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PREFACE

The engineering of metallurgical processes is presently in a
high state of flux. The advent of the high speed computing machine has
been a tremendous stimulus in promoting a re-examination of process de-
sign procedures. In this regard, it has been recognized by most educa-
tors in the field of extractive metallurgy that a unit process treatment
of the subject has much more to offer in its analytical approach than a
descriptive presentation of current practice. This text is based on the
unit process concept, and attempts to extend it to a consideration of
the design of entire extractive processing systems,

The fubure of metallurgical process engineering will undoubt-
edly involve, in addition to the advances in metallurgical science,tech-
niques which are adopted from chemical engineering, instrumentation,
computing’economics, operations research, and other allied fields. The
metallurgical engineer should be acquainted with these areas, at least
to the point of being able to evaluate possible contributions to metal-
lurgical processing operations by specialists from these fields, Ideally,
in a metallurgically oriented organization, the trained metallurgist
should be prepared to assume a position of leadership in the engineering
team which handles the many-faceted problems of metallurgical process de-
sign and operation,

This book reflects an effort to expand the teaching emphasis
in extractive metallurgy, and includes an introduction to some of the
fields which are important in metallurgical process design and operation.
Every effort has been made to develop an analytical approach to the engi-

neering of metallurgical unit processes. In addition, the text includes
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introductory material on the use of computers in process engineering,
operations research procedures which treat system behavior in terms of
queueing theory or linear programming models, as well as the mathematical
simulation of processing systems, and consideration of the engineering of
integrated systems.

The experience of teaching a course entitled, "Metallurgical
Process Design", to juniors and seniors at the University of Michigan
has provided the material for this publication, This course is preceded
by courses in Process Stoichiometry, Chemical Engineering Thermodynamics,
and Rate Operations which involve 3, L4, and 4 semester hours, respectively.
This preparation and a one hour réquired course in digital computer pro-
gramming is an excellent one for the present subject. Consequently, only
a brief review of stoichiometry, thermodynamics and kinetics in the first
chapters has been included. Furthermore, a knowledge of heat transfer
and fluid flow on the part of the student has been assumed. In the event
that additional reading in these areas is necessary, "Uniﬁ Operations” by
A, S, Foust and "Heat Transmission" by W. H. McAdams‘are excellent refer-
ence texts.

In view of the fact that the presentation is primarily analyti-
cal, it is necessary that it be supplemented by descriptive material to
provide the student with a clearer understanding of the environment in
which the processes under consideration operate,‘ The principal use of
the descriptive material should be in consideration of metallurgical
processing systems, following a development of the unit process approach.
C. R, Hayward's "Outline of Metallurgical Practice'", J. Newton's "Extrac-
tive Metallurgy", or the texts on nonferrous and ferrous production metal-

lurgy by J. L. Bray are possible sources of this material, In addition,
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the references from the technical literature at the end of each chapter
provide an excellent source of descriptive material.

The integration of example problems, both for classroom use
and homework, is a vital part of the presentation of this material.

The text itself contains only a few such problems, although a supple-
mentary problem set is presently under development. Thus it becomes
the responsibility of the instructor to provide additional material
which will develop the student's engineering Jjudgement and analytical
approach to design problems, "Metallurgical Problems" by Allison Butts
is a possible source of additional problems,

The author is indebted to many of his colleagues and asso-
ciates for their encouragement in preparing this text. The assistance
of the Industry Program of the College of Engineering in preparing the
final manuscript is gratefully acknowledged.

Robert D. Pehlke

December 1960
Ann Arbor, Michigan






TABLE OF CONTENTS

PART T ©Foundations of Metallurgical Design

Chapter

I
1T
I1T
Iv
v
VI

Title

Introduction.cossocoscescocnoososcosasessoosaocsao
Stoichiometry - Mass and Energy BalsnceS...cs00000
ThermodynamicCs.oococesooccccanssossonnossaooasonos
KineticS.,.co0a000c00s000000a0snnsssososssssssssasns
The Thermochemical Model..socssavoccoscsssensosnos
Equipment Design and Selection..ssoccscececocccasaa

PART II Materials Preparation, Treating, and Handling

VII
VIII
X
X
XI

Sintering....cooecosc0s0000000eessssacsoeooccnssss
Roagting - Calcining - Drying.scccccecosccsscosace
Hydro-Metallurgical OperabionS.ccoccoceosososcacooes
Melting and Pouring...scococccescccoceoccossoscssacsn
Casting and Solidification

PART III Primary Metal Production

XIT
XIII
XIV
XV
XVI
XVII

Direct Reduction of Metal Oxides and HalideS.ooo.o»
Fluidized Bed Reductione.socossccocsessoocssssosaoas
Reverberatory Furnace Smelting.o.sscovsosccocsssons
The Blast Furnace...ccocaceosoeacsnonosccssooncosono
Converting Processe€sS...ocsscocsocccocascansocnaccoscs
Electrolysis of Fused SallS.cssssccosscsssosassosa

PART IV Refining Operations

XVIIT
XIX
XX
XXI
XXIT
XXIIT

Electrolytic Refining ...c00000stc000000000000e0000
Distillation ProcesseS....cocaevcvcsancnsacsccsaocos
Liquid-Liquid Extraction....cccceascsoeccososococs
Precipitation Reactions-Deoxidationsscaceosss ebeoo
Phase Separation...oesseccocoassassccsosocossoccsosos
Degassing Operations ...cocccecssncenocsnsssssscna

PART V Integrated Operations

XXIV
XV
XXVI
XXVII
XXVIII

Electronic Computers in Process Engineering..oo.o..
Material Handling - A Queueing Theory Approach....
Linear Programming..sccscocoeccesccsooosscononcccaans
Process Simulation..ccoocccooscceosscsssoososoaoso
System Engineering,..cccsococeposccasnsssosscosoos

Indexngonnoooooeooaooaooeqéooaoao-annoocoooaaaoaao

Table of Physico-Chemical ConstantsS..sccoscoeveseas

vii

63
Tr

97
115

133
141
157
163
17
189

199
211
227
233
247
261.

283
293
305
321
329

337
345






LIST OF TABLES

Table Page
Part I
II-1 Metallurgical Balance for Dwight-Lloyd
Sintering MachineBOOQQGﬁOODO50059090900000 12
Part II
VII-1 Fuel for Normal Temperature Distribution in
Sinteringnaooaoaooonoooﬂonoaoaaoooo---.nao 67
X-1 Heat Content of Several Metals ...c000000e 102
XI-1 Segregation Coefficients for Alloying
Elements in Iromﬂhvngaoaaaodaeanoa-ctocooan 122
Part III :
XII-1 Maximum Vapor Predsure of Mercury .ceec.es 135
XII-2 Heat Capacity and Heat Content of Mercury . 136
XII-3 Free Energy Functions and Heats of Formation
Of SeVeI'al Chlorid-eS"‘a-oceaonoaoan.oaaaoc- 138
XVIi-1 Sensible Heat Contents at Selected Tempera-
tures Relative to a T7°F Base Temperature 181
Part IV
XIX-1 Vapor Pressure of the Elements s.ecessscss 212,213
XIX-2 Vapor Pressure Data for Dilute Liquid Iron
Solutions at 1600°C.....c0scs0ss0ss000000s 2L5
XXI-1 Standard Free Energies of Formation of
Oxides, Sulfides Nitrides and Carbides at
l600°CnnboDOOOODDDGIGDB’ﬁ!."’.BODﬂﬁﬁﬂoﬂoo 238’239
XXI-2 Standard Free Energy of Selution of Various
Elements in Liquid ITON  eyeeseccescscass 240
XXIIT~1 Relationship Between Reynolds Number and
Drag Coefficient for Bubble FLOW .cceosess 269
Part V

XXIV-1 Comparison of Analog and Digital Computers 290,291

XXV-1 Summary of Calculations for Multistation
Queueing Exalnplen...n.naononooonnaoaannnoo 301

XXV-2 Cost Analysis for Service Facilities in
Open HEarth Shopagpo.angaecaon-ooooonooooo 301

ix



LIST OF TABLES (CONT'D)

Table Page

XXVI-1 Simplex Method of Calculationzloeccesseocccs 310
XXVI-2 GSimplex Method of Calculation=2...sc000000 311
XXVI-3 Simplex Method of Calculation-3..ccecesces 311
XXVI-4 Simplex Method of Calculation-4..,..e0s000. 311

XXVI-5 Optimum Program for Alloy Production...... 315



Figure

Part 1
TrII-1
ITT=-1
III-2
III-3
ITT-4
I1I-5

III-6

III-7

Part II
VII-1

VII-2

X-2

X-3

LIST OF FIGURES

Page
Process Flow Diagram ..c.cocococecsoecssocoossnsoo 9
Activity of Nickel in Liquid Iron Showing
Id—eal BehaviorocOQOODQODOBDOOOODOOGDODDD'DO 2)4'

Activity of Silicon in Liquid Iron at
16000000oooooocuoooooooaoasaooooaooonooo-ao 25

Activity of Copper in Liquid Iron at
16009000000090309000909OﬂbOﬂODﬂﬂODﬂooboaooﬂ 26
Activity of Copper in Liquid Iron at

1600°C ..

