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ABSTRACT

A 1/12 scale tank was constructed to physically simulate the metallurgical

skimming process in arder to gain a better insight of the skimming of fluid slag from

copper anode furnaces. I-decanol and water were used to represent the slag and the

underlying liquid Metal respectively. It was observed that slag skimming was comprised

oftwo steps, a transportation step to carry slag to the skimming lip, and a removal step to

move the slag across the lip. The efficiency of the transportation by bath surface

circulation was strongly affected by the method of creation of the surface movement.

Submerged gas injection failed to carry slag to the lip effectively because of the

uncontrollable circulation pattern generated on the bath surface. On the other hand, three

impinging gas jets in glancing contact with the bath surface were able to carry slag to the

Hp effectively. The Re of the jets (1.0. O.Olm) inclined 50° to the horizontal was 6100.

The jet configuration was two ofthe jets were placed close and parallel to the rear wall of

the model and faced each other. The third jet was parallel to the model short axis and

was directed at the skimming mouth. With the same amount of time, 70% of the slag

originally charged to the tank was skimmed with the assistance from the impinging gas

jets in comparison to 20% when no jet was used. Detailed analysis of the skimming

process revealed that the underlying liquid bath level continuously decreased as the slag

was skimmed and resulted in continuous reduction of the skimming rate. In order to

compensate the reduction ofskimming rate due to bath level reduction, a control strategy

was proposed for rotating the fumace continuously to maximize the skimming

effectively.
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RESUME

L7 écumage du laitier fluide d'un four de conversion du cuivre blister a été modélisé dans

un réservoir construit à récheIIe 1:12. Le I-décanol et 17eau ont été utilisés afin de simuler

respectivement le laitier et le cuivre liquide. fi a été observé que l'écumage pouvait être divisé en

2 étapes distinctes. Dans un premier temps, le laitier est acheminé vers le rebord du four.

Ensuite, l'écumage proprement dit 5'effectue par déversement du laitier par-dessus le rebord. Les

expériences ont démontré que l'efficacité de transport du laitier est grandement affectée par la

méthode utilisée pour créer le patron d'écoulement en surface du bain. L'injection d'un gaz sous

la sudàce s'est avérée inefficace due à l'impossibilité de contrôler le patron d'écoulement.

D'autre part, l'utilisation de 3 jets de gaz de 1 cm de diamètre formant un angle de 50° avec la

surface du bain a pennis d'améliorer le transport du laitier. Le nombre de Reynolds associé à

chaque jet était de 6 100. La configuration consistait en deuxjets placés face à face le long de la

paroi arrière du réservoir. Le troisième jet était parallèle aux parois latérales et orienté en

direction de l'ouverture. Pour un même temps d'écumage, il a été démontré que 70 % du laitier

initialement présent était éliminé en effectuant l'écumage avec le dispositif à 3 jets

comparativement à 20 % pour l'écumage sans jet de gaz. De plus, il a été observé que la

diminution du niveau du bain liquide au cours de l'écumage provoquait une diminution du taux

d'écumage dans le temps. Une stratégie de contrôle consistant à incliner le four durant l'écumage

a donc été proposée afin de compenser la diminution du taux d'écumage.
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1. INTRODUCTION
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Skimming, as a general term, can be defined as the separation of two stratified

immiscible liquids by removing the less dense one. According to this definition, the

removal ofmolten grease ftom turkey juice in the kitehen and the eleaning up of oil stick

in the ocean are examples ofskimming even though the methods used in the separation of

these immiscible liquids are very different.

As a specifie term in metallurgy, skimming refers to the removal of slag or dross

ftom the surface of a pool of liquid Metal or matte held in a furnace or ladle. Even

though skimming has its own special meaning in metallurgy, the forces goveming the

behavior of the two liquids in the system are still those of a physical separation of two

immiscible fluids, thus solutions to the challenges of effective skimming have wide

ranging applications: ftom kitchens to oceans. Rere, the skimming of fluid slag from

copper anode furnaces was of concem, but as argued above the results are of general

applicability.

In metallurgical practice, skimming has remained an issue that has not received

much attention, perhaps because it is seemingly trivial, perhaps because attempts ta

improve it have not been fruitful, or perhaps because it has always been good enough to

satisfy demands. However, things are changing. Metallurgists are using slag for

increasingly complex purposes and there is now a need for greater control over slag

composition, e.g. it is necessary to avoid contamination of subsequent slag by slag carry

forward. The conventional process of gravity driven skimming May no longer be

adequate, hence the idea here to revisit this ancient process.

1
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Sinee the lexicon assoeiated with skimming is loose, it was thought useful to start

with definitions ofsorne terms that are used in this thesis:

• Skimming - the transfer of slag from the interior of a fumaee to the exterior of

the fumace without separation of the slag from the underlying Metal or matte

until the slag reaches the skimming mouth (in contrast to the bailing of dross

out ofa lead kettle).

• Skimming Enhancement - apparatus, methods and procedures to improve of

skimming efficiency and extent.

• Skimming Efficiency - the rate at which slag is removed with enhancement as

compared to unenhaneed skimming.

• Skimming Extent - the fraction of slag that had exited the vessel at the time

when the overflow rate ofthe slag had fallen to a negligible value or stopped.

1.1 Introduction

In this research, skimming of a Ouid slag from a horizontal, cylindrical, rotary

fumace and two methods to enhance skimming were studied. The two methods of

enhancement studied were:

• The use of impinging gas jets in glaneing contact with the slag layer to carry

the slag towards the skimming mouth and

• The continuous rotation of the fumace to maintain maximum pressure head to

drive the overflow ofslag.

Skimming assisted by mechanical rakes was not considered.

2
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In practice, un-assisted, conventional skimming requires the movement of stag

from inside the vessel ta outside the vessel via the skimming mouth driven by gravity.

Rotary furnaces allow for the adjustment of the position of the skimming mouth lip,

hereafter simply referred to as the lip, relative to the interface between the stratified

liquids in the vicinity of the Hp. Skimming is started and stopped by adjusting this

relative position.

In order for sIag to start and continue flowing across the lip, the fundamental

requirement is that slag is next ta the lip on the inside of the vessei. To illustrate this

concept, consider an extreme example: if ail the slag in a vessel is resting as an isolated

pool located at the center of the melt surface, flow of slag across the lip is not possible

until sorne slag is moved to the interior edge ofthe lip.

Thus the skimming process is actually comprised of two steps, namely, a

transportation process whereby slag moves ta the lip and a remova/ process, whereby

slag that is at the Hp, flows over the Hp. There are two types of transportation, one due to

the tendency of slag to wet on the wall of the vessel and spread towards the lip and the

other due ta assistance from an extemal agent or agents. Both types of transportation are

considered here.

Closer examination of the removal process also reveals that there are two types of

flow across the skimming Hp. One is simply the tlow that results from the pressure head

that exists when the upper surface of the slag next to the Hp is above the level of the lip

and the other is the creeping flow that accurs due to wetting orthe slag that is in contact

with the interior walls of the vessel on the vertical sides of the skimming mouth at the

corners ofthe Hp. Both types ofremoval are considered here.

3
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1.2 Problem Statement

The objective of the present research was to measure and identify methods to

maximize skimming effectiveness using unassisted natural skimming as a point of

reference. Two means of enhancement were considered, namely the use of impinging

gas jets in glancing contact with the slag layer to cany the slag towards the skimming

mouth and continuous rotation of the furnace to maintain maximum pressure head to

drive the overflow ofslag

The method chosen was to construct a low temperature physical model of

skimming and ta measure the rate and extent of slag skimming with and without

enhancement from the glancing gas jets. The present work was not a rigorous modeling

of a particular prototype, but rather a proof of principal exercise ta evaluate possible

means to improve the skimming process. Since there was no real cessation of slag

overflow, it was decided that extent of skimming was to be quantified and reported as the

fraction ofthe initial slag that was removed rather than the amount of slag skimmed up to

an arbitrarily choosing a cut-off value. For praetical and illustrative purposes, the

fraction of slag skimmed up ta the point when the skimming rates with or without

enhancement are similar was reported and compared.

1.3 Structure of the Thesis

The thesis begins with Chapter 2, which presents the background of

pyrometallurgical production of copper from sulphide concentrate. The industrial

skimming practice and entrainment phenomena during skimming are described.

4
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Chapter J discusses the movemeot of slag during skimming. The discussion is

separated ioto two parts, movement of slag in removal step, and movement of slag in

transportation step. Generation of bath surface circulation to carry slag to the skimming

Hp by two methods is explored and the behavior ofthe system is compared.

Chapter ., presents the similarity consideration in physical modeling of the

skimming process. Criteria to establish similarity between the model and the prototype

are presented.

Chapter 5 describes the selection of materials used ln the experiment, the

experimental apparatus and the experimental procedure.

Chapter 6 presents the results ofexperiments.

Chapter 7 presents a discussion of the experimental results. The efficiency of

carrying slag to the skimming Hp by bath surface circulation generated by submerged gas

injection and impinging gas jets is compared and contrasted. The limitation on detaching

the slag from the wall by bath surface circulation is presented. Finally, a control strategy

is proposed to maintain the relative position of the skimming Hp and the slag/metal

interface ta maximize the skimming effectiveness.

Chapter 8 provides the conclusion of the research and recommendation of future

work

s



• 2. SKIMMING IN COPPER PRODUCTION

2.1 PyrometaUurgical Copper Production

The flowsheet of a general pyrometallurgica1 copper production from sulfide

concentrate can be classified ioto three steps, matte smelting, convertiog and tire refining,

as shown in Figure 2.1.

Sulfide Concentrate (20 to 30% Cu)

•
."

Matte Smeltiol

Matte (30 to

"
Converting

Blister Cu (9

"

Fire Refining

~,

78% Cu)

8.S+%Cu)

•
Anode Casting (99.5% Cu)

Figure 2.1 General Flowsbeet of Copper Production (1)
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2.1.1 Matte Smelting

The tirst step in production of copper is matte smelting. The designs of matte

smelting fumaces have changed significantly in the past generation but the function of

these furnaces has not changed. The purpose of matte smelting is to melt and partially

oxidize the concentrate to generate a molten matte primarily composed of copper and

iron sulfides and a silicate slag. The products of matte smelting report to four different

streams:

1. Matte - the matte stream consists primarily a molten solution ofCu2S and FeS

along with sorne minor elements. The grade of matte produced ranges

between 30% ta 78% Cu depending on the plant practice

2. Slag - the slag stream is roughly comprised of molten fayalite formed by the

reaetion ofsilica flux with FeO produced from the oxidation of iron sulfides.

3. Offgas - the gas stream cantains mainly 802 from the oxidation of the sulfide

concentrate and N2 from the air used for oxidation along with sorne waste gas

from the burning ofcarbonaceous fuel used to provide energy to the furnace.

4. Dusts- the dust stream contains the solid particles entrained in the offgas and

contains substantiallevels of minor elements.

2.1.2 Converting

The matte produced from smelting is transformed into slag and blister copper in

the converting step. Most of the primary copper produced is treated in the Pierce-Smith

converter. A Pierce-Smith converter is essentially a horizontal, cylindrical, rotary

fumace with tuyeres, which a1low air ta be blown into the molten bath, on one side of the

• vessel. Converting is carried out in two sequential steps. The tirst step of converting is

7
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to oxidize the iron sulfide in the matte to produce iron oxides that react with silica flux

added to generate a fayalite slag. This step is referred to as the "Slag Blow". The

fayalite slag is skimmed and then the converting operation proceeds to the next step. The

second step is called the "Copper Blow". In lhis step, the remaining CuzS is oxidized by

the air to produce blister copper with about 0.3% sulfure The blister copper produced is

transferred to fire-refining.

2.1.3 Fire-refining

Fire-refining is carried out in an anode fumace. The tirst step offrre-refining is to

further oxidize the sulfur dissolved in the blister to SOz by blowing air into the molten

metal bath. Then follows deoxidation to decrease the concentration of dissolved oxygen

in the moiten metal. This reduction is performed by hydrocarbon gases or occasionally

wooden poles. On top of desuifurization and deoxidation, some minor elements removai

is aise handied in the fire-refining step. One common approach to remove impurities is

by preferential oxidation. Sometimes, basic fluxes are used to maximize impurity

removal in fire-refining. The slag produced in the process in both steps is slcimmed and

the molten Metal is tapped and transferred to anode casting.

2.2 Necessity of Skimming

As revealed in the copper production process, the intermediate products are

skimmed before the production process cao proceed to the subsequent operation. As an

example, the slag produced in both converting step and fire-refining step must be

skimmed before the process can he continued.

