit is. This parameter is defined as:
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2 )112_ Oy,x

o 2y

12

(12)

where Uy.x is defined above and

while

1 n
y =-~ y.

m L.. 1n ;=1

r (13)

(14)

•

If r is equal to one, it indicates that there are no deviations between data and the

values obtained from correlation, (i.e. Uy,X is equal to zero). If not unity, the

smaller the value of r, the poorer is the fit of data to the curve.