O 000000000 DOGOADO00G0 000800060 QCOC0S 28

Activity of Silicon in Liquid Iron at
29

°C
1600 © 0000000000 GO0O0000QC0O0YO000000C00G00C0O00

Activity and Activity Coefficient of Carbon
in Liquid Iron at 1600°C ..csccosoesccssssos 30

Activity-Composition Diagram Showing Factors
Involved in Converting Activities from One

Standard State to Another..cccccooccoscscenaos 32
Potential Energy Path for a Chemical -
Reactiononaoccnooooooaooanonnoonoooaoooanao 39
Concentration Profile in a Boundary Layer.. 43
Schematic View of Dortmund - Hrder

Hittenunion Vacuum Treating ProcessS.ccsossoco 50
Removal of CO from Liguid Steel by DHHU

Vacuum Treating ProcessS..csocscossccoscsssos 51
Schematic Diagram of Dwight Lloyd Sintering
SyStemOODQODOQOOQQOOGOBOGOOOQQOQOOGDOOOOOBO 64
Temperature Distribution for Two Sinter

Mixes When Combustion is Occurring Approxi-
mately at the Midpoint of the Bed.c.vosoooo 68
Melting PUrNacCeS.coeecoooncosconsooaeonsasss 98
200 Ton Bottom-Pour Ladle....ooo.s. ceonsess 106

Flow Rates from Bottom-pour Ladle for Various
Nozzle Materials with Erosion Coefficient, €..112

xi



Figure

XI-1

Part III
XITT-1

XITI-2

XIII-3

XITI-k

XIV-1

Part IV
XVIITI-1

XVIII-2

XIX-1

XXII-1

XXII-2

LIST OF FIGURES (CONT'D)

Segregation Pattern in Hot-topped Killed
Steel Ingot AnﬂQDOOODOOOQOOOQDOOOOOOQDOOBGO

Effect of Fluid Velocity on Pressure Drop
for Upward Flow Through a Bed of Closely
SiZed PartiCleS 00009 30C00C0C000C00 0000300 RG S0

Effect of Reynolds Number on Porosity for
Upward Flow Through a Bed of Closely Sized

o
ParthleS 09000000 000C3d000008000UdG00000COCOCO0 QO

Equilibrium in the Systems Fe-0-H and

Fe_O“C 0600000000000 0C000C0O00000000000C0C0CO00GCOCO

Distribution of Retention Times for Perfect
Mixing in a Continuous System ..secococcessoe

Reverberatory Furnace Smelting.....coc00000
Cross Section of Blast Furnace ...oocsoccoccoo

Solubility of Carbon in Iron-Silicon

AlloysoOoﬂOQOOQODGODODO90000000000000590900
Operating Positions of Bessemer Converter,,

Changes in Metal Bath Composition During
Blowing Period of 25 Ton Bessemer Con-

verteraaooaocoooooooooooooooooogaoooanonooo

Concentration Polarization at Anode of
lectrolytic Cell....c0ceo000000000000000000no0

Electrical Connections for Electrolytic
Refining CellsoﬂDDOOOBOODDOOQOOODDGOOODQDQO

Relationship Between X and Y for Various
valeues Ofd0090009009OODDODFDDDBBOQQDDDOOQ

Free Energy of Nucleus Formation as a
Function of Nucleus Siz€..ccoocceccccssssso

Phage Diagram for the Lead-Silver System.,..

xii

143

1L

147

153
158
165

169

178

182

205

208

218

250

254



Part V

Figure

XXTII=-3

XXIIT-1

XXIII-2

XXITI-3

XXIII-k

XXIV-1

XXIV=-2

XXIV-3

XXVI-1

LIST OF FIGURES (CONT'D)

Schematic Diagram of Zinc Recovery
System for Zinc-Lead Blast Furnac....oo..

Removal of Hydrogen from Liquid Steel
by Flushing with Argon...csocccccosccccooo

Vacuum Degassing of Liquid Iron in
Magnesia Cruclble.soosecascoscancososoocos

Desulfurization of an 80%Ni - 20% Co
Alloy at 1520°C by Vacuum Treatment....oo

Schematic Diagram of Vacuum-Flow Steel
Degassing ProcessS.cccccvosaccsccscococosns
Digital Computer Operabion..cocccoccosscos

Flow Diagram for Successive Evaluation of
Polmomialoaaooaooaaoanonoaooooooonocooon

Flow Diagram for Solution of Differential
Equation with Analog Computer.ecccocscsocos

Graphical Solution of Two-Dimensional
ILinear Programming Problem..csooccocccocao

xiii

Page

255

268

273

288

307






Part I

FOUNDATIONS OF METALLURGICAL DESIGN






CHAPTER I

INTRODUCTION

A trestment of the science and of the art of process metal-
lurgical engineering may be approached in two ways. The first, and one
which has been highly popular in past‘years, is that of treating the ex-
traction and processing of each individual metallic element starting with
the mined ore and ending with a semi-finished product. The second.
approach, and one which has become necessary in view of the constantly
expanding frontiers of metallurgy and the diversity of processing
systems used in metallurgical industries, recognizes that each of these
processing systems is made up of a number of unit operations and pro-
cesses which possess general similarities independent of the material
being processed.

The terms, unit operations and unit processes, were first used
by chemical engineers to designate the unit actions in the manufacturing
processes of the chemical industry. A distinction may be made between
unit operations and unit processes on the basis of whether or not the
process involves physical or chemical changes. Unit processes are defined
as those operations which involve chemical reactions and/or changes in
state of aggregation while unit operations primarily do not involve
either bulk reactions or changes in state. Mebaldlurgiesl unit opera-
tions would include screening, size reduction, handling of solids and
fluids, classification, flotation, sedimentation, and other material
separation processes. Metallurgical unit processes would include such
gas-solid processes as roasting, calcining, and gaseous reduction. They

would include as well, sintering, the reduction of oxides, smelting
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operations, converting, refining, hydrometallurgical processes, electro-
lytic processes, and other metallurgical operations which involve chemi-
cal reactions or changes in state. This text is devoted to the develop-
ment of an engineering approach to the design and integration of
metallurgical unit processes.

It should be noted that there is a distinct need for several
kinds of unit operations and unit processes in sequence. This need
arises from the fact that no single unit operation or process is capable
of separating a metal from all of the elements associated with it. Con-
sequently, a coordinated sequence of operations and processes is made up
such that materials flow from one step to the next in an orderly fashion.
These integrated processes may make up the entire plant or section of a
plant in which the metal is being processed. Successful operation of
an industrial process requires intimate knowledge of the relations of
the large-scale process to its surroundings and careful coordination of
those relations with each other and with the internal characteristics
of the process.

The engineer who has a sound foundation in the principles of
metallurgical operations; i.e., in stolchiometry, fluid flow, and heat
transfer, as well as a good background in thermodynamics and kinetics,
should be able to apply this knowledge and readily adopt himself to the
mathematical analyses and practical applications of metallurgical unit
brocesges. The material presented in this test assumes such a back-
ground, although the first section has been devoted to reviewing a part
of that material. The goal here is not only an understanding of unit

Processes, but a preparation for an even more advanced state of metal-



lurgical process design, the engineering and design of metallurgical
processing systems.

In recent years, the processing industries have come to rea-
lize more and more that they can no longer think of their plants as an
assemblage of individual units. It is becoming apparent that each of
the separate units in a processing system influences the others in many
subtle ways as well as the more obvious, direct ones. The principles
of feedback systems have been recognized for some time, but little has
been done to implement these principles for the purpose of process con-
trol. Recent advances in the mathematical treatments of integrated
systems coupled with a better appreciation for the interaction of units
making up a system, have led to a new engineering technique, that of
system engineering. System engineering strives to optimize the opera-
tion of entire plants or systems contained within them, and prepares to
do so by analyzing the operation of each of the individual units and
integrating the analyses of them.

The advent of system engineering is undoubtedly the dawning
of a new era in process engineering. This advance represents a chal-
lenge to the metallurgical engineer. The meeting of this challenge is

the goal to which this text is committed.
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CHAPTER II

STOICHIOMETRY - MASS AND ENERGY BALANCES

The basis of engineering analyses of metallurgical processes
is the mass and energy balances which may be set up for a process. The
stoichiometric relations which mske up these mass and energy balances
are in themselves quite simple. They could be summarized by the old
observation, "What goes in, must come out.", or more precisely as, the
input to a system is equal to the output from the system plus any accu-
mulation within the system. This statement is based on the assumption
that matter is neither crested nor destroyed, and also that matter and
energy are not interchangable. This assumption is contrary to the
foundations of nuclear science, but is one of general validity in
metallurgical process operations.

Processes may be divided into two classes, batch and contin-
uous. In the batch process the charge materials are placed in a‘tank
or container and then permitted to react by interchange of materials
between the charge streams or the interchange of energy between the
charge materials themselves or between the container and the charge
materials., When the charge of the batch process has reached the de-
sired conditions, it is removed and new charge materials are placed
in the container. In the continuous process the charge materials are
passed continuously through the container, the reacting volume and the
rate of flow being adjusted so that the materials leave the system at
the desired conditions.