8
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2.2.1 In CODverting

Matte rrom Smelting

Silicate Flux! air_........

Fayalite Slag

Air-.......~

Blister Copper

Figure 2.2 Schematic F10wsbeet of Converting Step

As mentioned before, converting is carried out in two sequential steps, the slag

blowing and the copper blowing step. In industrial operatio~ the matte is added to the

converter in several steps until there is sufficient copper in the converter for Copper

Blow. The slag generated tram each load of matte is skimmed before the addition ofnext

load of matte. Therefore, in production of one batch of blister copper, the molten Metal

bath in a converter must be skimmed several times.

9



• 2.2.2 In Fire-refining

Blister Copper from Converting

•

Basic Flux - ....-.

Basic Flux--.....

---t~... Oxidizing Slag

Reducing Slag

•

Anode Casting

Figure 2.3 Schematic Flowsheet or Fire-refining Step

When basic flux is added to the anode fumace to control the minor elements level

in the production of anode copper, completeness of skimming of slag is a crucial factor

determining the successfulness of the operation. The distributions of minor elements

strongly depend on the oxygen potential in the system. During desulfurization, the

oxygen potential is high. Under this circumstance, certain minor elements distribute

themselves into the produced oxidizing slag. However, if this slag remains in the fumace

and is carried forward to the deoxidation step, the removed minor elements re-distribute
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themselves back into the liquid metal phase due to the decrease of oxygen potential.

Therefore the oxidizing slag produced in desulfurization must be skimmed before the

process proceed. After the slag produced in desulfurization is skimmed, another load of

basic flux is added to the fumace to remove the remaining minor elements during

reduction. The reducing slag produced in the deoxidization step must also be skimmed

before the furnace is tapped, during tapping, vortexes form and the vortex trends to drag

the slag floating on the surface of the molten Metal bath through the tap hale and

contaminates the anode during casting. Therefore, skimming of the reducing slag

produced in the deoxidation step is also necessary.

2.3 Conventional Skimming Practice

In the copper industry, skimming of slag from a rotary fumace is usually done by

rotation of the horizontal cylindrical vessel until the level of the skimming mouth is at

about the same level of the slaglliquid Metal interface. Then the slag overtlows across

the skimming Hp and is collected by a ladle placed directly below the skimming mouth.

Figure 2.4 Dlustration of Conventiona) Skimming Practice (1)
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The effeetiveness of the skimming process is measured by the efficiency and the

extent of the process. The efficiency of skimming is the rate of the slag being removed

from the furnace. The extent of skimming refers to the completeness of the removal at

the end ofthe process.

A closer examination of the skimming process reveals that the skimming process

is comprised of two steps: namely, the transportation step and the removal step. To

illustrate tbis concept, consider skimming a piece of slag initially located at the end of the

fumace. In order to remove tbis piece ofslag from the fumace, it must be moved from its

original position to the skimming lip. This movement is referred as the transportation

step. Once the slag is at the skimming lip, force(s) must he applied to drive the slag to

tlow across the skimming Hp and eventually exit the furnace. The movement of slag

across the skimming Iip is called the removal step.

To improve the etTeetiveness of the skimming process means to improve the

performance of both the transportation step and the removal step. If either of these two

steps fail, the skimming process cannot he continued due ta either no slag is available at

the mouth to be skimmed or the slag accumulated at the mouth cannat move across the

Hp.

One of the important factors that determine the movement of slag in both

transportation and removal steps is the interfacial interaction between the slag and the

refraetory lining. Schlesinger [2] stated that refractory material currently use in copper

smelting, converting and refining fumaces cornes from one particular composition group,

the magnesia-chromite (mag-chrome) based refraetories. The base of mag-chrome

refraetories is chromite ores. In addition to Cr20J and MgO, mag-chrome refractories also
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contain sizable percentages of AhÜJ, F~03 and Si02. The alumnia content in

conventional mag-chrome refractories ranges trom 8-21 mass percent. Donald et al [3]

measured the contact angle between fayalite-type slags and alumina using sessile drop

technique. The contact angle was determined to be relatively low, approximately 18°.

The wettability of FeO-Si02 slag was studied for AhÜJ-Si02 brick by Yokoyama et al

[4]. In their study, the evolution of contact angle of FeO-Si02 slag on a total of seven

brick samples with different Ah03 to Si02 ratio were determined. In aIl cases, the contact

angles decreased to about 15° within one minute. Donald et al [5] studied the contact

angles between fayalite-type slag and sorne potential materials that May be used as

refractory lining in non-ferrous metallurgy vessels. The materials included graphite,

boron nitride, titanium nitride and titanium boride. The contact angles between the slag

and ail tested materials were less than 90°. As can be seen in the literature data, the slag

produced in copper industry usually wets on the refractory lining ofthe furnaces

2.3.1 Entrainment of Underlying Liquid Metal during Skimming

An important factor that limits the effectiveness ofskimming is the entrainment of

underlying metal during skimming. In order ta investigate the relationship between the

skimming effectiveness and the entrainment ofthe Metal, it is necessary to understand the

causes ofthe entrainment phenomena.

Referring to Figure 2.5, point A representing a point at the edge of the skimming

Hp and point B is the slaglliquid metal interface at the wall. Assuming both the slag and

the underlying liquid Metal are static, pressure at point B, Po, is at higher pressure than

that at point A, PA. The pressure differential, PB - PA, equals ta hydrostatic head of the

13



• liquid layer between point A and point B, pgAhw where p is the density of the liquid, g is

the gravitation constant and Ahw is the distance between the edge ofthe skimming Hp and

the slaglliquid Metal interface.

Skimming Lip

A
Slag Layer...._

----------------..

Free Surface................
""fI.:

SlagILiquid Metal Interface B"'I-_L-

• ;'.,
,;;"

""Underlying Liquid Metal '

Figure 2.S Dlustration of the Cause of Entrainment

During skimming, slag at point A moves across the skimming Hp at a certain

velocity, VA. Part of the pressure head at A is converted into velocity head. As a result,

pressure at point A reduces to P·A. In comparison to the pressure difference when the

liquid is static, the pressure differential between point A and point B increases as the slag

flows across the skimming Hp. Therefore, the underlying Hquid Metal experiences an

upward pressure and the slaglliquid Metal interface mayes upward to counter balance the

change in pressure differential. An increase in skimming rate results in an increase in

• velocity head at point A. As a consequence, pressure head at point A is further

14



• decreased. If VA is further increase, eventually it leads to the pressure head at point A

being decreased by pgAhw • Therefore, the pressure differential experienced by the

slaglliquid Metal interface is large enough to overcome the opposing gravity pressure

differential and the underlying liquid metal is entrained in the stream of slag tlow as

shown in Figure 2.6.

Refractory limng al skimming mouth

SlagILiquid metal interface

V \JtJ V V V V
vvvv vvv

•
Figure 2.6 Entrainment Liquid Metal during Skimming

As revealed in the above analysis, the major factors that determine whether

entrainment of underlying liquid metal occur during skimming are the velocity of slag

tlow acrass the skimming lip and the distance between the edge of skimming Hp and the

slaglliquid Metal interface.

•
15



• 1.3.1.1 Effect Interfacial Properties 00 Eotrainment

In arder to determine the limitation on the relatively position between the edge of

the skimming Hp and the slaglliquid Metal interface and the tlow rate of slag across the

Hp, it is important to know the interfacial properties between the slag, the underlying

liquid Metal and the refractory lining.

Free Surface--------.....;==-------.....
_Skimming Lip----..~-..-

---Ahw
SlagLa~r--------

Underlying Liquid Metal

Slag/liquid metal interface-----..-r.;~---J;-

•
(A)

Free Surface
.~

---Ahw

___Skimming Lip-----Slag~er-------,
~ ....--....A.Itco

Slaglliquid metal interface-----....-~ ....._t_-L-

Underlying Liquid Metal

•
(B)

Figure 2.7 Profiles of SlagILiquid Metal Interface at the waU
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If the underlying liquid Metal wets on the refractory better than the slag, the

contact angle (ac) at the slaglliquid metaVrefractory triple point is less than 90° as shown

in Figure 2.7 (A). In this situation, the distance between the slag/liquid Metal interface

and the skimming Hp at the wall (Ahw) is less than that distant from the wall (Lllix,). On

the other band, if the slag wets the refractory better than the underlying liquid metal, ac

will he greater than 90°. Theo, Ahw will be greater than &hco as shown in Figure 2.7 (B).

When comparing the tendency of entrainment of underlying liquid metal during

skimming in both cases, it can be seen that the underlying liquid Metal is more easily

entrained in the stream of slag f10w in the former case than the latter one. Therefore, it is

advantageous that the underlying liquid Metal does not wet on the refraetory in order to

reduce the chance of entrainment of liquid Metal during skimmiog. On the other hand,

wetting of slag on the refractory at the skimming mouth is advantageous in terms of

skimming and the better the slag wets on the refractory, the higher it will climb above the

slaglliquid Metal interface at the wall. As a result, more space is available ta operate

without distributing the underlying liquid metal. Moreover, the wettability of slag on

refraetory also determines the contact angle of the slaglliquid Metal interface at the wall;

the better the slag wets on the refractory, the greater the contact angle at the triple point.

From Section 2.3, it is known that the slag in copper iodustry usually wets 00 the

refractory Hning. In order to prediet the wetting profile at the slag/molten

copper/refractory interface, it is important to know the interfacial properties between

molten copper and the refraetory lioing. Wettability of refTaetory oxides to molteo metals

were investigated by Frossberg [6]. Results ofhis work indicted that molten copper does

not wet conventional refractory. The contact angles between molten copperlAh03 and
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• copper/ MgO were determined to be 120° and 128° respectively. Ueki et al [7] studied the

wettability of Iiquid copper to zirconia. The contact angle between liquid copper and

ziconia was found to be 126°. Also, Labbe and Brandy [8] found that the wetting of

Iiquid copper on aluminum nitride is poor. The contact angle was about 135°.

According to the Iiterature, one may conclude that molten copper does not wet on

refractory while the slag does. At the Hp during skimmin& the molten copper bath is

covered by a layer of slag. Therefore, it is important to know the contact angle of the

slaglliquid copper interface and the refractory Iining. Unfortunately, there is no available

information about this issue but the contact angle can be roughly estimated using the

available literature data. At the wall ofa fumace containing a bath of molteo copper, the

•
Young's equation can be written as:

yAR = YCA cos9ACR +yCR

Surrounding atmosphere (A)

,
.............. YCA

.......
.......,

"

Copper/Air interface ---------......A_....
................................

Molten copper bath (C)

Refractary Wall (R)--------

(2.1)

•
Figure 2.8 Wetting Profile of Molten Copper on Refractory Lining
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• In the case ofslag contacting with refraetory, the Young's equation becomes:

yAR = YSA coseASR +ySR (2.2)

Figure 2.9 Wettiog Profile of Slag 00 Refractory Lioing•

Surrounding abDosphere (A)

SlagfAir interface

............
....',

....'........
Slag (S)

Refractory Wall (R)------....-

By rearranging Equations (2.1) and (2.2),

YSR - YeR ="(CA coseACR - "(SA cosSASR (2.3)

Considering at the triple point between liquid copper, slag and refractory, Young's

equation becomes,

•

"(SR - "(CR ="(SC cos SSCR

19
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Refractory Wall (R)--------
SJaglCopper interface--------~

Molten copper bath (C)

----------

•

Figure 2.10 Wetting Profile on Slag/Copper Interface on Refractory Lining

Using Equation (2.3), Equation (2.4) becomes:

Since SACR is greater than 90° and SASR is less than 90°, therefore the LHS of Equation•
YCA caseACR - YSA caseASR = Ysc cos SSCR (2.5)

(2.5) has a negative value. On the right hand side of Equation (2.5), since Ysc is a

positive value and SSCR lies between 0 to 180°, therefore SSCR must be greater than 90°.

From tbis analysis, the contact angle at the copperlslag/refractory triple point must be

greater than 90°. In result, the meniscus of the slag/copper interface bends downward at

the refractory, Figure 2.1 (8).

From the above analysis, it can be seen that the wetting properties between stag,

liquid Metal and refraetory do not favor the entrainment ofunderlying liquid Metal during

skimming. However, the occurrence of entrainment still depends on the velocity of the

•
slag flow across the skimming mouth. In arder ta ensure that there is no underlying
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liquid Metal entrained in skimming, the velocity of the slag passing the edge of the

skimming mouth cannot exceed a certain maximum value.