Each of these classes of processes has certain advantages and

the choice of the process to be used is the responsibility of the
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engineer. The batch process generally involves equipment which is sim-
Pler and easier to fabricate. It does not require as close control and
the control is needed only toward the end of the process. The batch
Process is intermittent, and consequently, associated with such a pro-
cess are the problems of storage facilities to absorb the fluctuations
in the rates of production.

The continuous process, generally requiring more carefully
designed equipment than the batch process, can usually be handled in a
smaller space and with continuous operation which easily fits into a
smooth flow of production through the plant. The temperature in each
part of the continuous process equipment will remain substantially
constant during the operation. Thus the continuous operstion has an
advantage from the point of engineering design. Conditions will be
different at different points in the continuous system, but will remain
constant at each particular point. This is called a steady state pro-
cess and is in many respects an ideal one. The mathematical treatment
of the steady state process is generally much easier than that for a
non-steady state process. The continuous process does involve non-
steady state conditions, however, durihg startup and shutdown periods,
but throughout the course of operation, the continuous process is in

what may be described as a steady state condition.

Mass Balances

The materials balance for an unsteady system was stated
previously:

Input = Output + Accumulation 1I =1
A steady system, however, will contain a fixed and unvarying quantity

of any given element so that the balance simplifies to:



Input = Output 1r-2
This simpler relation also applies to batch processes and other unsteady
systems 1f the input and output are measured for period of time such
that the system is in the same condition at the beginning and the end
of that period.

For the process shown in Figure II-1, the over-all material

balance may be stated mathematically as:

a; + ap =Dy + bp 1I-3
where aj = total mass of stream Ay, ap = total mass of stream Aa’

b, = total mass of stream By, bz = total mass of stream B,.

Bs A,
— =
- =
Al By

Figure II-1 Process Flow Diagram
If the process is a babch process the mass of the streams may be ex-
pressed in weight units. If, however, the process 1s a continuous oOne,
rate of flow may be used, expressed as mass per unit time.

In the case where the reactions taking place 1in a process are
purely physical, the mgterial balance may be written for each material
involved. If, however, a chemical reaction 1s teking place, the balance
must be written in the form of an element balance. The principle of
conservation of elements may be used. This principle states that matter
is composed of atoms which are unchanged during the course of a chemical
reaction. Furthermore, this principle may be extended to state that

when atoms combine to form molecules, these combinations are brought
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abgut such that the weight of the molecule is precisely equal to the
sum of the weights of the atoms which make it up.

In addition to the principle of conservation of elements,
the ideal gas law is also an important consideration, especially since
gas phases are involved in nearly all process operations. Boyle's law
states that at constant pressure, the volume of a given mass of gas is
inversely proportional to the pressure. Charles' law states that at
constant pressure the volume is proportional to the absolute tempera-
ture. These statements are strictly true only for an ideal gas and
lead to the ideal gas law. The relationship for an ideal gas is thus:

PV = NRT IT-L
where P = pressure, V = volume, N = number of moles of gas, R = gas
constant, and T = absolute temperature. Real gases closely approach
the ideal behavior represented by the above equation at low pressures
and high temperatures. Since these are the conditions under which most
metallurgical systems operate, no significant errors are introduced by
assuming ideal behavior for gases involved in nearly all metallurgical
operations.

The law of combining volumes follows from the ideal gas law
and affords a further simplification of engineering calculations. Ac-
cording to this principle, the volume of a mixture of two gases is
equal to the sum of the volumes of the individual gases, and the volume
fraction as well as the mole fraction are given by the partial pressure
of one gas divided by the total pressure of the gas mixture.

When complete and accurate stoichiometric data are available

for a process, a table is easily drawn up to show the balances for the
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materials and for each important element. A typical metallurgical bal-
ance is presented in Table II-1,

In principle, all of the quantities entering and leaving a
process with no accumulation or loss can be calculated if complete
analyses on all sgtreams and the quantity of one of the materials in
each stream are known. Simultaneous equations can be solved for the
unknown quantities which may be eilther Weights or analyses of streams.
If N independent element balances can be written, N unknowns can be
solved for. If there are more independent equations than there are
unknowns, several sets of answers can be calculated and checked against
each other. Solutions of simultaneous equations set up from practical
data are often in error because small errors in the original data can
greatly be magnified in the solution. Even negative answers may be
obtained and such results are often due to the fact that solutions are
obtained by a method of difference, and large errors may arise in solv-
ing the equations where a small quantity is determined by the difference
between two large gquantities. The engineer must be aware of this diffi-
culty, as well as be able to recognize and avoid it.

It is rarely necessary to formally set up and solve a list of
simultaneous equations involving all of the elements. Examination of
the problem will usually reveal a simpler procedure for solving the
particular problem. One factor which may be of assistance can arise
from the fact that one element may enter and leave the process in a
stream unchanged. For example, nitrogen often acts as an inert material
which enters as air and leaves in the gaseous product. If the percent-

age of nitrogen in the exit gas is available and either the volume of
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TABLE II-1 Metallurgical Balance for Dwight-Lloyd Sintering Machine

Basis: Per 1000 1b. of dry charge

FEED PRODUCT
Charge - 1b Sinter - 1b Gases(suction box)=-1b
Lead Ore (645):
Pbs 387 Pb 335 S 52
FeS 26 Fe 12 S 1k
S105 232 510, 232
Silver Ore (65):
PbS 3 Pb 3 S 0
AgsS 0.3 Ag 0.3 S 0
810, 61.7 810, 61.7
Spathic Iron Ore (129)
FeCO, 129 FeO 80 COp Lo
Limestone (161):
G‘aco3 161 Cal0gq 80.5 €O, 35,5
Ca0 45 B
Moisture (100):
H0 100 H,0 100
011 (5)
C 4.3 C 4.3
H 0.7 H 0.7
Air (T774)
N 595 N 595
0 179 0 31 0 148
Total 1879 880.5 998.5
From: A, Butts, Metallurgical Problems , McGraw-Hill Book Co.

New York, 1943, p. 23L.
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air or of the exit gas 1s also available, the other volume is readily
calculated without regard for other stoichiometric data on the process.

A general procedure should be adopted for setting up and
solving the mass balances around metallurgical processes. Such prob-
lems are rarely difficult, but are generally long and tedious and offer
many opportunities for arithmetic and other errors which are not easgy
to find and correct. Hence, from the very start a logical procedure of
problem solving should be adopted, clearly writing out all steps so the
solution can be quickly retraced and checked by another person if neces-
sary. The procedure should include a simple line drawing of the system
with indicating arrows showing the direction of each stream, the known
stoichiometric data, and the assumptions which are valid for the proc-
egs and which may serve as a basis for solution, the basis for the
calculation, and the balanced chemical equations which will account for
specific compounds or elements. Once this has been dcne, the equations
may be inspected and a procedure decided upon for the solution of the
problem. The solution should then be carried out and the results
tabulated in a metallurgical balance table. The solution should finally
be checked to see that all conditions are fulfilled and that the re-

quired results have been obtained.

Energy Balances

All processes involve the interchange of various kinds of
energy with the surrcundings. In most metallurgical processes, heat
energy is the principal form of energy exchanged between the metal-

lurgical system and its surroundings. The supply and utilization of
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heat range in importance with the supply and utilization of raw materials
in determining costs and thus the succese or failure of a process, For
example, the availability of fuel or of low cost power has in many cases
been the primary factor in the choice of plant location. Hence, +the
system of energy accounting or an energy balance for the process show-
ing input and output of heat and other forms of energy is one of the
indispensable tools that the metallurgical engineer uses., Just as the
Principle of conservation of elements afforded a simple approach to the
materials balance, the principle of conservation of energy or the first
law of thermodynamics affords a sound basis for setting up an energy
balance. In both cases, a complebte accounting of what goes into and
what comes out of the system is made with little concern for the reac-
tion mechanisms which operate within the system during the process opera-
tion.

The first law of thermodynamics may be written as:

A =Q - W IT-5
where AE is the energy change of the system, Q is the heat absorbei by
the system from the surroundings, and W is the work done by the system
on the surroundings.

The bheat content or enthalpy of the system, H is the thermo-
dynamic property defined as:

HE=FE+ PV II-6
where E is the energy content of the system, P is the pressure, and V
the volume of the system. Combining with the previous eguation, the
first law may be written as:

H -H =Q-W+PV -P ¥ Ll
2 L q 22 L1 ’
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For a constant pressure process, in which all the work done by the system
on the surroundings is the work of expansion, thabt is, the integral from
1l -2 of PV, P, =P; =P and W = P(Vp - V1). Combining the two equations
above, H2 - Hl = Q,p or M = Qp, where Q,:p is the heat absorbed by the
system in changing from state 1 to state 2 by path of constant pressure
in which only expansion work is done on the surroundings.

If the change in state is at constant pressure, but involves
work other than expansion work on the surroundings,

M = Qp - W I1-8
where W' is the work done by the system on the surroundings in the con-
stant préessure process, but does not include expansion work. For exam-
ple, in an electric furnace process at constant pressure, -W' = the
input of electrical work to the system. Since most metallurgical pro-
cesses follow paths of substantially constant preséure, the previous
equation is a very useful one.

Before introducing the energy balance itself, it would be
best to first discuss the principles of thermochemistry which underlie
the various aspects of that balance. Thermochemistry is a branch of
science which is concerned with energy changes, usually in the form
of heat which accompany chemical reactions. Thermochemistry as &
selence can be summarized by several laws which form the basis for most
of the calculations accompanying heat effects in chemical reactions.

In 1780 Lavoisier and LaPlace stated that the heat evolved in a given
reaction is equal to the heat absorbed in the reverse reaction. This
law is merely an expression of the more general law of conservation of
energy. In 1840, Hess, in his law of constant heat summation, stated

that the heat of a chemical reaction at constant pressure is independent
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of the number of intermediate steps involved. In other words, the total
change in enthalpy of a system is dependent upon only the initial and
final conditions of the system and is independent of the number of inter-
mediate chemical reactions involved.

Systematic thermochemical datsa are readily available for the
following simple thermodynamic changes in state, all at constant pres-
sure:

1. temperature changes in pure substances

2. changes in state for pure substances

3. formation of compounds from elements

4, formation of solutions,

The variation of heat content with temperature is expressed
for most substances by a number of empirical relations involwving temper-
atures to various powers. The quantity calculated is not the absolute
heat content, but the relative heat content, H - Hoog, The temperature
298°%K or 2500 is known as the base temperature and the quantity (Ht - H298)
is then the heat content above the base temperature. The variation in
the sensible heat with temperature is called the heat capacity c which

b

is defined as:

= [ 3— Iy II-9
Integration of the above equation gives:
Hy - Hy = /;i cy aT II-10

1
Values of the sensible heat are tabulated in various sources.
After a solid is heated to its melting point, additional heat

must be supplied to melt it. The heat required for melting at constant
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pressure is equal to the increase in heat conteﬁt from the solid to the
liquid and is known as the heat of fusion. An equal quantity of heat
is liberated during solidification, so that

M solidificabtion = -AH fusion IT-11
Similarly, heat effects accompanying vaporization and other allotropic
changes in materials are measured by heats of vaporization and heats of
transformation.,

When a chemical compound is formed from its elements, heat is
either liberated or absorbed. The heat of formation, designated bylﬁHf,
of a substance is the enthalpy change resulting from a reaction in which
the reactants are initially in the elemental form at some specified tem-
perature and pressure, and the product is obtained at the same conditions
of temperature and pressure. The heat of formation is a special case of
heat of reaction in which the reactants are pure elements. The usual
conditions of temperature and pressure are at the base temperature 2500
and 1 atmogphere, in general, and the heat of formation under these con-
ditions is termed the standard heat of formation., A compound whose heat
of formation is negative is termed an exothermic compound while one
whose heat formation is‘posiﬁive is termed an endothermic compound.

The heats of reaction may be computed from the heats of for-
mation by the foliowing equation:

MH = Z[Aﬂf of reaction products] - Z[AHf of reactants] II-12
The above equation follows from the previously indicated fact that AH
for any process depends. only on the initial and final states and not on
the path taken, Thus, if a process is divided into several steps and
MH is determined for each step, the algebraic sum of the AH values for

all the steps must equal AH for the original direct process.
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The enthalpies invelved in the formation of solubtions are func-
tions of composzition. The enthalpy changes accompanying the formation of
solutions have been tabulated for a few systems. Fortunately, these
heats of solution in many cases are small compared with other enthalpy
changes in the process, so that they can often be neglected without in-
troducing serious errors into the over-all heat balance,

The heat balance for a process is a statement of the energy
balance in a form which is convenient., The heat balance, like the
material balance, accounts for heat quantities in two categories, in=-
put and output. The totals for the two categories must be equal., ALl
items in the heat balance are positive, so if simple rules are followed
there is 1little confusion of negative and positive signs which is often
experienced in thermodynamic -calculations.

No new principles are introduced in the heat balance; it in-
volves the same principles utilized in the mass balance, However, a
few conventions and definitions are involved in order to insure proper
classification of the energy input and output.

It is necessary to select a single base or reference temperature.
This base temperature is often 2500o However, for high temperature
processes one might select the temperature of the process as the base
temperature. Thus steel-making processes might be referred to 1600°C,
or copper-converting processes to 1200°C, . After selecting the refer-
ence temperature, reference states at this tempersbure must be under-
steod for each substance in the input and output streamg. For most
substances there is only one stable state at the reference temperature.
However, in many cases, particularly for solutions, a specification is

necessary.
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The sensible heat of an input or output material is the positive
quantity of heat required to change the substance from the reference tem-
perature and reference state to the actual temperature and actual state
in which it is present in the input or output of the process. Thus, if
the reference temperature is 1600°C, and the material enters the process
at that temperature and ih its reference state, the substance brings no
sensible heat into the process., On the other hand, if the substance is
brought into the process at ambient air temperatures, it brings a nega-
tive sensible heat into the process. The calculation of sensible heat

1s a calculation of AH for the heating from the reference state to the

actual state.

Heats of reaction must have the values corresponding to the
reference temperature, and not to the process or to other temperatures,
and must be for the reactions between substances in their reference
state at the base temperature.

The heat balance thus includes:

Input 1. Sensible heats in input materials (positive)
2, Héats evolved in exothermic reactions
3. Heats supplied from outside the system.
Output 1. Sensible heats in output materials
2, Heats absorbed in endothermic reactions
3. Heats absorbed in bringing input materials to reference
temperature and state
Lk, Heat loss to surroundings by radiation and convection,

The procedure in calculating a heat balance is essentially

the same as that involved in calculabing a material balance. Accord-

ingly, a logical and standard procedure of calculation is desirable,

and should be outlined prior to the solution of the problem,
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CHAPTER III

THERMODYNAMICS

The chemical behavior of materials and the influence of exten-
sive properties on the reactions which take place between substances may
be described in terms of thermodynamic relationships.

The total energy which is available from a chemical reaction
to do reversible work is the free energy, a quartity which was defined
by J. Willard Gibbs as:

F=H-TS ITI-1
Then for a chemical reaction at constant temperature:

AF =/ - T AS III-2
The free energy change, AF, is a measure of the driving force for the
occurance of the reaction at a definite pressure and temberatureo When
AF is negative the reaction tends to occur and conversely, when AFis
positive the reverse reaction tends to occur. The greater the free
energy change, the greater the tendency for the reaction to occur. When
AF is zero, the reaction is said to be in equilibrium and there is no
tendency for the reaction to occur in either direction. The free energy
change does not determine the rate of the reaction and will not permit
a prediction as to whether the reaction is fast or slow,
Solutions

The chemical activity, a, (the tendency of a component of a
phase to react), is dependent upon concentration of the component in
that phase. In an ideal solution, the chemical activity of a component
is proportional to the amount of the component present. As an example,

if liquid nickel and iron are mixed in equal mole fractions, the iron
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which is present would have one half the chemical activity of pure liguid
iron, If the solution were more diiute in iron, its activity would be
less, A component whose activity is proportional to mole fraction is

said to be ideal and to obey Raoult's Law:

moles A gé
8p = Total moies = N I11-3

At N, =N in Equation (I1I-3), a = 1. Thus, the pure phase

is the reference concentration or the Standard State. The reference

concentration could also have been chosen at some other point. For
example, a 1 mole percent solubtion could be used as the standard state
and the activities indexed from that point. Then, an ideal solution
would have component activities equal to mole percent, i.e., a 1 mole
percent solubtion would have an activity equal to 1, whereas a pure
solution of a component would have an activity (index) of 100,

Other standard states are often used as well. For a gas,
the standard state is usually taken as 1 atmosphere pressure of that
particular gas comporent. An ideal gas with a partial pressure of 1
millimeter of mercury would have an activity of 1/7600 If however,
1 millimeter of mercury pressure had been chosen as the standard state,
the activity would be equal to 1 if the gas component was at a pressure
of 1 millimeter and egual to T60 at one standard atmosphere, In metallic
solutions, a sbandard state 1s often chosen such that the activity is
equal to the concentration in weight percent at infinite dilution. This
standard state, referred to as the one weight percent solution, is often

convenient since compositions are generally expressed in weight percent,

0D
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Tiree Bnergy amd Activity

The free energy of a component is related to the chemical
activity of the component by the relationship:
F - F° = L.575 T logy(a) III-k4
where F is the free energy of the component within the phase and O is

the free energy of the component in its standard state in which a = 1.

Ron-Ideal Solutions

Most real solutions are not ideal. - In order that a solution
be ideal, the atomic species of the component must interact with those
of the other components in the same manner that they do with their own.
It this is not the case, the chemical activity of the component is
altered from ideal behavior.

The activities of nickel and silicon in molten iron are shown
in Figures III-1 and III-2. Nickel, as previously discussed, behaves
ideally but silicon does not. The silicon atoms are more strongly
associated with the iron atoms than with other silicon atoms, thus
lowering the chemical activity of silicon below the ideal behavior pre-
diction., The strong associatioﬁ between silicon énd iron atoms is in-
dicated by the facts that (1) energy is given off (exothermic heat of
solution) when silicon is added to iron, and (2) intermetallic compounds
of iron and silicon are readily formed in the solid phase.