2.3.1.2 Studia 00 the Eotraiomeot Pbenomeoon in Skimmiog

Many studies have been performed to investigate the entrainment problem in

separating two immisible liquids in a container. Two of the researches directly applied to

copper industry were carried out by Liow et al [9] and Baird et al [10].

In the work ofLiow et al, liquid Metal entrained during skimming ofPiece-Smith

Converter was studied. Skimming of slag was considered as an instantaneous flow of

thick layer ofliquid over a weir, which represented the skimming Hp of the converter. In

their experiments, two layers of Iiquid were held in a tank with the interface at about the

level of the weir. A removable gate that located on top of the weir was used to keep the

upper liquid layer in the tank before the experiment start. The upper liquid layer was

allowed to f10w across a weir by sudden removal of the gate. The amount of underlying

denser Iiquid entrained in the flow was measured and was used to validate the prediction

by numerical stimulation. The methodology of their experiments failed to stimulate the

actual f10w of slag during skimming. In the actual skimming operation of a Piece-Smith

furnace, the lip is lowered slowly by rotating the furnace. Since the rotation is done

carefully and slowly, it will not be possible to have a thick layer of slag available before

the slag start to flow out of the fumace. Once the hydrostatic head of the stag layer is

high enough to overcome its resistance to flow, it starts to flow out of the fumace. Their

study provided a better understanding of the tlow of a thick layer of liquid across a weir
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rather than providing the insight of the behavior of the slag during copper converter

skimming.

Another study related to skimming in copper industry was performed by Baird et

al. In their study, skimming of slag in the Inco Flash Fumace was stimulated in a cold

model with water and minerai oil representing matte and slag in the fumace respectively.

The entrainment of water into the stream of minerai oil was investigated during the

skimming of the ail through a small circular hole. Their particular interest was in the

threshold limit of the distance between the water/oil interface and the bottom of the

skimming hole in order to avoid water to be entrained in the ail stream. It was found that

the threshold Iimit increased with the flow rate of the oil. In their study, it was also

suggested to modify the geometry of the skimming hole in order to reduce the chance of

entrainment occurring. Their suggestion was to increase the entrance area of the

skimming hole. By doing tbis, the velocity of the slag enter the skimming hale cao be

reduced while maintaining the same tlow rate. The idea is ta reduce the velocity of the

slag at the bottom edge of the skimming hole. Hence, the pressure differential created or

the upward suction experience by the slag/liquid Metal interface can be reduced also. As

a result, the threshold limit of the distance between the slaglliquid Metal interface and the

bottom of the skimming hole can be extended. It was seen from their study that the level

of the skimming mouth cannot be at the same level as the slag/liquid Metal interface

during skimming in order to avoid entrainment of liquid Metal. The allowable level of

the skimming mouth depends on the velocity of the slag flow across the skimming

mouth.
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• 3. MOVEMENT OF SLAG DURING SKIMMING

•

•

3.1 Scope of the Chapter

As mentioned in Chapter 2, skimming of slag comprises of two $leps: the slag

transportation and the slag removal step. The movement of slag due to the forces acting

on or applied to the slag in these two steps is discussed in this chapter. The first part of

the chapter focuses on the forces causing the slag ta MOye across the skimming Hp in an

unassisted skimming operation. The later part of the chapter is devoted to discussing the

externally assisted movement of slag in the transportation step resulting trom the forced

surface circulation. Two methods of generating the surface circulation are explored, by

gas injection via submerged tuyere and by impinging gas jet in glancing contact with the

Metal bath surface. Finally, the behaviors of the slag under the influence of the molten

Metal bath surface circulation are discussed.

3.2 Movement of Slag in Removal Step

In the slag removal step, slag moves across the skimming Hp from the inside of

the furnace to the outside. There are two types of flow that May occur in the removal

step of an unassisted skimming operation, namely the pressure driven flow and the

creeping flow along the skimming mouth surface. The pressure driven flow arises from

the thickness of the slag layer above the skimming Hp. The creeping flow is a result of

the wetting ofslag on the refraetory at the skimming mouth.
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• 3.2.1 Pressure Driven Flow

When a closer look is taken at the skimming mouth, it caR he seen that the

overflow of slag caR he driven by the hydrostatic head due to the thickness of the slag

layer as illustrated in Figure 3.1. As can be seen in the figure, the hydrostatic head at

point ~ PA. and point B, PB, are pgAhA and pgAhB respectively where p is the density of

the slag and g is gravitation constant. Sïnce AltA is greater than AhB, PAis greater than

PB. If the pressure differential between point A and point B is large enough to overcome

the resistanee to flow, the slag flows trom point A to point B. In other words, flowof

slag across the skimming Hp oceurs.

Thickness ofSlag layer

------ .....~ .....
/ "~~/ ,

~~ 1 \
~ 1 \

--~~---____::IF~~-_~..... \ /
--==-----l--t..--"" \ 1, /

~-- " /..-....IiiII, \', -_~ _"
\ \ , -----
\ \ ,
\ \~,\ ~

Overtlow of Slag

SlagLayer

Underlying Liquid Metal

•

Figure 3.1 Pressure Driven Slag Removal

3.2.2 Creeping Flow on Refractory Surface

The ereeping of slag across the skimming Hp is due to the wetting of slag on the

•
refractory surface. It is known that the slag produced in copper industry usually wets on

the refractory lining. When the skimming Hp is at the same level as the slaglmetal
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interface, the level ofslag at the wall is slightly above the skimming Hp. The sIag located

nen to the vertical end ofthe skimming mouth spreads along the corner of the mouth and

creeps across the skimming lip to form a pool ofslag at the corners. If it is assumed that

the slag that creeps across the Hp cao accumuIate at the exterior edge of the lip and the

skimming lip is horizontal, the creeping stops when the level of slag above the Hp at the

exterior edge of the vertical end is same as the one at the interior edge. At this point, the

slag cannot move further and the system is at equilibrium. In reality, once the slag

reaches the exterior edge of the lip, it falls from the fumace under the action of gravity.

In other words, the equilibrium cannat be attained and more slag will he drawn from the

fumace if there is sufficient slag in the fumace. Therefore, the creeping of slag along the

corner of the skimming mouth continues until MOst ofthe slag is removed.

3.2.3 Generalization of Slag Movement in Removal Step

In order ta analyze the performance of the slag removaI during skimming, it was

found convenient ta categorize the forces that cause slag to f10w across the skimming Hp

as the forces causing slag removaI (hereafter called the 'driving force') and the forces

resisting the slag f10w across the Hp as the 'resisting force'. With this terminology, it

May be sununarized that the removal of slag will occur only when the driving force is

greater than the resisting force.

As mentioned above, in an unassisted skimming, the driving forces available are

the hydrostatic head of the slag layer and the creeping of slag at the corners of the

skimming mouth. The resisting forces include the surface tension and viscosity of the

slag and sorne other interaction that may exist. For slag removaI ta occur, the driving

forces must be greater than the resisting forces. In arder to improve the efficiency of the
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slag removal step, the driving forces must be increased to exceed the resisting force as

much as possible. The extent ofslag removal is determined by whether the driving force

cao be maintained greater than the resisting force until ail slag is skimmed.

3.3 Movement of Slag in Transportation Step

The transportation step of a skimming process refers to the movement of slag

from its original position to the skimming Hp. There are two types of slag motion that

result in moving the slag to the skimming Hp: the creeping flow along the wall and the

extemally assisted flow.

3.3.1 Classification of Slag

The slag that floats on the Iiquid Metal surface in a fumace can be categorized

into two different types, "detached slag" and "attached slag". Detached slag is defined as

those pools or islands of slag floating on the surface of the underlying liquid Metal

without any contact with the refTactory lining. Attached slag is those slag pools has

contact with the refTactory lining. In Figure 3.2, a plan view of a horizontal cylindrical

vessel is shown to illustrate the idea ofdetached and attached slag.
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Attached Slag

~

/'
Uncovered Molten Metal Surface

•

Figure 3.1 Wustration orAttached and Detached Slag (plan View)

•
3.3.2 Distribution of Slag

The transportation of slag is ooly necessary to skim the slag originally located

away from the Hp. The amount of slag can he skimmed without transportation depends

on the distribution of slag before the skimming process start and the location of the

skimming mouth. The important factors that affect the distribution of the slag in a

fumace are the interfacial properties between the slag and the refractory Hoing as follows.

If the slag does not wet on the refractory lining, there is no preferential place where the

slag will locate itself. The distribution of slag before skimming solely depends on the

flow pattern of the liquid metal bath when the slag is formed. However, if the slag wets

on the refractory lining, the slag will attach to the refractory once there is contact between

slag and refraetory. Therefore, the distribution of slag is mainly around the wall of the

•
fumace.
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• Since the slag produced in copper industry usually wets on the refractory lining of

the fumaces, the slag will attach ta the wall once there is contact with the refractory. Due

ta the nature of tluids, if enough time is given to the slag, it will arrange itself ta

minimize its surface area. Therefore, the slag should be mainly located at the two ends of

the fumace as illustrated in Figure 3.3.

(Left End) (Center) (Right End)

~t~
Possible Locations of Skimming Mouth•

Uncovered Liquid Metal Surface Wall of the fumace
!
!
i

Slag
"../

Figure 3.3 Predicted Slag Distribution in Cylindrical Vessel (plan View)

The area of the uncovered liquid metal surface depends on the amount of slag

present in the vesse!. If the amount of slag increases, the uncovered area decreases.

However, this uncovered area is always located at the middle at equilibrium.

When the initial amount of slag is small and there is sorne uncovered area in the

Middle of the fumace, the location of the skimming mouth is a crucial factor determining

the amount of slag can be skimmed without forced transportation extemally applied since

only that slag in the immediate vicinity of the mouth quickly overtlows. As can be seen

in Figure 3.3, if the skimming mouth is located at the center of the fumace, the slag can

• be skimmed without transportation is very Iimited. However, if the skimming mouth is at
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either end of the fumace, the slag available potentially to be skimmed is greatly

increased. When the initial amount of slag is large enough to cover the whole surface,

the location ofthe skimming mouth does not have great influence on the initial amount of

slag that cao be skimmed by the conventional skimming practice. However, as the slag is

being skimmed, the complete slag layer eventually breaks up and creates an uncovered

area as shown in Figure 3.3 and the location of the skimming mouth again becomes

important as the skimming process continue.

3.3.3 Transportation ofSlag by Creeping along the Wall

The slag attached to the vertical end of the skimming mouth creeps along at the

corner of the mouth forming a slowly tlowing pool of slag at the corner (3.2.2). If this

slag is continuously removed, more slag will be drawn trom the furnace. As a result, the

slag inside the vessel continuously creeps along the walls towards the skimming Hp.

However, the creeping tlow has no effect on detached slag. It cao be seen that the

attached slag located at the back of the furnace needs to MOye around the perimeter of the

fumace before it cao reach the lip, Le., the distance needed to be traveled is great with the

result that the rate of slag transported to the skimming mouth by the creeping tlow is

small. However, this creeping motion does not stop as long as the slag pools at the

skimming mouth corners are continuously removed and there is sufficient slag head to

create tlow across the Hp.
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3.3.4 Externally Assisted Movement of Slag

In order to improve the skimming effeetiveness~ the rate of the slag being carried

to the skimming Hp needs to be improved. Therefore, an extemally assisted tlow of slag

is needed. The extemal assistance referred to in this work is the movement or

"circulation" ofthe underlying Metal bath surface. When the surface of the molten Metal

bath is made to circulate, the motion of the Metal bath surface moves the slag floating on

it. The mechanism by which a very thin layer of moving liquid moves the slag tloating

on it is outside the scope of tms thesis. However, two methods to create the motion of the

Metal bath surface were explored and compared.

3.3.4.1 Creation of Surface Circulation by Gas Injection

3.3.4.1.1 Submerged Injection

Injection of gas at the bottom of a molten Metal bath is a common practice in

metallurgical processes. Gas injection is usually done via either a tuyere or porous plug.