Figure III-3 shows the activiiy of copper in iron. Unlike
silicon, coppef atoms do not associate as readily with iron atoms as
with other copper atoms. Therefore, the chemical activity of copper is
increased above that predicted on the basis of ideal behavior. This is

also shown by (1) endothermic heat of solution of copper, and (2) the
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tendency to form two immiscible liquids at tempersbures near the lig-
uidus.

Although copper and silicon do not behaye ideally, it is
obgerved that their activities are proportional to concentration in
dilute solutions. This quasi-ideal behavior is described by Henry's
Law which says that the activity is proportional to concentration in
dilute solutions. For this cese it is convenient to use the 1 weight
percent solution as a reference state. Figures III-4 and ITII-5 show
Henry's law behavior for copper and silicon in molten iron.

Few solutions are ideal, or even quasi-ideal, and it is
necessary to take this into account when calculating activities from
concentrations. This is done by means of an activity coefficient.
Figure III-6 shows the activity coefficient necessary to calculate
the activity of carbon in iron on the bagis of Henry's Law. The
activity coefficient is defined as:

;: = £x(wt.%) III-5

The activity coefficlent of carbon is 1 in very dilute solu-
tions, i.e. carbon obeys Henry's Law. As the concentrastion is increased,
the activity coefficient exceeds 1 by increasing amounts.,

For deviations from Raoult's Law, Equation (IIL-5) may be
expressed asg:

a = 3&(mole fraction) III-6

Conversion from One Standard State to Another

It is frequently necessary to convert from one standard
state to another in order to make use of data which may give AF° as a
function of temperature relative to a reference state which differs
from the desired one. For example, the free energy of formation of a

metal oxide may be known for the reaction:
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M(pure liquid) + Op(gas) = MOo(solid) IIT-7
but the oxidation of interest occurs from solution in & liguid metal
solvent, say liquid iron. The activity of the metal must then be ex-
pressed in terms of its concentration in solution in liquid iron.

Figure III-7 shows the activity of the metal, M, in solution
in iron as a function of mole fraction, NMQ It is seen that the fres
energy change involved in the transfer of M from the pure liquid State A,
to the dilute solution in iron, State B, must be determined. The free
energy change is given by the expression:

AF =RT 1In (aM(solution)/am(pure liquid)) TII-8
The activity ratio for the two Standard States is given by the ataom
fraction ratio, provided that the atom fraction in the solution is modi-
fied by the activity coefficient,}a, as shown in Figure IilmTn The atom
fraction of component M in solut%@n in iron is given by the expressions

Ny = III-9

100

=C
55.65

+ 1=le

=lo

where ¢ is the weight percent and M is the atomic weight of component

M. Equation (III-9), when applied to a dilute selution, reduces tos

o 0.5585
“MQC__’M«_

ITI-10
If the standard state in solution, State B in Figure III-T7, is chosen
such that the activity relative to that standard state is equal to the
concentration in weight percent, ¢ may be set equal to 1, (the reference
state of a one weight percent solution, i.e., a = 1 at one weight per-

cent). Correcting the mole fraction in solution for deviation from

Raoult's Law, and noting that the activity in the pure liquid, State A
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in Figure III-7, is unity, the free energy change corresponding to the
conversion of gtandard states from the pure liquid to infinite dilution
referred to a one weight percent solution is given as:

AF =R T 1n (0.5585 7 /M) I11-11
Equation (III-11) is the free energy change for the reaction:

M (pure liquid) = M (1 wt. % solution) III-12

Subtracting Equations (III-7) and (III-12),

M(1 wt. % solution) + Oo(gas) = MO,(solid) ITI1-13
for which the standard free energy change is:

AF° = AF°TTI-7 - 4.575 T log (0.5585 7°/M) III-1k
The equilibrium constant for Equation (IIT-13) involves the concentra-
tion of M in iron in weight percent.

The development above is equally wvalid for other solutions and

with suitable modifications may be adopted for other equilibria and for

solvents other than iron.

Effect of Temperature on Equilibrium Constant

The free energy change for a reaction was defined by Equation

(III-2) which may be written for a reaction in which the reactants and
products are in their standard states as:

AF® = AH® - TAS® I1I-15
Expressing Equation (III-15) in terms of the equilibrium constant:

log K ==(AH®/4.575 T)+{As°/L4.575) III-16
At the high temperatures involved in most metallurgical processing
operations, AH® and AS® vary only slightly with temperature, so slightly
that experimental techniques are seldom sensitive enough to determine

them, Consequently, the enthalpy and entropy changes may be assumed
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to be independent of temperature over reasonably small temperature ranges.

Effect of Pressure on Equilibrium Constant

Le Chatelier's principle states: "any change of the factors
controlling the equilibrium of a system produces a shift in such a direc-
tion as to minimize the change of the factor concerned"”. In terms of
temperature this means thab:

1. endothermic reactions are more complete at higher temperatures,
and.
2. exothermic reactions are favored by lower temperatures,

A second aspect of this principle is encountered in regard to

pressure changes. They aré:
1. higher pressures shift the equilibrium toward smaller volumes,
and
2, reactions With volume increases are favored by lower pressures.
This generalization is most important for those reactions which have un-

equal numbers of moles of gas in their reactants and products.
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CHAPTER IV

KINETICS

Chemical kinetics is a study of the rate at which chemical
resctions occur, Reaction rates are important in the design of pro-
cesses because they determine the size of equipment and the time in-
volved in processing material with it, and therefore have much to do
with economic feasibility. There are two general scientific approaches
to the problem of describing a metallurgical process. The first ap-
proach as outlined in Chapter III was the thermodynamic approach. The
thermodynémic method permits the process to be described in terms of
an end point to which the process will eventually converge or one
which it is approaching during its operation. The second approach
ﬁhich will be now considered is that of reaction kinetics. This implies
a knowledge of the mechanismg by which chemical reactions occurring in
the process take place and a mathematical description of the process
reactions in terms of those mechanisms.

The foundatidén of present rate theory goes back historically
to Arrhenius, who found fhat for many processes the specific reaction
rate constant k may be written as a function of temperature in the
following way:

kK = Ae_Q/RT Iv-1
Alternatively, log k is a linear function of l/T. The quantity Q
although usually determined only from the slope of such a plot is re-
garded as the heat or energy of activation of the reaction. This re-
lationship is parallel to the one cérresponding to the equilibrium
constant.

_37_
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The Theory of Absolute Reaction Rates

Many have contributed to the development of the theory of
absolute reaction rates. An oubtstanding number of successful applica-
tions have been made Eyring and ca~workers%

Modern rate theory assumes that any observable process may
be described adeguately in terms of the energy of the atomic configu-
rations involved. For any conceivable way the reaction might occur we
may imagine a plot of energy versus a distance coordinate as shown in
Figure IV-1. The curve of the reaction coordinate involves a peak or
a maximum through which the reaction must pass, corresponding to what
is termed the activated complex. The two fundamental principles in-
volved in the reaction rate theory are both concerned with the activated
complex. They are:

l. The activated complex has an exceedingly short life and 1s in
equilibrium with the reactants. A chemical equation for the
formation of the activated complex may be written and an
equilibrium constant determined. This equililhrium constbant
is related to the free energy of formation of the activated

complex in the standard state in the usual way.

AF¥ = <RT 1n K* Iv-2

2. The gpecific rate of decomposition of the activated complex
into products is a universal rate independent of the nature
of the particular reaction or complex involved. The rate is

RT/Nh, where R is the gas constant, h is Planck's constant

o S

Mg number,
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The reaction rate may then be expressed as:

reaction rate = [RT/Nh] e-AH*/RT e £5*/R [7r Mper+re 7¥]
1 IV-3

[ch CR2 R |
The following facts are to be noted about the terms of the
above reactions:s
1. The first term contains only universal constants and
the absolute temperature.
2., The second term is the principal temperature dependent
term involving the enthalpy of activation.
3. The third term depends upon the entropy of formation
and it is expected if the complex is simple that AS*
is quite small, but that if the complex is complicated
(as compared with the reactant) in atomic configuration
OS* ig large and negative.
4, The fourth term involves the activity coefficients.
5. The fifth term is the product of the concentrations
of the reactants.
A complete description of the absolute reaction rate theory may be
- found in the literature and an excellent simplified treatment has been
bresented by Darken?

Classification of Reactions

A reaction may be classified according to its molecularity,
that is, the number of molecules or molecules plus atoms taking part as
reactants in the formation of the activated complex. On this basis the

elementary steps of any over-all reaction are designated monomolecular,



bimolecular, trimolecular and so forth. An over-all reaction involving
many steps, however, cannot properly be classified in this manner, that
is, only the individual elementary steps of an over-all reaction are
suitably described in this way.

Over-all reactions are commonly classified empirically accord-
ing to the number of concentrations to which the rate is proportional.
The reaction order may be defined as the sum of the powers to which the
concentrations of the reactants must be raised to give a satisfactory
solution to the rate equation,

In many simple cases, the observed over-all reaction proceeds
principally by one chain or sequence of steps and one étep is s0 much
slower than the others that it alone is essentially responsible for the
observed rate. This slow step involves, as do all steps, the formation
of an activated complex and its decomposition. If this step is unimolec-
ular, the rate of the over-all reaction will be of the first order. The
reaction rate is the rate of disappearance of reacting species which is
then proportional at constant temperature to the concentration:

—dC/dt = kC V-4
Upon integration, this gives

In C,/C =k (t - t5)
where Co is the initial concentration at time t,. For kinetic treat-~
ments of more complicated cagses, the reader 1s referred to the sources

given at the end of the chapter.