In terms of slag transportation for skimming, creation of surface movement by bottom

gas injection is an industrial used technique. In the research performed by Petrushka and

Winters[ll], they stated that one of the common problems of raking facilities in

steelmaking industry is the inability of the skimmer blade to reach the slag layer at the

backwall of the ladle. In order to transport the slag in the transfer ladle to the skimming

lip~ they suggested mounting bubbling plugs inside the ladle. Inert gas (9.4 x 10 -3 m3/s

STP) was supplied to the plugs via a reftactory lance. Gas bubbles rise in the ladle

promoted the movement of the slag towards the ladle lip. As stated by Petrushk:a and

Winters the porous plug should be mounted as close ta the backwall as possible. This
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suggestion was made because if the gas was not injeeted next to the furnace wall, part of

the slag would be pushed towards the rear wall by the surface circulation instead of

towards the skimming lip. In the ideal case, the gas bubble should rise against the

fumace wall. However, as the cold gas bubble rises along the wall, the refractory lining

experiences a serious thermal shock and cause damage on the refraetory bricks.

Therefore, the injected gas cannot be too close to the refractory Hning in order to

minimize damage on the refractory bricks. As a result, there is always sorne slag being

pushed towards the backwail by the surface movement created by bottom gas injection.

Another method to inject gas into the Metal bath is by submerged tuyere.

Kozlowski and Wraith [12] studied the formation of bubbles during the injection of gas

into Iiquid bath. As gas was injected into a Iiquid bath via a tuyere, the bubble would

expand radically and accelerate upwards under the influence of the buoyancy force until

the bubble base passed the source and detached from the gas supply. The jet cavity

expands as the bubble grows and reaches a maximum length when the bubble detaches

from the nozzle. The cycle ofgrowth and displacement of the bubble would repeat as the

gas supply was sustained. Illustration of the growth of the jet cavity during the bubble

growth is present in Figure 3.4.
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(A) Schematic Representation

(D) Experimental Obsen'ation

Figure 3..4 Growth of Jet Cavity and the Bubble Growth Cycle [12)
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• The size of bubbles created by the submerged nozzle is large. When this large

bubble reaches the Iiquid metal surface and collapse, the surrounding liquid Metal Maves

rapidly to fill the empty space original occupied by the bubble. This rapid movement of

the liquid Metal creates a strong circulation in the metal bath. If this circulation is strong

enough to overcome the surface tension of the slas, the circulation may entrain the slag

floating on the surface back into the molten metal bath and cause mixing as shawn in

Figure 3.5.

• Direction ofCirculation in
Molten Metal bath

SlagLayer

/
__~ Entrained

Slag Droplet

---- Molten Metal Bath

Figure 3.5 Entrainmeot of Slag by Circulation in Molten Metal Bath

Moreover, as the gas bubbles escape from the molten metal bath, splashing oceurs

and waves are ereated on the surface. The waves prapagate in ail directions away from

the location where the bubble collapses. As the wave reaches the wall of the furnaee, it

• reflects baek into the furnace and interferes with the wave generated by the next bubble.
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• After severa! retlections and interference, the circulation on the liquid metal surface is

highly disordered and chaotic. In this case, it is difficult to control the circulation pattern

on the liquid Metal surface. Since the goal ofthe gas injection is to transport the slag to a

specifie location, a controlled circulation pattern on the underlying liquid Metal surface is

highly desired. Moreover, because of the complex interference pattern on the Iiquid

Metal surface, standing waves may be created at certain locations on the liquid metal

surface. Once a standing wave is created, the motion of slag floating on the surface is

ooly in the vertical direction. In other words, the slag located at the node vibrates

vertically instead of advancing horizontally. Therefore, transportation of slag by wavy

motion is inetrective.

3.3.4.1.2 Impinging Gas Jet

• In this research, it is proposed to create circulation on the liquid metal bath by an

inclined, top- blowing, gas jet in glancing contact with the molteo Metal bath surface. As

a stream of gas impinges on a Iiquid surface, the liquid surface will defonn and form a

dimple on the surface. After the gas stream exits from the dimple, it t10ws roughly

parallel to the surface of the liquid. This parallel flow forms a boundary layer along the

liquid surface. The velocity of the gas decreases from its main stream velocity (U) to a

smaller velocity at the interface (Vsurface) inside the boundary layer. If it is assumed that

there is no slip between the gas phase and the liquid phase, the velocity of the Iiquid at

the interface will be Vsurface also. As momentum moves down ioto the liquid phase, the

velocity further decreases by viscous dissipation and is eventually totally dissipated by

the viscosity of the liquid. As a result of the gas jet, ooly the surface layer of liquid bath

• is in motion. The undemeath bath remains undisturbed in the process.
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• The thickness of the liquid bath distributed by the gas f10w depends on the

viscosity of the Iiquid. As an extreme example, if the viscosity of the Iiquid 'lliquid is

infinitely high, it behaves Iike a solid. In this case, the velocity of the gas phase

decreases to zero at the interface. Then the thickness of the Iiquid layer set into motion

by the gas f10w will be zero. In other words, the whole Iiquid phase remains stationary.

The velocity profile will he similar to one shown in Figure 3.6.

v=o v=u

•
----------- Boundary Layer..-----....-- J,--

,-
/",

Gas Phase, " _./',
.'
,

-----
Liquid Phase

11 liquid = co

GaslLiquid Interface

•

Figure 3.6 Velocity Profile aeross GaslLiquid Interface with Higbly Viscous Liquid

In the other extreme, if the viscosity of the Iiquid is very low, it behaves like a

gas. In this case, no boundary layer is formed at the interface. The velocity of the liquid

phase at the interface is same as the main stream velocity ofthe gas. The rate ofvelocity

dissipation in the Iiquid phase will be zero. The thickness of the liquid layer set into

motion by the gas will he infinite. In other words, the whole liquid phase will maye at a
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• velocity same as the main stream velocity of the gas. The velocity profile will be similar

to the one shawn in Figure 3.7.

v=o v=u

Figure 3.7 Velocity Profile across GaslLiquid Interface witb Inviscid Liquid•

--

Gas Phase

Liquid Phase

llliquid = 0

GaslLiquid Interface

When the liquid phase is a molten Metal bath in a fumace, the viscosity of the

molten metal has a finite value and greater than the viscosity of the gas. Therefore, the

velocity of the molten metal surface must be greater zero but smaller than the main

stream velocity of the gas f1ow, U. The velocity of the Iiquid phase surface, Vsurface, is

govemed by the ratio of the viscosity of the gas phase and the liquid phase and is given

by the following expression:

•
Vsurface= U llgu

llliquid

36
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• The thickness of the molten metal bath set into motion is finite and depends on

the viscosity of the molten Metal. The velocity profile at the gas/molten metal interface

will be similar to the one presented in Figure 3.8.

v=o v=u

Boundary Layer

Gas Phase

-------------- -----,,-

h

.....-""'P"'-+---....IIiiiii..-----------GaslLiquid Interface

Liquid Phase (Molten Metal)

o< 11 liqtûd < CIO•
Figure 3.8 Typical Velocity Profile across GaslMolten Metal Interface

3.3.4.1.3 Comparison of Surface Movement

When comparing the generation of surface movement on a molten Metal bath for

transportation ofslag by submerged gas injection and by impinging gas jet, it can be seen

that impinging gas jet avoids severa! problems created by submerged gas injection.

• The surface circulation pattern on the molten Metal bath cao be easily

•
controlled via the orientation and configuration of the top blowing jets.
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• There is no direct contact between the jets and the high temperature molten

metal bath.

• The possible problems of solidification of metal inside the injector and

thermal shock on the refractory Iining are eliminated.

• The maintenance of a top blowing jet is relatively easy and cheap compared

with submerged blowing devices.

• Gas f10w from a top blowing jet directly drags and shears the liquid surface

without significantly disturbing the undemeath liquid.

• The problem ofmixing between slag and liquid metal are reduced.

• The surface movement created by a top blowing jet is horizontally across the

molten metal bath.

• The wavy motion on the molten Metal surface is minimal.

In conclusion, glancing gas jets are more advantageous than submerged gas

injection for generating surface circulation on the molten Metal bath to transport slag for

skimming.

3.3.4.2 Bebavior of Slag with Batb Surface Circulation

Detached slag fonns isolated islands floating on the underlying liquid Metal

surface. There is notbing holding the detached slag in its original position when the

underlying liquid Metal surface is in motion. Therefore, when the surface of the

underlying liquid Metal bath is in motion, the detached slag will be carried by the

circulation and advances in the same direction as the surface circulation. The movement

of the detached slag is solely controlled by the movement of the underlying Iiquid Metal
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• surface. Therefore, if the underlying liquid metal surface moves towards the skimming

mouth, the detached slag moves to the mouth also.

De~hedSlag
\
\

\
\
"

/
Underlying Liquid Metal Surface

Direction ofslag
movement

.....---...vItlr&ce

•

•

Figure 3.9 Movement of Detacbed Slag by Liquid Metal Surface Circulation

For attached slag, the behavior of the slag under the influence of the underlying

Iiquid metal surface circulation depends on the interfacial propenies between slag and

refractory lining as weil as the surface tension of the slag. As the underlying Iiquid metal

surface is in motion, a shear stress, t, is induced on the bottom of the attached slag. The

shear force experienced by the slag will be tA, where A is the area of the slag/liquid

interface wbich is in motion. If the slag does not wet on the refractory, there is on force

available to oppose the shear force induced on the slag. Therefore, the slag can be easily

separated trom the wall by the underlying Iiquid metal surface circulation and forms a

detached slag island. Once the attached slag is separated trom the retractory wall, the

behavior ofthe slag will be identical to a detached slag.

However, it is known that the slag usually wets on the refractory lining, the

interaction between the slag and the refractory lining keeps the slag attached to the

fumace wall. In tbis case, the behavior of the slag will be controlled by the surface
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• tension ofthe free slag surface. Assuming that the surface tension of the slag is large, the

slag does not deform. If the shear force induced by the surface circulation is greater than

the interaction between the slag and the refractory lining, the whole piece ofattached slag

will be separated from the wall. However, in reality, the stag does deform when sheared.

The interaction between the slag and the refractory lining is usually greater than the

surface tension of the slag. Therefore, once the induced shear force is large enough to

overcome the surface tension ofthe slag, the slag will defonn without separating from the

wall. If it is assumed that there is no slip between the slaglliquid Metal interface, the

velocity ofthe slag (Vslag) contaeting with the underlying Iiquid Metal will be same as the

velocity at the Iiquid Metal surface (Vsumce). Due to viscous dissipation, the velocity of

•
the slag gradually decreases in the upward direction. Eventually, the momentum is

totally dissipated. Therefore, a layer of the slag with certain thickness (h) will he in

motion in the same direction as the surface circulation and the thickness of this advancing

slag depends on the viscosity ofthe slag.

Refraetory Lining

~

Attached Slag

//
/.-~--------

..
i...
\....

\
Underlying Liquid Metal Surface

•
Figure 3.10 Movement of Attached Slag by Liquid Metal Surface Circulation
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The result of the defonnation of the attached slag by underlying liquid metal

surface circulation is the extension of its surface area. However, the nature ofa fluid is to

minimize its surface area, thus the shearing force at the bottom trends to increase the slag

surface area while the surface tension of the slag tries to decrease il. As a result of the

two opposing forces acting on the slag, it breaks up to form a piece of detached slag and

is carried away by the surface circulation after a certain extension. In other words, part of

the attached slag is separated from the wall and carried towards the skimming mouth by

circulation on the underlying liquid Metal surface. Therefore, by introducing a surface

circulation on the underlying liquid Metal, it may be possible to detach part of the

attached slag and carry it towards the skimming mouth.

3.3.4.3 Desired Surface Circulation

The desired circulation pattern on the underlying liquid metal surface is the one

that is able to move ail slag floating on the surface towards the skimming mouth

regardless of its original position. One of the possible circulation patterns is the left side

of the underlying liquid Metal surface circulating in an anti-clockwise direction while the

right side is circulating in a clockwise direction with the center of the skimming mouth as

the dividing Hne as shown in Figure 3.11 .
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Skimmîng Mouth
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Figure 3.11 rnustration of Desired Circulation Pattern on Bath Surface (plan View)

This circulation pattern will be able to bring the detached slag, randomly scattered

• on the underlying liquid Metal surface, to the skimming mouth regardless of its original

position. For the attached slag, this circulation pattern has the ability to deform the slag

along the walls of the fumace and accumulate at the rear wall at the dividing line. The

accumulated slag will then be further defonned along the dividing line and move towards

the skimming mouth.