Mass Transport as Rate-Limiting Step
At the high temperatures which are usually involved in metal-

lurgical processes the rates of chemical reactions are in general very
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large. Consequently, the rate-determining step is most often that of
mess transport. For the formal development of the fundamental diffusion
equations, the reader is referred to the references at the end of the
chapter., It should be noted that an excellent presentation of these
equations and suitable boundary conditions for them are presented by
Darkengo

Transport in solids is by diffusion and is therefore governed
by Fick's laws. If the rate of a reaction is limited by diffusion in a
solid phese, the rate may be expected to be low.

In fluids (gases and liquids) transport occurs by diffusion
and convection. Generally forced convection i1s encountered and under
these conditions the composition of the bulk of the fluid is préctically
uniform, with eppreciable concentration differences only close to the
phase boundary, This is represented schemetically in Figure IV-2 for a
case where s reaction product denoted as 1 1s being removed by the fluid,
The rate of transport of 1 away from the boundary is in moles per second-
centimeters squared:

N .; aC4
i = -Ds Ly + ¢, ¥ IV=-

where D, 1is the diffusion coefficient, A +*the phase boundary area, c;

the concentration of i and vy is the flow velocity of the liguid in

B

the x direction, cyv,

i represents the convection conbtribution to the

transport; Vi cannot normally be evaluabted, bubt at the boundary Ve = 0o

Hence,
dn o Gy
1 =a IT=6
TE Di A (TX )X““Q O
a8 Figu.re IV=-2 shows: Ci (bulk) - Ci (x=0
6 P ( G . ) v (" ) Wu?
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where 5i is the effective boundary layer thickness. In general, ® can-
not be calculsted except for a few cases, but its value depends upon D,
being larger for larger values of D, and also on the convection condi-
tions, being smaller for higher flow velocities past the boundary. When
the reachtion is between a gas mixbure and a liquid solution or between
two liguids, one must consider two boundary layers, one in each phase.

Darken® has applied the above general development to the
carbon boil in the open hearth process, by assuming that the situation
prevailing in the open hearth is essentially that of oxygen diffusion
from a slag through a thin layer or f£ilm in the metal phase (neglécting
the boundary layer in the slag phase) and.‘mixing by conveétion beyond
this film. Darken has calculated the rate of carbon drop estimating
the film thickness t0 be about 0.003 centimeters and choosing a reason-
able value for the diffusivity.

From Fick's first law, it may be shown that the rate of

carbon drop on the basis of this model is:

-d[C]/dt =D ([oge— [0]) 12 9=
1xd 16
where 1 is the bath depth and & the film thickness. For conditions
during oreing, the folloWwing average or“approximate values may be used;
[o]Se = 0.23% (solubility limit et 1600°C), [0] = 0.04%, 1=13.5inches =

34 centimeters (average bath depth),D = l'x 10_4 eentimetersg second, and
J

d = 0.003 centimeters.
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On this basis,

-afcl -1 .ZLO-LL( 0.23-0.04Y) 12 ¥ 3600 = 0.50%/hr IV-10
at * 34x0.003 / 16 * 3 20%/

which is in good agreement with the observed carbon drop during heavy
oreing. A similar calculation for the rate of carbon drop during normal
boil conditions setting [O]se - [0] = 0,04 gives 0.11% per hour, a figure
very close to the observed average rate.

It should be noted from the above example that selection of
suitable rate data permit the process designer to predict the kinetic
behavior of a process. T. B. King6 has presented a number of excellent
examples which are applicable to metallurgical processes operating under

vacuum conditions.
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CHAPTER V

THE THERMOCHEMICAL MODEL

A thermochemical model of a process is a dynamic description
of the process taking into account mass and heat transfer, and kinetics,
along with instrumentation and control. The model permits an accurate
method of calcgiating the operating characteristics of a process under
all possible conditions, including variations in process temperatures,
pressures, flow rétes, and feed compositions. The complete model is
sultable for sdaptation as a computer program program permitting simu-
lation of the process and dynamic predictions of 1ts operating charac-
teristics or optimization of the process under a given set of limiting
conditions. This will be treated in greaber detail in Chapter XXVII.

It should be noted that the thermochemical model, or often
only a limited form of it, is. the first step toward good process design.
In order to merely specify the size of a process, a general knowledge
of the desired input and yield are necessary. This can be given by a
mass balance of the system, often based on the experience with previous
equipment of a similar type. In addition, the energy or fuel require-
ments are equally important. The completion of;a mass and energy balance
for a process is often sufficient to quantitatively evaluste the effect
of changes in process operating variables on the performance of the

process.

Mass Balance

The mass balance is the most important part of the thermo~

chemical model. The mass balance may be written on the basis of previous
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experience or on the basis of known equilibrium relationships. The
principles of writing a mass balance were outlined in Chapter IIL. The
purpoge of this section is to introduce some of the difficulties which
may be experienced in practice, and indicate some of the approximaetions
which are often advantageous to meke in order to achieve the goal of

& reasonably accurate set of material relationships.

In practice, overlapping data are often available which per-
mit a check on the mass balance. Data on an iron blast furnace, for
example, might give the mass of the inlet and outlet strecamg as well
as their composition. It is possible,lowever, that the balance for a
given element may not check!! Once one has ruled out the possibility
of accumulation or depletion of the element from somewhere inside the
system (a real possibility under cohditions where the burden is altered
or new refractories are used to reline the process container), a deci-
sion must be made regarding the relative accuracy of the data, and on
which part of the data the balance should be based. In making this
decision, the methods used to determine the data must be given con-
sideratioén.

Furthermore, the alternative difficulty of having insuffi-
cient data may occur. In this case, previous experience and the astute
judgemeht 6f the process englneer are brought to bear on the problem,
Lacking hot metal analyses, in the case of the blast furnace cited
above, for elements which are strong oxide formers, one can safely
agsunme that these elements report completely in the slag. Such ele-
ments would include calecium, magnesium, and aluminum, but would not
include silicon!! The assumption that all elements which are not strong
oxide formers report in the hot metal is also a reasonably walid one.

Such elements would include iron and manganese.
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In the face of missing thermodynamic and kinetic data, the
agsumption that a given reaction goes to completion within the alloted
process time is often a valid basid for design purpoéeso Consider for
example, the Dortmund-H8rder degassing process in which low carbon
steel is drawn by vacuum from a ladle up into a vacuum chamber, and
then released to flow by gravity back into the ladle. A schematic
description of the process is shown in Figure V-1. Only a small
fraction of the liquid metal in the ladle can be drawn up into the
vacuum chamber. The question facing the process designer is: "How
many cycles of the degassing operabion will be required to lower the
gas content of the metal in the ladle to a desired level?'.

An approach to the problem which would appear feasible is
to assume that the metal drawn up into the vacuum chamber is com-
pletely degassed, and that upon being returned to the ladle is com~-
pletely mixed with the ladle material. For this case, the material
balance for the degassing operation is given by the relation:

=0 (1-%)"
where: n = number of cycles

C = concentration of gas in the metal in the ladle after

the nth cycle.

C = initial gas concentration in the metal

X = fraction of ladle material which is drawn into

the vacuum chamber during each cycle.
The results of actual data taken from the operation of the process
are compared with Equation (V-1) in Figure V-2. The agreement be-

tween the two curves shows the assumption to be wvalid.
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The success of the assumptions used to predict the perfor-
mance of the Dortmund-ngder degassing process should not be taken as
a Justification for their use in all cases. It should serve, how-
ever, to indicate the possibilities which exist for the process de-

signer who is aware of the behavior of metallurgical processes and

of the limitations of idealized treatments of those processes.

Healy Balance

The heat balance is founded on the mass balance and may be
determined using the principles outlined in Chapter II. The dif-
ficulties encountered in specifying a complete enthalpy balance for
a process often arise from problems encountered in the mass balanée,
i.e.,composition and mass of streams entering or exiting the process.,
The laék of accurate thermodynamic data often hampers the writing of
a reliable heat balance.

In the face of the difficulties indicated above, the pro-
cess designer often lumps the error iﬁto a term called '"heat loss”
which includes in addition to the radiation and convection losses
from the physical system, the cumulative errors in the other terms
in the heat balance. It should be noted that the heat losses are
quantities which may be‘calculated with a reagonable degree of ac-
curacy in many cases. Hence, a better procedure is to estimate the
accuracy with which each term in the heat balance may be determined.
Shifts in the process variables gould then be evaluated with a clearer

picture of the limitations on the calculated result.

Kineties.
The subject of process kinetics is briefly introduced here

in order to complete the descriptive facets which maeke up the thermo-
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chemical model. The specific treatment and a discussion of the limita-
tions of the several approaches to the kinetic description of processes
is reserved until Chapter XXVIL where specific examples will be introduced
in connection with simulation of processes.

The factors which are of importance in describing process
kinetics and the rate determining mechanisms which play a role in de-
termining these kinetics have been outlined in Chapter IV. The dif-
ficulties arise in integrating these rate determining mechanisms into
the overall behavior of the process, i.e., of providing some quanti-
tative and limiting description of the entire process on the basis of
the behavior of the many components and multitude of reactions which
generally make up a metallurgical process.