•
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• 4. MODELING SIMILARITY

Physical modeling is a commonly used technique in studying the behavior of the

fumaces in metallurgical processes [9,10,13,14,15,16]. However, the similarity between

the model and the prototype were seldom diseussed. Mazumdar and Guthrie [17]

performed an extensive literature review on physical and mathematical modeling of gas

stirred ladle. In their paper, the following comment regarding the experimental studies of

the gas stirred liquid Metal system was made; 'many of these studies. while of

considerable jundamental importance to steelmaking, are not ofdirect relevance to ladJe

metalJurgy operations since erperimentaJ conditions applieddo not exact/y correspond to

ladle metal/urgy operations. Consequent/y. an extensive discussion on these has been

avoided.' In another study, Mazumdar [18] also commented about the similarity

• consideration of physieal modeling of a gas stirred system presented in the literature that

'the physicaJ modeling principles. particular/y the dynamic similarity criterion between

model andjull-scale systems. have not been adequately considered.

Conventionally physical modeling exercises reported in the literature start by

building a escale' model, wherein seale refers to the ratio of physical dimensions of the

model to the prototype. As will be discussed below, the choice of the parameter that is

used to specify the scaling factor is based on similarity considerations; a sophisticated

task that need to be weil informed. Since, similarity considerations were often ignored in

physical modeling studies in the literature, it is difficult to aceept the literatures' claims

that the experiments faithfully reproduced the behavior of the prototype.

•
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• 4.1 Similarity Considerations

The primary factor that determines the successfulness of a physical modeling

exercise is the ability to correctly stimulate the behavior of the prototype in a model. In

order to simulate the fluid flow of the prototype, the model must be "similar" to the

prototype geometrically, kinematically and dynamically [19].

• Geometrie similarity requires that the model and the prototype be the same

shape and ail linear dimensions of the model be related to corresponding

dimensions of the prototype by a single scale factor.

• Kinematic similarity requires the velocities of the two flows at corresponding

points are in the same direction and are related in magnitude by the same

scaling factor as in geometric similarity consideration.

• • Dynamic similarity requires two flows have force distributions such that

identical types of forces are parallel and are related in magnitude by the same

scaling factor at ail corresponding points.

The requirement of dynamic similar is most restrictive. Two flows must possess

both geometric and kinematic similarity to be dynamically similar. Moreover, the

primary interest of this work is the forces acting on the slag during skimming. Therefore,

the following discussion was focused on the criteria that need to be satisfied to achieve

dynamic similarity

It is noteworthy that the prototype has different types of behavior, for example,

f1uid flow, heat transfer or mass transfer, etc. The situation is often that it is not possible

• to simultaneously stimulate all types of behavior in a single model. A decision needs to

44



•

•

•

be taken about which behavior to focus on. The model to be constructed must be able to

faithfully simulate the interested behavior of the prototype, while the simulation of other

behaviors may need to be sacrificed.

The objective ofthe present modeling exercise was to study, in general terms, the

movement of slag and the motion of the underlying Iiquid metal generated by impinging

gas jets in order to facilitate skimming ofa rotary cylindrical fumace. In other words, the

modeling exercise performed was not to stimulate the f10w of the bulk f1uids in a

particular fumace or to design the necessary jet configuration to create the desired liquid

flow. Since the dimensions of the prototype fumaces and fluid properties vary widely in

different processes, the present work could not be a direct physical modeling exercise.

Rather it became an exercise aimed at visualizing an otherwise unobservable high

temperature phenomenon and exploring the means to improve the skimming of fluid slag.

4.1.1 Present Modeling Strategy

The strategy employed in this work was ta establish the general similarity

relationships in modeling a rotary cylindrical fumace during skimming with the aid of top

blowing jets. Typical fluid properties of converter slag and molten copper at their

melting points were used in the similarity considerations and are presented in Table 4.1

It was found in the present study that from the observation of this general

movement, identification of methods to improve skimming effectiveness was possible.

Moreover, the similarity considerations presented below serve as reference for

construeting a physical model to reproduce the detailed behavior of a rotary cylindrical
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fumace during skimming. With these similarity criteria, it will be straightforward to

build a model to directly stimulate the detail behavior ofa particular prototype.

dL· .d Copper [20)SIfT · IClYSlea roperties 0 ,'YPlca onverter al! an jQUI

Slag Copper

Density 3.8 xIO" kg/mot 8.0 x 10J kg/mJ

Viscosity 3 x10·1 Pa s 3 x 10·J Pa s

Surface tension 6 x 10.1 N/m 3.5 x 10.1 N/m

Table 4.1: Ph • 1P

4.1.2 Present Model

Section 3.3.4 and in particular Section 3.3.4.2 showed that it was believed that top

•
blowing gas jets might produce an irnprovement in industriai skimming etfectiveness.

Since there is no industrial fumace equipped with top blowing gas jets for skimming

purpose, the configuration of the jets in the prototype referred to in the similarity

considerations is uncertain. However, it should be obvious that there is a great deal of

freedom with respect to the number ofjets could he used and their specifications, such as

flow rate, velocity and orientation with respect to the slag/metal interface. After extensive

discussion with informed parties and sorne preliminary test work, but also somewhat

arbitrarily, the jet placement as shown in Figure 4.1 was settled upon.

•
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Figure 4.1 Dlustration ofConfiguration of Model

As can be seen from the Figure 4.1, the jets were aligned parallel to the fumace

axis and placed close to the rear wall. In addition, the jets were oriented 50 0 to the

• slaglmetal interface. Preliminary studies revea1ed that this configuration generated the

desired circulation pattern on the liquid Metal surface towards the fumace mouth as

discussed in Section 3.3.4.3 and as shown in the figure. This configuration was used in

the following similarity considerations.

In practice, the fluid system of the prototype consists of three parts; the gas, the

slag and the underlying Iiquid Metal. However, the movement ofgas was not the primary

interest in this work. This modeling work focused only on the motion of the slag and the

underlying liquid Metal

Since the requirement of dynamic similar is Most restrictive, the following

focused on the criteria must be satistied to achieve dynamic similarity. For simplicity,

these two parts are considered below individually.

•
47



• 4.1.2.1 Underlying Liquid Metal

In order to achieve geometric similarity, the following relationship must be

satisfied.

(4.1)

Where the subscripts m and p represent the model and prototype respectively and Â is the

scaling factor. The dimensionless numbers, wmch govem the flow of the liquid metal,

are Re, Fr and We.

•
Re' Inertia Force . ( PM UD) =(PM UD)

. ViscousForce . "\.t m l'lM P

InertiaForce (U
2

) (U
2

)

Fr: GravitationaiForce: gO m = gO P

(4.2)

(4.3)

(4.4)

•

It cao be seen that there is a parameter in Equations 4.1 to 4.4 represents the

length of the system, which is called the "characteristic length of the system". The

characteristic length is a length scale of the system that is able to describe the size of the

system. Also, the characteristic length is usually detined as a length scale that is

perpendicular to the fluid flow. Since the proposed gas jets of the prototype would he

installed in the end wall of the vessel parallel to the axial direction, the characteristic

length was defined as the diameter of the vessel. Movement of slag was found in
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preliminary studies to be determined by the surface movement of the liquid metal,

therefore the charaeteristic velocity was detined as the velocity of the metal surface. It is

worth mentioning that the surface velocity was found not uniform. Therefore, the

charaeteristic velocity of the liquid Metal surface of the prototype defined here cannot be

represented by a single value. However, since the surface velocity was created by the gas

flow from the jet and relates to the momentum and the orientation of the gas jet, it was

assumed that the velocity on the liquid metal surface can be charaeterized by the velocity

of the gas exiting the jet. However, the relationsmp between the gas jet velocity and the

Iiquid Metal surface velocity is beyond the scope of this work and will not be discussed

further.

For praetical and economic reasons, water was selected to be used in the coId

model to represent the liquid Metal in the prototype. To satisfy Froude criteria and using

Equation 4.1, Equation 4.3 becomes,

(4.5)

In order to satisfy Froude and Reynolds criteria simultaneously, Equations 4.1 and 4.5 is

substituted ioto Equation 4.2 and the followiog relation is obtained.

(4.6)

•
Density aod viscosity ofwater at 20 oC are 1000 kWm] and IxIO·] Pa s, respectively. By

substituting properties of molten copper as shown in Table 4.1 and properties of water

iota Equation 4.6, it was found that the scaling factor is about three. This means that the
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size of the model must he three times greater than the size of the prototype in order to

satisfy both Froude and Reynolds criteria. However, further analysis of the three

dimensionless numbers using typieal properties of molten eopper presented in Table 4.1

and with a eharacteristic length of 1 m and characteristic velocity of 1 ms· l revealed that

inertia force in the prototype was about two million times greater than viseous force and

ten thousand times greater than the surface tension.

Inertia Force 6
Re:. = 2x10

Vlseous Force

Inertia Force
F 1xlO- 1

r : Gravitational Force

Inertia Force 4
We: . =lx10

SurfaceTenSion

Therefore, the flow in the prototype is dominated by inertial forces and gravitational

force rather than viseous forces or surface tensions and consideration of Re and We can

be omitted without signiticant error. Thus Fr govems the dynamic similarity of the

underlying Iiquid. The surface velocity of the underlying liquid in model and the

prototype are related as follows:

•
so

(4.7)
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4.1.2.2 Slag

As mentioned in Section 3.3.1, slag in a furnace can be classified as "detached" or

"attached" slag. The movement of the detached slag was solely determined by the

underlying liquid Metal surface circulation. Therefore, it was not necessary ta consider

the similarity of the detached slag once the similarities of the underlying liquid Metal

were satisfied. Thus, the discussion presented below is for attached slag only. In the rest

ofthis chapter, slag refers to the attached slag in the prototype.

The slag in the prototype does not necessarily cover the whole liquid Metal

surface. However, trom the discussion in Section 3.3.2, the slag in a cylindrical fumace

in the copper industries is mainly distributed at the two ends of the furnace as shawn in

Figure 4.1. Therefore, the characteristic length of the slag was also detined as the

diameter of the fumace and the geometric similarity of the slag was automatically

satisfied once the geometric similarity ofthe liquid metal was established.

Similar to the liquid metal system, the dynamic similarity consideration was based

on Re, Fr and We numbers. The charaeteristic velocity was taken as the velocity of the

slag at the slaglunderlying liquid metal interface. As a starting point, a no slip condition

was assumed at the slaglliquid Metal interface and the characteristic velocity of the slag

was taken same as for the liquid metal system.

In order to successfully simulate the behavior of slag in the prototype, the

properties of material used ta represent the slag in the model are crucial. Based on the

consideration of the three dimensioniess numbers and using Equations 4.1 and 4.7, the

material must have physical properties that satisfy the following relationships:
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• (4.8)

(4.9)

•

One of the factors governing the movement of slag under the influence of

underlying liquid Metal surface circulation in the prototype is the wetting of the slag on

the refraetory and on the liquid Metal surface. In arder to stimulate the movement of the

slag in the prototype by a cold Madel, the wetting of the material representing the slag in

the model on the wall of the model and on the underlying liquid must be similar to the

one in the prototype. The similarity of the wetting behavior is govemed by the Bond

number since the wetting here is manifested by the rise of the slaglrefractory/air triple

point up the interior wall ofthe vessel:

Gravitational force pg0 2

Ba: s..J:'. .uuace tension y
(4.7)

Thus, in arder to achieve similarity of the wetting behavior, the choices of

matenal to construct the model and the fluid ta represent the slag must be chosen that the

following two relationships are satisfied.

(EL) _~1(&-) (4.10)

Yswm YswP

(&-J -~{&-) (4.11)

• Ys m Y sM P
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Finally, it can be seen that several similarity criteria, Equation 4.8 ta 4.11, related ta the

physical properties of the slag needed to be satisfied. It is simpler ta first select the

material of the tluid representing the slag in the model. Theo, the scaling factor can be

determined trom these similarity criteria. The size of the model to be construeted can be

evaluated using Equation 4.1 .
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• s EXPERIMENTATION
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The objective of the experiments was to visualize the movement of the slag

during skimming in order to gain a better insight ofthe process. Different from the direct

simulation of the prototype, the similarity criteria required for the present purpose were

relaxed. However, material ta be used representing the slag and the material of

construction ofthe model were selected carefully in arder to reflect the characteristics of

the slag and the fumace.

5.1 Materials Selection

5.1.1 Slag in the Model

The material ta be used in the model to represent the slag in the prototype had to

satisfy the following four criteria:

1. The density ofthe material must be less than that ofwater since it must fioat

on water, which was used ta simulate the Iiquid Metal.

2. The material must be Iiquid at room temperature.

3. The material must be immiscible with water.

4. The material must wet the wall ofthe Madel.

After reviewing the physical properties of about 200 common liquids, it was

decided to use I-decanol ta represent the slag. As can be seen from the physical

properties of 1-decanol presented in Table 5.1, I-decanol satisfied the first three criteria

Iisted above. The forth criterion depended on the material of construction of the model.
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Table 5

•

•

•

Therefore, the material to be used in construction of the model was seleeted based on the

last ofthe four criteria above.