There are three possible approaches to this problem. The
first and most difficult being an attempt to summarize the kinetic be-
havior of the process in terms of the'rate mechanisms of all, or more
reasonably, of the two or three most important ones. This approach,
although the one which is most correct, is usually limited by either
the lack of data on the kinetics of the system or a limited knowledge
of the combined behavior of several reaction paths which may be com-
peting or interrelated in some other fashion. In a simple case in
which a single transport process 1is rate determining, this approach is
a highly satisfactory one,.

The second and most promising approach from a commercial
standpoint is the experimental détermination of overall rate constants
forbthe process. The determination of these rate constants is often
difficult and requires the use of high speed computing equipment, If

such constants can be determined for a range of operating conditions,
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the process dynamics may be specified with a relatively high degree of
accuracy without precise knowledge of the behavior of the reacting com-
ponents of the process. This approach is often made from a less
rigorous standpoint, that of averaging the known process data and
estimating a reaction path for the process. This approach is often

a fairly accurate one but lacks dynamic response to variations in pro-
cess conditions, temperature for example, since the reactlion path is
predetermined. It is however, a convenient assumption, and one which
has some merit in predicting process behavior.

The third and final treatment of process kinetics is the
rather weak but often unavoidable assumption that the reactions go to
completion or reach equilibrium in the time alloted, i.e., the ideal
process, The limitation of this approach is obvious. The designer is
faced with the predicament of proposing a process for which he has no
sound foundstion from which to recommend a process cycle, When such
a stand-is taken with regard to the rate of operation of a process on
the basis of previous experience with similar systems, the limitationv
is not a great one. It should be pointed out however, that further
improvement in the process operation will undoubtedly rest on a know-
ledge of the kineties of the system énd that lacking it, efforts should
be made to obtain it from actual operation experience at the earliest
opportunity.

The importance of instrumentation and control cannot be
overemphasized. The lack of suitable instrumentation can prewvent an
intelligent and informed operation of a process, and often at a strong
economic penalty. Incorporated with the thermochemical model, and

specifically related to its limitations and inadequacies, must be the
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requisite instrumentatiéen and provisions for control of the process
during its operating cycle. The thermochemical model céan serve as a
guide to design and operation, but it is its integration with imagina-
tive and sound instrumentédtion ahd control that will permit significant

advences in the procegs industries.






CHAPTER VI

EQUIPMENT DESIGN AND SELECTION

An important area in which the process metallurgical engineer
will be required to make decisions is that of equipment design and selec-
tion. The replacement, improvement, or construction of new facilities
for the operation of metallurgical unit processes is an activity which
is constantly being carried out in an industrial organization. To make
such decigions it is fundamental that the metallurgical process engineer
be completely familiar with all aspects of the unit process including a
knowledge of the raw materials, products, and intermediate constituents
which may be present; that he know the process temperatures, pressures,
and concentrations throughout the'operation, as well as the physical
characteristics and the chemical composition of the substances involved,
and knowing these things and having in hand, energy and material balances,
he will be able to make competent design decisions.

While it is not proposed here to go into the details of the
design of high temperature processing equipment, a brief description
will be presented of some of the factors which must be considered. The
first decision which the design engineer must make is the size and type
of unit in which the process will be carried out, and how that particular
unit will integrate with the overall processing system. In general,
since many variations are possible in the selection of equipment, it is
often necessary to make an economic balance based on the operation of the
process in the types of units under considerationo This economic balance
will inveolve an analysis of the cdpital investment required, the operating

overhead, and other factors which enter into the determination of the total
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cost of a given piece of equipment. The general design may depend upon
several varying factors and often it is necessary to make a paramsetric
study of the particular design possibilities in order to determine the
optimum one. High speed computers are often of great agsisbance in per-
forming such a task.

Once the size and type of vessel has been determined, decisions
must be made, ones which are often not independent of the selection of
the size and type of vessel, on the materials of construction., These
decisions require that the specific characteristics of the process be
known in complete detail in order that materials may be selected on the
basis of their strength, which of course, is influenced by the environ-
ment and temperature involved, their corrosion resistance or resistance
to attack by the substances with which they will be in conbact and the
economics of the particular materials which are possible choices., In

the interest of economics, the materials of comstrucilon may vary through-

9]

out the piece of eguipment in which a process is carried oub. The partic-

ular materials selected being a function of those polunt conditions which

0]

exigt in a given region of the process. An exarple in this regard is
given in the construction of basic open hesarth furnacesly where a bhasic
lining is used for the hearth of the furnace, bub in general, silica
(acid type refractory) is used for the roof. Such a decision is based
strictly on economics and may be modified according to current conditions,
In the particular instance cited, consideration is now being given to
basic roofs for open hearth furnaces. Improvements in the processes

for the production of high quality alumina have gignificantly lowered

its price and, although at the present time it is more expensive than
silica, it may be chosen as a sultable material on the basis of greater

life,
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The selection of specific materials for the construction of
equipment in which metallurgical processes are carried out 1s often an
art. The process metallurgical engineer who is working in the area of
equipment design will undoubtedly rely on previous experience and on the
results of studies, both laboratory and plant which have been conducted
with regard to interaction of various mabterials under different condi-
tions of temperature, pressure and composition. The probiem of equip-
ment design is an expansive one and often it is difficuli to arrive at
a suitable solution for the problem of selecting the opbimum equipment
and conditions under which to operate the process. With due regard for
this, it may be stated that one of the most important factors involved
is a thorough knowledge of the unit process, itself, and it is toward
this goal that the remainder of the text is devobted. Aftention is called
to the list of supplementary references below which treat in some detail

the problems mentioned above.
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CHAPTER VII

SINTERING

Sintering is a process employed to make fine materials useful
by heating them to an elevated temperature such that the small solid
particles in contact with one another adhere and agglomerate into large
useful particles without the process of fusion taking place. Sintering
of fine materials occurs as a result of the driving force of the excess
free energy of the powder over that of the dense solid by virtue of the
different surface areas for the two states. Considerable research has
been carried out to determine the mechanism of sinteringo(l?a)

The sintering of large quantities of material is often neces-
sary in the operation of a metallurgical plant. This process provides
an opportunity to use fines and often makes a particular process feasi-
ble by’converting the fine materials avallable as charge material into
a useful agglomerated form. Sintering is usually accomplished with the
Dwight-Lloyd machine. A schematic diagram of a typical sinter strand
is presented in Figure VII-1l,

For several years BISRA (British Iron and Steel Research Asso-
ciation) has been investigating the fundamentals of industrial sintering
processesn<5”7> It is principally from these sources that the following
engineering design relations for industrial sintering processes is de-
veloped.

About 50 years ago Dwight and Lloyd devised their first con-
tinuous sintering machine to convert non-ferrous ore fines into a suita-

ble size for further refining. The basic features and principles have

-63-



6L

CHARGE
HOPPER

BURNER
FEED HOPPER

/

MOVING GRATE\

\WIN D BOX

SEPARATING SCREEN

FAN

Figure VII-1. Schematic Diagram of Dwight Lloyd Sintering
System.,




_65_

not changed during those 50 years. Originally, for copper ores, sulfide
fines were distributed in a thin layer'along 3 traveling belt made up
of grates. They were ignited and the sulfur was burned out of the ore
as air was drawn through by large fans. The fines fused together form-
ing a strong sinter cake which was desirable for reverberatory or blast
furnace charging. The basic difference between the above process and
the process used for ferrous ores is the self-contained fuel of the copper-
bearing sulfide material. In the ferrous process carbon in the form of
coal or coke has to be added to obtain a burning process.

As shown in Figure VII-1 the material for sintering is taken to
a primary mixer. This mixer mixes the fines and added fuel and perhaps
water, depending upon the state of preliminary agglomeration desired.
The mix is then charged onto the moving belt of the conveyor where it
passes under a set of flame nozzles which ignite the bed. The fuel burned
in these nozzles is usually blast furnace gas enriched with coke oven gas.
Air is drawn through the burning bed by the suction system below and at
the end of the strand the sinter drops off the pallets onto a static
screen where the large particles are taken off and the smaller ones are

returned to the sintering process as recycle.

Heat Balance

In computing a thermal balance for the sintering process one
needs only to account for the reactions taking place during sintering,
particularly the burning of the fuel, the sensible heats of the input
and output streams and the estimated heat losses during the process.

Such a balance is presented in Reference 8 for the sintering of a lead
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ore. The fuel requirements to provide a normal temperature distribution
down the bed for a number of sintering mixes are shown in Table VII-1,
together with the net thermal requirements which may be seen to be rela-
tively independent of the material to be sinteredo The net thermal re-
quirement has been obtained by subtracting the heat needéd for endothermic
reactions from the heat input of the coke and dividing the resultant
figure by the residual weight of the solid. The fuel requirements given
in Table VII-1 are for experimental materials. It is expected, however,
that the actual metallic bearing ores which would be used in industrial
practice have similar characteristics.