•1: Pbysical properties oC 1-decanol [211
ProperlY I-decanol

Molecular fonnula CH3(CH2)sCH20H
Molecular weight 158.28 wmole

Melting point 6.9 oC
Boilina point 231.1 oC

Densitv 829.7 kg/mJ
Surface tension 28.51 x 10·;J N/m

Viscositv 10.9 x 10·J Pa s
Solubility in water Insoluble

5.1.2 Material of Construction of the Model

In order to stimulate skimming in a physical model, the material representing the

slag must wet on the material of construction of the model. Since I-decanol bas been

selected to represent the slag, the material of construction was seleeted based on its

wetting by I-decanol.

It was found that when a drop of I-decanol was put on the horizontal surface ofan

acrylic sample (plexiglas MC acrylic sheet manufactured by Atohaas), it spread quickly

on the surface. Ultimately the thickness of the droplet was almost negligible.

Another test was performed to demonstrate the wetting behavior of a I-decanol

droplet, while floating on water surface, on a vertical surface of the acrylic. It was

observed that the I-decaonl droplet spread spontaneously on the sample. Figure 5.1

illustrates the evolution of the I-decaonl droplet once it contacted the acrylic sample.

The border ofthe droplet was manually highlighted for easier visualization.
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l-dec:anol Droplet Water Surface

Figure 5.1 Spreading oC l·decanol on Acrylic (plan View)

In order to ensure that the acrylic/water/l-decanol triple point was similar to that

• in the copper production fumace, the I-decanol/water interface profile at a partially

submerged vertical acrylic surface was studied. The I-decaonllwater interface at the

acrylic surface is shown in Figure 5.2. As can be seen from the figure, the contact angle

of the 1-decanoVwater interface on a vertical acrylic surface was greater than 90°. This

profile is similar to the one discussed in Section 2.3.1.1 of the slaglunderlying liquid

metal wetting profile on the refractory. Therefore, it was concluded that the combination

of 1-decanol and acrylic was able to reproduce the wetting behavior of the slag in a

fumace.

•
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Figure 5.2 Wettiog Profile or I-decaool/Water Interface on Acrylic (Side View)

5.2 Experimental Setup

5.2.1 Floid Container

Experiments were perfonned with a model constructed with acrylic (plexiglas

MC acrylic sheet manufactured by Atohaas with thickness of 6mm). The model was

rectangular in shape with dimensions as illustrated in Figure 5.3 which represent roughly

at 1/12 seale factor if a standard 3.4m x 12m copper anode fumace was taken as the

prototype. In order to reproduce the geometrie characteristic of a rotary cylindrical

fumace, the width to length ratio ofthe model was set to be kept the same as the diameter

to length ratio ofa typical fumace, about II: 40.
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30.Sem

Figure S.3 Dimensions of the Physical Model

The most noticeable difference between the Madel and the prototype is the shape

of the underlying liquid pool. The prototype is in the shape ofa partially filled horizontal

cylinder while the model tank is a rectangular box.

The motion of the slag, which floats on the underlying liquid bath, is a result of

the movement of the bath surface. Therefore, attention was focused on the underlying

liquid/slag interface only and the shape of the bottom of the liquid pool was not

simulated. Moreover, the overflow ofthe slag al the skimming lip of the vessel is a result

ofthe movement of the slag al the bath surface. Qnly a thin layer of the underlying liquid

pool al the surface is atTected by the overflow of slag. The bottom of the bath is

efIectively stationary. It was believed that the overflow of slag across the skimming lip
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was independent on the shape of underlying liquid pool. Therefore, the present shape of

the model tank did not affect the overflow ofslag across the skimming Hp.

5.2.2 Model Operation Mechanism

The modeling tank was supported by a flat wood platform. The platform was

supported by three screws. The three screws formed a triangle with its base paraUel ta the

front edge of the platform and vertex close ta the rear edge. By adjusting the two screws

at the front of the platform, the water level in the tank could be set parallel to the bottom

of the skimming month. The tank was tilted by adjusting the screw at rear. A stopper

was put at the front edge to prevent the tank from sliding down when the platform was

tilted.

Stopper

- FrontEdge

•

RearEdge

Figure 5.4 Scbematie Representation orthe Supporting Platfonn
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The jets used in experiments were galvanized steel circular pipe; ioner diameter of

1 cm, with length of 12.7 cm. The jets were supported by stands and clamps sitting on

the platform. The jets were orientated parallel to the front edge of the t~ at 500 with

respect to the horizontal water surface and with the outlet 8 cm above the water surface.

A Tee joint split the compressed air supply ioto two streams. In each stream, the

compressed air was directed to a calibrated rotameter then to the jet by PVC tubing. A

valve was installed in each stream at the exit of the Tee joint. The valves were carefully

adjusted in each experiment to ensure the tlow rates as shown by the rotameters in each

jets were at the desired level, which was 7 x 10.... m3/s (STP). This flowrate was chosen

because it was found the movement generated on the water surface was able to carry the

l-decanol to the skimming Hp without creating significant wave motion on the water

surface.
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Supporting Platfonn

Compressed
Air SuppIY====:=::(~============:::I

Figure 5.5 Scbematic Diagram of the Gas Flow System in the Experimental Set Up

5.3 Experimental Procedure

Experiments were carried out in pairs as follows. The first of the experiment pairs

was performed without the gas t10wing trom the jets. The procedure was as follows. A

known amount of I-decanol was charged to the tank. The tank was left undistributed for

about 30 minutes to allow the I-decanol ta stabilize and distribute itself around the inside
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of the apparatus to its steady state shape. At the start of an experimen~ the tank: was

tilted by slowly turning adjustable screw threaded mounts on one side of the apparatus

supporting plate until water was seen to just start to overflow the skimming mouth as

weil as l-decanoL At that instant, the screws were turned back just enough to stop water

overflow. Thereafter, I-decanol Hoating on the water surface continued to overflow.

The amount of I-decanol collected was recorded at reguIar time intervals.

In the second of the experiment pairs, skimming of I-decanol under the influence

of the action of the gas jet and by the tilting of the tank: was studied. The procedure was

as follows. Ail I-decanol collected at the end of the tirst experiment was recharged into

the model and the tank: was again allowed to stabilize for 30 minutes. Compressed air

was then tirst supplied to the jets, creating a circulation of the water surface before the

model was tiited. The amount of tilting during skimming was adjusted to be as close as

possible to the tirst of the experiment pairs. The amount of I-decanol collected was

again recorded at regular time intervals and compared with the result obtained from the

tirst part of the experiment pairs. Four sets of pairs were performed and represented four

repeats of skimming without gas jetting and with gas jetting at a jet velocity of 9 ms- I
.

No other conditions were examined because the objective of the experiments was to gain

a better insight of the skimming process rather than to investigate the effect of the

specification and orientation ofthe gas jets on the skimming effectiveness.

62



• 6

6.1 Preliminary Experiments

Preliminary experiments were performed to examine the movement of sIag on a

moving Iiquid bath surface. Different methods of gas injection ta create the surface

movement were studied. Experiments were carried out in a cylindricai tank: filled with

water. About 20 ml of l-decanal was charged into the tank along the wall to fonn an

attached pool representing an attached stag. The water surface was set into motion by

submerged gas injection and by impinging compressed air on the water surface. The

movement ofthe l-decanol on the water surface was visually observed.

6.1.1 Submerged Gas Injection

• In these experiments~ compressed air with tlowrate of 7xl0-4 m3/s (STP) was

injected into the water bath at 5 cm below the attached slag via a steel pipe (1.0. O.Olm).

It was observed that as air was injected into the water bath, bubbles formed at the point of

injection, rose and collapsed at the water surface. The attached slag broke inte many

pieces of detached slag immediately. Sorne I-decanol remained in contact with the wall

throughout the test. The movement of the detached slag was mainly in vertical direction

due to the waves. The rate of advancement in horizontal direction was small and the

direction of advancement was disordered. Sorne of the l-decanol that was detached

reattached when it came back in contact with the wall at another point. But mostly, it was

found that the stag carrîed by the wavy surface did not reach the wall again because the

waves reflected from the wall moved the l ...decanol back into the center of the bath once

• it came close to the wall. For slag able to reach the wall, the position was inconsistent. It
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was clear that the refleetion of waves from the wall interfered with the waves generated

by the collapsing bubbles and produced a neither consistent nor predietable circulation

pattern on the water surface.

6.1.2 Impinging Gas Jet

In these experiments, the water surface movement was created by an impinging

gas jet in glancing contact with the surface. The water surface was found to remain calm

throughout the experiment. The direction of circulation could be easily controlled by the

orientation ofthe jet. It was observed that the I-decanol pool started to defonn as soon as

the water surface started to move. The attached I-decanol pool extended along the path

of the water surface circulation. At sorne point, the attached I-decanol broke up to form

several detached I-decanol islands. These detached islands continued to advance with

the water movement. As the water surface circulation continued, more I-decanol was

drawn with the water surface flow and was detached from the wall. This cycle continued

until the attached I-decanol became quite small. This small piece of attached I-decanol

could ooly be extended sIightly and remained stationary despite of the movement of the

underlying water circulation. A series of pietures are presented in Figure 6.1 to

demonstrate the evolution of the attached I-decanol. The border of the I-decanol was

outlined for easier visualization.
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Attached I-decanol

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

Joint in the wall
of the tank ---

Wall ofTank
,,,,,,,,,

Perimeter ofbase
","of the tank

'"

•
Defonned
I-decanol -----~-

(a) Initial distribution of the I-decanol

Direction of
Water Surface
Circulation

(b) Deformation of I-decanol by water surface circulation

Direction of
Water Surface
Circulation _______ Detached
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•
(c) Breakage ofattached I-decanol to form detached islands
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(d) Continue deformation of remaining attacbed I-decanol aCter breakage

(e) Second breakage of the attacbed I-decanol

(f) Final distribution of I-decanol

Figure 6.1 Evolution of Attacbed I-decanol with Underlying Water Surface
Circulation
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• 6.2 Movement of I-decanol in the Modeling Tank

Experiments were performed to investigate the circulation pattern generated by

impinging gas jet in the modeling tank. Experiments were carried out with the apparatus

described in Section 5.2. When the I-decanol was charged into the tank, it spread quicldy

along the wall. After stahilization, the I-decanol was mainly distributed at the two end of

the tank:.

Water surface movement was created by the jet configuration as shown in Figure

6.2 and tlowrate of air trom each jet was 7xlo-4 ml/s. The circulation pattern on the

water surface was observed. It was found that this jet configuration was able to produce

the desired circulation pattern on the water surface as discussed in Section 3.3.4.3, which

was the left side ofthe underlying liquid surface circulating in an anti clockwise direction

• while the right side circulated in a clockwise direction with the center of the skimming

mouth as the dividing line. However, there were two major dead zones at the both front

corners of the tank as shawn in Figure 6.2. The I-decaonl located at these dead zones

were not be defonned and transported by the water surface circulation.

Jet

Circulation Pattern o~ Water Surface

" "l ""'",SkinumWng
Diviciidg Line Mouth

Figure 6.2 Dead Zones on Water Surface

Direction of Compressed Air
Flow!

!
f

~============*========:=';F==============~

'\
DeadZon

Jet

•
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It should be obvious that installing more jets along the wall of the tank could

further reduce the dead zones, but an alternative method to minimize the dead zone was

to increase of the flow rate of the gas jet. However, it was observed that as the flow rate

increased, the water sudàce became unstable. Waves were generated. As discussed in

Section 3.3.4.1.1 and observed in the preliminary experiments, a wavy surface is not an

effective way to carry the slag to the skimming mouth. Therefore, subsequent

experiments were performed with minimal wave motion on the water surface, and a jet

flow rate of 7xl0-4 m3/s (STP) trom both jets, which equivalent to a jet Re at the jet exit

of6100, was used.

It was aIso observed that the I-decanol deformed a10ng the centerline when it was

leaving the rear wall. As the deformed I-decanol approaching the skimming mouth, the

direction of flow was unstable. Quite often it deviated from the centerline and moved

away tram the skimming mouth when it reached the front wall. This was due to the fact

that movement of the I-decanol close to the skimming mouth was sensitive to the air

currents that passed over the water surface in the tank. In the region close to the

skimming mouth, the force that was required to detlect the movement of the I-decanol

was smaIl. A weak air current parallel to the front wall was being sufficient to deflect the

I-decanol ftom the centerline and causing the I-decanol to move away from the

skimming mouth. Since it was desired that the I-decanol always reached the front wall at

the skimming mouth, it is necessary to increase the momentum of the underlying water

circulation in the direction of the mouth. The solution that employed in the following

experiments was to instaii an additional jet pointing parailei to the model short axis at the

middle ofthe skimming mouth as shawn in Figure 6.3. The additional jet also inclined at

68



• 50° with respect to the horizontal water surface and passing air at a rate of 7xI0-4 m3/s

giving the same Re as the two rear jets.

Additional Center Jet

Figure 6.3 Configuration ofJets in Skimming Experiments (plan View)•

1
1
i
f
f
i
f
i
i
!

CentdrLine

kimming Mouth

•

With the jet configuration as shown in Figure 6.3, the momentum of the water

surface circulation when approaching the front wall was increased without generating

significant wave motion on the water surface. After the installation of the center jet, it

was observed that the movement of I-decanol was much less sensitive to the surrounding

air currents and consistently reached the front wall in the skimming mouth region.

6.3 Skimming Experiments

Skimming experiments were carried out in pairs, with and without jets. As will

be discussed below, it was observed that the skimming of I-decanol did not stop

throughout the experiment. However, the skimming rate became quite small when the
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experiments proceeded towards the end. Another observation was that the initially high

skimming rate decreased rapidly as the experiment proceeded when gas jets were used.

After a certain time7 it was found that the sldmming rate was the same with or without

jets. Since the goal of the experiments was to investigate the improvement of the

skimming effectiveness with the assistance of the jets using the unassisted one as a point

of reference, it was decided to use the rime at which the skimming rate ofboth cases were

identical as the point of comparison instead of using an arbitrary chosen cut...off time.

The overall skimming efficiency was quantified by averaging the rate of l ...decanol being

skimmed up to the comparison point. The extent of skimming is reported here as the

fraction of the originally charged I-decanol removed from the tank up to the comparison

point.

6.3.1 Skimming Efficiency

A plot of the instantaneous skimming rate verses time is presented in Figure 6.4.

In the plot, the data points corresponded ta the average value obtained from four

replications of the skimming experiments. The error bar represented the 95% confidence

interval of the average values. As can be seen tram the graph, in bath cases, the initial

skimming rates were highest as compared with the rest of the data. Also, the skimming

rate decreased gradually. However, the skimming rate was initially higher and decreased

more rapidly in the case of skimming with gas jets.. As can be seen from the graph, the

skimming rate when jets were used reduced to same as that for skimming without jet in

10 minutes. After tbis point, the skimming rates of the both cases were statistically

indistinguishable. Therefore, this point was taken as the point of comparison of the
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• skimming effectiveness. It was round that the when gas jets were used the average

skimming rate was 40 mVmin ±6 ml/min in comparison to 9 mVmin ± 2 ml/min when no

jet was used.

1000,------------------------------,

• With Jets

l • Without Jet
~=.-S 100

~

lE
~

~..
f 1
01) 1=

f f 1
·s 1 1

• E 10 ! 1:.; ! 1 1ri.) 1 f !! Point ofcomparison
1

0 S 10 15 20 2S

Time(min)

Figure 6.4 ComparisoD of Skimming Rate

•
71



• 6.3.2 Extent of Skimming

In this section, the extent of skimming is compared. A plot of the fraction of the

originally charged I-decanol skimmed versus time is presented in Figure 6.5. As can be

seen trom the graph up to the point ofcomparison, about 700Al of I-decanol was removed

using jets but only 20% of the I-decanol was skimmed without jets. A closer

examination revealed that in ooly the tirst minute, about 300Al of I-decanol was skimmed

with jets in comparison to about 4% without jets. The improvement of the extent of

skimming with jets was found mainly due to the signiticantly improved initial skimming

rate.
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• 7. DISCUSSION
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7.1 Structure of the Chapter

In this chapter, the causes of the observed enhancement of skimmiog

effectiveness are discussed and sorne methods to further improve the skimming

effectiveness are presented.

The discussion of the improvement of the skimming etfectiveness is divided ioto

a discussion ofthe enhancement ofthe transportation step and ofthe removal step.

The discussion of the enhancement of the transportation step is further sub­

divided into a discussion of:

• The transportation efficiency: the rate of slag being carried to the skimming

lip.

• The extent of transportation: the completeness of separating the attached slag

trom the wall by the underlying liquid surface circulation.

Discussion about the improvement of the rernoval step focuses on the increase of

driving force for slag removal with the presence of the gas jets and methods ta further

enhance the driving force for removal based on observations in the experiments.

73



• 7.2 Transportation of Slag by Bath Surface Circulation

There are two types of flow that May oceur in the slag transportation step,

creeping flow along the wall and extemally assisted flow (Section 3.3). In this section,

discussion focuses on the effectiveness of slag transportation by underlying liquid bath

surface circulation as a result of the gas jetting. AIso, the efficiency of carrying slag to

the skimming Hp by the surface motion generated by submerged gas injection and

impinging gas stream are compared. Finally, the limitation on separating the attached

slag from the furnace wall by surface circulation is discussed.

7.2.1 Efficiency of Transportation

A key factor that determines the efficiency of slag transportation by underlying

• Iiquid bath surface movement is the controllability of the circulation pattern. The goal of

creating the surface motion is to move the slag to a specifie location, i.e. the skimming

Hp. The transportation efficiency cannot be high if the liquid surface moves randomly.

As observed in the preliminary experiments, the surface motion of the underlying liquid

bath was highly disordered when submerged gas injection was employed to create the

motion. The random motion of the bath surface failed to carry the slag ta a specifie

location. The amount of slag that could be moved to the skimming lip relied on chance

more than the design ofthe gas injection system.

Moreover, submerged gas injection generates waves on the bath surface. The

wavy motion reduces the rate of the advancement of the slag in horizontal direction.

A1so, with a wavy surface, the level of the bath surface vibrates vertically at the wall.

• Therefore, the position of the skimming Hp must be maintained at a level at least as high
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as the crest of the wave in order to avoid the [oss of valuable materiai. Slag can ooly be

rapidly skimmed when it arrives the skimming lip at the moment of the bath surface at

the wal[ is at its maximum [evel. In order to gain benefit from submerged gas injection,

there has to be back and forth manual[y controlled rotation of the fumace such that the lip

is at the [owest reasonab[e leve[ without excessive melt carry over when slag arrives at

the lip. Thus, the operator needs to visually monitor the motion of the slag on the Metal

bath surface via the skimming mouth and lower the skimming lip to allow the slag

approaching the lip ta overflow. Consequently, the skimming effectiveness heavily

depends on the skill ofthe operator and may vary significantly fram batch to batch.

As observed in the present experiments, the surface circulation generated by

impinging gas jet was high1y controllable. By altering the configuration and orientation

of the jets, the circulation pattern generated can be easily modified to cope with the

design of the furnace and hence direct the slag to the skimming lip. Also, wave

generation is minimal, i.e., the skimming process can he operated with a calm bath

surface, and expense and variability associated with the human factor can be minimized.

7.2.2 Limitation on the Extent of Transportation

In the experiments, it was observed that the water surface circulation could

transport the I-decanol very effectively to the skimming Hp. Most of the I-decanol

originally distributed at the two ends of the tank was carried to the lip. However, as the

experiment proceeded, the rate of I-decanol reaching the lip decreased. Eventually, the

I-decanol along the wall was found not be transported to the lip despite the water surface

circulating. An explanation ofthis is as follows.
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As discussed in Section 3.3.4.2, the underlying Iiquid surface circulation

induced a shear force at the bottom of the attached slag. The magnitude of the shear

force experienced by the slag was directly proportional to the contact area between the

slag and the underlying liquid. As the attached slag was continuously skimmed, the

contact area between the slag and the bath continuously decreased. Even though the

shear stress induced on the attached slag remained relatively constant, the shear force

experienced by the slag decreased. Eventually, the shear force was not enough ta

overcome the surface tension ofthe slag and the slag remained stationary and attached ta

the wall.

Moreover, because of "no-slip" at the metaVwall interface, there is a stagnant

region at the wall in the bath. As a result, the slag close to the wall can not be sheared by

the bath surface circulation.

Stationary
sla~ 'r------- Bath Surface--------...Bath Surface

Circulation

•
Figure 7.1 Dlustration of Stationary Slag at the Wall

Increasing the strength of the bath surface circulation can reduce the thickness of

the stagnant layer. However, it cannot be completely eliminated. Moreover, the increase
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ofthe bath surface circulation strength implies the increase of the flowrate of the gas jets.

As observed in the experiments, an increase of the tlowrate of the gas jets generated

waves on the water surface. The wavy motion on the water surface resulted in an

uncontrollable circulation pattern, which was against the primary goal of the installation

ofthe jets. The presence of the stagnant layer Hmited the completeness of separating the

attached slag from the wall and hence limited the completeness of transporting attached

slag to the skimming lip by bath surface circulation.

Even though underlying liquid surface circulation would fail to compietely detach

slag from the wall of the fumace, the attached slag is transported to the Hp by creep along

the wall. If the slag at the Hp is continuously removed, the creeping of attached slag

along the wall continues until almost all slag is skimmed. The rate of transport along the

wall depends on the rate of removal at the Hp. However, the transportation efficiency is

expected to be small in comparison to the one induced by extemal assistance.

7.3 Removal of Slag

The flow of slag across the Hp occurred only when the driving force for flow

exceeded the resisting force. It was found that the driving force was improved with the

proper configuration of the gas jets. Also, by continuous rotation of the furnace, the high

initial skimming rate cao be maintained through out the process, though this was not

tested here as there was no mechanism to do this.
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7.3.1 Enhancement of Slag Removal by Gas Jet

The installation of the jets was primarily for the transportation of the slag.

However, if the role of the jets was ooly to carry the slag to the Hp, the initial skimming

rate with or without the assistance from the jets would expeeted to be similar but the

duration of the initial skimming rate without jets would have been extended by the

presence of the jets. Experimental results revea1ed that the initiai skimming rate with the

assistance from the jets was significaotly increased. Thus, on top of transporting the slag

to the skimming lip, the gas jets played another important role, which was to enhance the

flow ofthe slag across the lîp.

7.3.1.1 Role of the Center Jet

As the gas flow trom the ceoter jet exiting the skimming mouth, the free surface

of the I-decanol pool located at the skimming mouth experienced a shear force as shawn

in Figure 7.2.

Movement ofslag free SUlface due
to shearing by the gas flow

Slag layer al the
skimming lip

.~

..........-...... ..........
...­...............-....................

Gas Oow through the
skimming mouth

Slagtmetal interface

\
\
\
\
\
\
\

Skimming Iip

•
Figure 7.2 Enbancement of Slag OverOow by Gas Jet
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On top of the driving forces available when no jet was used, the slag in front of the

skimming lip was driven by the shearing due to the gas flow from the center jet to move

across the Hp faster. Furthermore, the shearing ofthe slag was an additional driving force

that caused the slag to tlow across the skimming lip.

As is discussed below, the underlying liquid bath level decreased continuously as

the skimming process proceeded. This reduction ofbath level resulted in a decrease of

the hydrostatic head driving the slag to flow across the skimming lip. With the additional

driving force due to the gas flow from the center jet, the skirnming process continued

after the point when other driving forces were insufficient to cause the slag to overflow

across the skimming Hp. Thus the center jet not ooly increased the initial skimming rate

but also sustained the skimming for longer as compared to skimming without the center

jet.

7.3.1.2 Gas Requirement

In the experiments, the modeling tank was open to the atmosphere. The gas flow

from the jets exited the tank from the top and through the mouth. The out flow through

the top weakened the shearing on the slag layer at the skimming lip. In a prototype, the

only opening through which the injected gas cao leave is the skimming mouth. Due to

this faet, the shearing effect on the slag layer at the skimming mouth is expeeted to be

stronger in the prototype than observed in the experiments.

The ratio of the gas stream velocity CU) and the velocity of the liquid surface

(VlUrface) is same as the ratio of the liquid viscosity and the gas viscosity, Section

3.3.4.1.2, Le.:

79



•
U " liquid

Vsurface " Bas

(3.1)
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As observed in the experiments, the vetocity of the water surface approacbing the

Hp was oforder ofmagnitude of 10.2 mis. To generate a movement on the molten copper

bath with a similar speed, the superficiat gas velocity (U) through the skimming mouth

could be estimated by putting the viscosity of molten copper (1l1iquid = 10-3 Pa s) and

viscosity of air (t'lsu = 10·s Pa s) into Equation 3.1 with Vsurface = 10-2 rn/s. The speed of

air passing through would need to be about 1 rn/s. If it is assumed that the area of the

skimming mouth is 1 m2
, the total gas tlow rate required would be about 1 m)/s.

7.3.2 Enhancement by Skimming Lip Position Control

The slag in a furnace tloats on the underlying liquid Metal bath because of its

lower density than the liquid metal. However, part of the slag is submerged in the liquid

Metal bath. As sorne of the stag is removed, an empty space is created in the bath. The

surrounding liquid Metal fUIs up tbis empty space immediately as shown in Figure 7.3.
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Figure 7.3 Reduction or Bath Level

Thus, the level of the Iiquid Metal bath continuously reduces as the skimming

process proceeds. If the position of the skimming Hp is kept constant throughout

skimmin& the reduction of the liquid metal bath level reduces the thickness of the slag

above the Hp, with the result that the hydrostatic head available to drive the slag to flow

across the lip decreases as the skimming proceeds. The raster the slag being removed,

the more rapid the bath level decreases and the more rapid the skimming rate decreaseso

•
Therefore, as observed in the experiments, the skimming rate decreased more rapidly

when jets were used than when no jet was used.
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• 7.3.2.1 Continuous Rotation of the Fumace

As mentioned above, a continuous reduction of skimming rate is due to the

lowering ofunderlying liquid level as the slag is being skimmed. If the fumace is rotated

continuously at the rate same as the underlying liquid level decreases, the relative

position between the slaglunderlying liquid interface and the edge of the skimming lip

would be maintained the same as the beginning ofthe process. The high initial skimming

rate as observed in the experiments could be maintained throughout the whole process.

For a certain volume V of slag skimmed, only a fraction of the volume is below

the level of the liquid metal bath. Assuming the volume of slag submerged in the

underlying liquid bath is V'. The ratio ofV' and V is same as the density ratio of the slag

•
and the underlying liquid.

VI_=E.!.
V Pm

(7.1)

In order to fill up an empty space with volume V', the surrounding liquid level has to he

decreased by âh. V' and Lih is related by:

V'=Mh

where A is the area of the bath surface.

(7.2)

Substituting Equation 7.2 into Equation 7.1, the following equation is obtained relating

the mass ofslag skimmed (M) and the reduction ofliquid metal bath level (t:\h).

•
1

âh=-M
Pm A
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Equation 7.3 allows calculation of the lowering of the skimming Hp required to maintain

the same relative position between the skimming Hp and the slaglunderlying liquid Metal

interface as at the beginning ofthe process.

In order to use Equation 7.3 to ca1culate the position of the skimming Iip~ the

surface area of the Iiquid metal bath must be known. However, due to the cylindrical

shape of the rotary fumace, the surface area of the liquid Metal bath changes with the

depth of the bath. As the depth of the liquid Metal bath changes, the area can either

increase or decrease. The direction ofvariation depends on the initial depth of the Iiquid

Metal bath whether it is above or below the centerline. If the initial depth of Iiquid Metal

bath is above the centerline, the area increases as the depth of the bath decrease until the

depth of the bath is same as the radius of the fumace. Theo, the area of the bath

decreases as the depth further reduced.

For a cylindrical vessel, the area ofthe Iiquid Metal bath is given by:

A=WL

where W: width of the bath

L: length ofthe vessel

(7.4)

As illustrated in Figure 7.4, the width of the bath is related ta the radius of the vessel (R)

and the initial depth ofthe bath (H) by

•

(7.S)
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Figure 7.4 Relationship between Bath Width and Depth

The area ofthe bath surface as the depth decreases by Ah is given by:

(7.6)

•

The control of skimming Hp position in a rotary fumace is achieved by rotation of

the vessel. The angle of rotation (e) of the fumace is defined here as the line joining the

interior edge of the skimming Hp and the center of the furnace with respect to vertical as

shown in Figure 7.5.
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Figure 7.5 Angle of Rotation of tbe Fumace

Assuming that the furnace is initially in the position with ai, in order to lower the

skimming Hp by Ah, the angle of rotation need to be increased to Si + ôa. The change of

angle of rotation and the decrease ofskimming Hp level is related by:

(7.7)

•

Combining Equations (7.3), (7.6) and (7.7), the necessary rotation of fumace can be

calculated by knowing the amount of slag skimmed.

In practice, the rotation of the furnace could be controlled by a stepwise loop as

shown in Figure 7.6. With a known initial depth of the liquid metal bath and the weight

of slag skimmed in the tirst step, the reduction of bath level could be calculated using

Equation 7.3. The area of the bath could be updated and be used in the next calculation

step. Using the obtained reduction of bath level, the necessary rotation couId be

8S



• determined using Equation 7.7. The angle obtained couId then use to control the rotation

mechanism.

•

Rotation of the
Fumace

Angle of
Rotation (8)

Mass of Slag
Skimmed(M)

Reduction of
Bath Leve) (Ah)

Update ofBath
Area(A)

•

Figure 7.6 Control Strategy of Skimming Lip Position

7.3.2.2 Practical Considerations

The most important factor that govems the successfulness of using the above-

mentioned strategy to control the skimming Hp position is the precision of the rotation

mechanism of the fumace. If the precision of the rotation mechanism is hig~ the

minimum allowable rotation step is small and the Hp position can be controlled precisely
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and the system could respond to a small amouRt of slag skimmed. As the precision of

rotation decreases, the minimum a1lowable rotation step încreases. The system can only

respond to a larger amount ofslag skimmed in order to avoid loss ofvaluable material.

An analysis was performed to demonstrate the relationship between the minimum

a1lowable rotation angle and the amount of slag need to be skimmed before the fumace

can respond to the change. In the calculation, the size of the fumace was assumed to be

2m in diameter and 12m in length and initially half filled with molten copper. Physical

properties of slag and molten copper presented in Table 4.1 were used. Moreover, the

level of the skimming Hp was assumed to be at the same level of the slag/molten copper

interface initially. The value of âh was calculated with a chosen rotation step (ôe) using

Equation 7.7. Theo, the amount ofslag skimmed was obtained using Equation 7.3.

Calculation results revealed that the weight of slag need to he skimmed was

directly proportion to the rotation step. When rotation step was 1°, the system could start

to respond when 2390 kg of slag is skimmed. However, as the minimum rotation

increased to 3°, 7290 kg of slag needed to be skimmed. If the rotation step further

increased to 5°, 12350 kg of slag needed to be skimmed before the fumace is allowed to

rotate.

The above analysis demonstrated that the precision of the fumace rotation plays

an important role in skimming mouth level control. Depending on the precision of the

rotation mechanism, the amount ofslag need to he skimmed before the fumace is allowed

to rotate varies. This amount of slag aise depends on the size of the fumace. With a

fixed minimum allowable rotation, the amount of slag need to he skimmed increase with

the size ofthe fumace decrease.
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8.1 Concluding Remarks

Skimming is a necessary procedure in Many metallurgical processes. However, to

date there has been little published research on the mechanisms and kinetics of the

skimming process. In this wode, a physical modeling exercise was performed to gain a

better insight into the skimming process of tluid slag in arder to identify methods to

improve the effectiveness ofthe process.

The skimming process was found comprised of two steps, namely the

transportation step and the removal step. In order to allow a skimming process to

proceed, slag must be continuously carried to the skimming Hp and the slag accumulated

in front of the lip must be continuously flowed across the skimming Hp. The

effectiveness of the skimming process was detennined by the effectiveness of the

transportation step and the removal step. With the faiture of either step, the skimming

process could not be proceeded to completeness.

For the transportation step, creation of bath surface circulation was found an

effective way to cany the slag to the skimming Hp. However, due to the presence of

stagnant regions on the bath surface close to the wall, fluid metallurgical slag can not be

completely detached from the wall by bath surface circulation. Moreover, method ta

create the bath surface movement was a crucial factor that determined the performance of

the transportation step. It was found that bath surface movement generated by submerged

gas injection was inetTective in carrying slag to the skimming Hp because of the

uncontrollable circulation pattern created on the bath surface. Also, the waves generation

problem require the skimming process to be operated manually. As a result, the copper
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anode fumace skimming process is more a matter of operator "intuition" and experience

than the application of science. On the other hand, it was found that bath surface

movement generated with impinging gas jets in glancing contact with the bath surface

created a very controllable circulation pattern and was able ta carry slag ta the skimming

Hp effeetively. The bath surface remained calm through out the process. With tbis gentle

movement, most of the slag located originally at the two ends of the furnace could be

carried to the skimming Hp.

For the rernoval step, it was found that the role of the gas jets was more than only

moving the slag to the skimming Hp. With a proper configuration of the gas jets, the

skimming rate could be improved because of the shearing of the slag by gas stream

exiting the fumace. It was also observed that as the skimming process proceeded, the

skimming rate continuously decreased due ta the reduction of the bath depth. It was

proposed that ta rotate the fumace continuously to maintain the same relative position

between the skimming Hp and the slag/metal interface as the beginning of the process. A

strategy was suggested to control the position of the lip by measuring the weight of slag

skimmed. However, the applicability of this strategy was limited by the precision of the

rotation mechanism ofthe fumace.

At first gIance, slag skimming appears to be a very simple process, that is, a

gravity driven f10w that separates immiscible stratified Iiquids. However, detailed

analysis of the process reveals that skimming is a dynamic process. The parameters that

governing the performance of the process, Le. the skimming rate and the distance

between the skimming Hp and the slag/metal interface, are inter-related. Ta increase the

skimming rate means to increase the velocity ofthe slag ta tlow across the skimming Hp.
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The maximum velocity attained is limited by the relative position orthe skimming lip and

the slag/metal interface (Mw). Otherwise, it leads to entrainment of the underlying liquid

metal. The occurrence of entrainment problem can be reduced by increasing Ahw•

However, an increase of Mw decreases the hydrostatic head of the slag layer above the

Hp and reduces the skimmiog rate. AIso, as the slag is skimmed, the level of the

underlying liquid Metal bath decreases. The faster the slag is skimmed, the faster the

bath level decreases. The increase of âhw also limited the extent of skimming. As a

result of the inter-relationship of the governing parameters, skimming is oot a steady

process.

Although this work was focused on the skimming of slag from a horizontal,

cylindrical, rotary fumace in copper industry, the idea presented to enhance skimming

effectively is applicable ta other type of skimming process, i.e. from removal of molten

grease from turkey juice in the kitchen to cleaning up ofoil slick in the ocean.

8.2 Recommendation for Future Works

For the ease of analysis the performance of a skimming process, it is suggested to

develop a mathematicai expression to describe the skimming process. The expression is

expected to be analogous ta the governing equations in heat and mass transfer. In other

words, the skimming rate is written as a product of a coefficient and the operating

parameters. The coefficient is expected to be a function of the fluid properties of the

slag. The operating parameters ioclude the size of the fumace, the distance between the

skimming lip and the stag/metal interface and the specification of the externat assistance

ta transport the slag to the skimming Iip.
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The bath surface circulation was found unable ta detach slag from the wall. In

arder to identify method to separate slag from the wall and achieve complete skimming,

the evolution of the attached slag at the wall during skimming is important. It is

recommended ta study the evolution of the triple points of the slag at the wall during

skimming. With the understanding of the behavior of the attached slas, identification of

method to detach slag trom the wall becomes possible.
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Experimental Data

Total Volume of I-decanol charged into the modeling tank: SOOml

SkimmiD2 Witb Jets SkimmioK Witbout Jets
Time Volume of l-decanol CoUected (ml) Volume of l-decanol CoUected (ml)
(min) Exo 1 Exp 2 Exp 3 Exp 4 Exp 1 Exp 2 Exp 3 Exp 4

1 148 192 144 134 15 14 21 ll.S
2 51 62 S4 79 10.5 7 12 8.7
3 26 28.5 29 36.5 10 7 10.5 8.5
4 21 18 20.S 23 9.5 7 10 8.3
S 17 lS 13.S 16 9 7 9 7.25
6 15 14 12 11.8 8 7 8.S 6.75
8 22 19 19.2 18.5 lS 12 15.5 13
10 18 13 16.S 16 15 12 14.S 12.2
12 14 10 13.5 13.5 14 10 13 10.2
16 24 12 24 20.5 24 20 23 19.2
20 14.5 7.5 18.4 18 20 20 22 17.2
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