The optimum fuel requirement varies slightly with different
sintering mixes. One may account for this by consideration of the reac-
tions which take place during sintering. The composition of the ore
also determines the peak bed temperature or the femperature at which the
sintering actually takesbplacea Variation of thisvpedk bed temperature
will cause a variation in thé optimum.fuél,requifémento Variation in
the carbonate or water content of the>Sinter'miX,wiil glve a variation
in the width of the hot zone, since the hot gaSés from the ignition
process pass down through the bed, driving off the water vapor, and de-
composing the carbonates. If the matéhing of thé heat front, often taken
to be the point at which the temperature riées above 100°C, and the flame
front is different, the width of the hot zone will increase. This is
illustrated in Figure VII-2 which shows the broadening of the heat front
in the sintering of marble](CaGOB) caused. by incomplete calcination in
advance of the flame frénte - Combustion is delayed in this case, giving

rise to a broader combustion zone and an increased specific air volume.



TABLE VII-I

Fuel for Normal Temperature Distribution in Sintering

Material
Aluminea
Mullite

Silica

Alumino-Silicate
brick

Al-Si brick 83%
Marble 17%

Al-Si brick 67%
Marble 33%

A1-Si brick 50%
Marble 50%

A1-Si brick 33%
Marble 67%

Water %

O W W W

22

32

Lo

20

20

16

16

Coke %

7.5

10.5

8.3

Net Thermal
Requirement

BTU/#
580
580
523
504
593
558
540
665

580
593

558

From: E. W, Voice and R. Wild, Journal of Metals, p. 105, 1958.
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It should be noted that the peak temperature is also reduced. Figure VII-2
also shows a reasonably well-defined flame front occurring during the sin-
tering of alumino-silicate brick.

In addition to the variations in the amounts of water and car-
bonate present in different ore mixes, the specific heat will also change.
Despite these factors, however, the net thermal requirement in general is
about the same for a wide range of sinter mixes.

The high temperatures which are reached during sintering are
possible because a hot zone travels through the bed and full use 1s made
of heat recuperation between gases and solids. Thus the fuel has to
supply heat for endothermic reactions, sensible heat to the solid material
in the sintering zone, and make up for heat losses. Since the width and
temperature distribution of the sintering zone are substantially the same
for all materials, and the heat capacity is proportional to the weight of
the material as are the heat losses, there is a theoretical basis for the
experimental fact that the net thermal requirement is essentially linde-

pendent of sinter mix.

Air Requilrement

There is a definite rate of travel of the hot zone down through
the bed which is independent of combustion. The heat generated in the
top layers may arrive at a lower level in the bed in the same instant as
combustion is taking place giving rise to an increase in the bed tempera-
ture; or it may arrive before or after combustion in which case it will
widen the high temperature zone without raising the temperature reached.

These two conditions may be termed matching and mismatching since the
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extent to which the heat front and flame front are coincident controls
the temperature reached in the bed. Under optimum conditions, the com-
bustion zone will be a narrow high temperature area.

The specific air volume required for the sintering process is
controlled by heat transfer properties rather than combustion. Small
additions of water to the bed delay the initial rise in temperature at
any level but also increase the rate of rise above 100°C. Large addi-
tions of water cause a very pronounced delay in the temperature rise
above 100°C,and thus a considerable increase in the volume of air re-
quired. The heat needed to evaporate the water and decompose the car-
bonates must be supplied by hot gases passing down through the bed; thus
the presence of water and carbonate must delay the progress of the heat
front to some extent. In the sintering process, the temperature in the
combustion zone is between 1300 and 1500°C. Thus the sensible heat of
the gas leaving this zone is high and the delaylng effect of endothermic
reactions 1s minimized. Lower down in the bed; calcination liberates
more gas at a relatively high temperature which also carries heat down
through the bed. Still further down the bed, water evaporation takes
place. Thus both carbonate and water in a sinter bed will increase the
required air volume but the presence of water should have a greater in-
fluence,

The specific air volume 1s determined by three factors: (1) the
mean air flow; (2) the rate of travel of the combustion zone through the
bed; and (3) the bulk density of the mix. These factors are interrelated
in such a manner as to produce a relatively constant air volume independ-

ent of sinter mix.
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The specific alr volume 1s controlled by heat transfer and in-
creases in its requirements with increasing quantities of water in the
mix. It should be noted that in commercial sinter plants considerable
leakage occurs at the pallet seals so that the actual amount of air
going through the bed is usually only half of that drawn in at the fan,
and the plant operation should be designed on this basls. The minimum
specific air volume requirement is approximately 25,000 standard cubic

feet per ton.

Importance of the Width of the Combustion Zone

The combustion zone thickness depends on the extent to which
the various fronts which travel down through a sinter bed are in phase.
First, there is a water evaporation front which must keep ahead of the
combustion zone or the bed will go out. Secondly, there is a calcina-
tion front which will cause a marked broadening of the combustion zone
if it lags it. Finally, there are the heat fronts and combustion fronts.
The extent to which these travel down the bed together wilil largely de-
termine the width of the combustion zone. A narrow combustion zone will
give high fuel efficiency and is a condition which should be aimed at

in normal iron ore sintering practice.

Engineering Relations for Sintering Operations

The initial question facing the design engineer is the rate at
which air may be drawn through the bed. This is determined by the bed
permeability which is usually defined as the flow through a unit g of

material under a unit pressure gradient, the units being self-consistent.
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This definition leads to the following equationz<5)

. E (hyn
p =T (s)

(VIiI-1)
where
p = the permeability giveén in British permeablility units,
F = the total sintering air flow in cublc feet per minute
at 30 inches of mercury and 60°F
A = the grate area for sintering in square feet
h = the depth of the bed in inches (taken before sintering)
s = the suction under the bed
n = coefficient equal to 1 if the flow is streamlined or .5
if it is turbulent.
A number of experiments carried out on various sinter mixes before and
after ignition have shown fhat the exponent, n, is independent of bed
conditions and is approximately equal to 0.6. With change of pressure
and temperature conditions, the permeability equation may be corrected,

assuming ideal gas law behavior.

Air Flow Rate

The amount of air required per ton of material can be found by
the following relation:
F = zo (VII-2)
where
V = the specific volume of sintering air per ton of raw
material in cubilc feet at 30 inches of mercury and
60 °F

I = the input material rate in tons per hour.
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Input Material Rate

The material input rate depends on the pallet'speed, the availa-

ble volume for the material, and its density.

- (v OB (VI1-3)
12 12 2000
where
v = the strand speed in inches per minute
w = the strand width in feet
B = the bulk density of the feed in pounds per cubic feet.

The above equation gives the dimensions of the strand needed for any
given input tonnage. Combining Equations(VIIul) and (VII-2) and re-
arranging terms, the input is found to be a function of the suction under

the bed:

_ 60 WL p (5)006

v A (VITI-U4)

I
where
L = strand length in feet

This equation shows that the strand dimensions, specific volume and the

permeability determine the input.

Output Material Rate

The output of a sintering machine is the difference between the
input and recyle: .
Q = I(y-c) (VII-5)

where

the yield as fraction of charged material which is

]
H

discharged
c = the circulating load as fraction of charged material

which is recycled.
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Fan Horsepower

The power needed for the fan depends on the air flow that
takes place through the wind legs, and the suction. The theoretical

power can be obtained:

F
B, =
th 6350

(VII-6)
where
Ety = the theoretical horsepower requirement for the fan
operating on the sintering bved.

The actual horsepower is larger due to the leaks in the system, pressure

losses in the air system, and the inefficiency of the fan.

Sintering Time

The time from ertering the sinber machine until the sinter is

discharged at the other end is:

12 L
v (VII-7)

where t = the time in minutes to reach the peak wind btox gas temperatures.
From Equations (¥1I-3 and VII-4), the required length of “he strand for

sintering is:

1.6
I, = EM 6 .(‘VII,_@)

288000p(s)°

Rearranging terms and combining Equations (VII-7 and VII-8):

1.6
_ BY(h)" -
t = 3 OOOp\s)O°6 (VII-9)

Equation (VII-9) shows that the depth of the bed greatly infiuences the

sintering time,



Flame Front Speed

The rate at which the flame moves through the sintering
material and the depth of the bed are the determining factors in the
sintering time:

f = % (VII-10)
Experiments have shown that the flame front wvelocity is linear with time
as indicated by Equation (VII-10). This equation may be rearranged in
the form:

24000F .
f= v&i8 (VII-11)

The flame front speed is shown to be dependent on the air flow which is
a function of permeability, the limiting factor in the flame front speed.
The direct application of the deriwved equations above involve
some knowledge of the process. Undoubtedly the design of a sintering
operation will require laboratory or pilot plant experimentation. The
above relationships, however, should prove to be extremely useful in per-
mitting a prediction of the desired variation in controllable parameters
that should accompany a change in sintering practice at a given industrial

plant. The relationships derived apply as well to pelletizing processes,
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CHAFPTER VIII

ROASTING - CALCINING - DRYING

A metallurgical unit process which is often very useful in
an integrated operation is one which removes a volatile corstituent from
a solid material. The unit process may be bermed roasting, calcining,
or drying, depending upon the particular operation which is being car-
ried out., These unit processes, however, are quite similar. The term
"drying" is applied to the removal of water from a material., The water
may be present either as a ligquid or vapor or as chemically combined
water. The nature of the process differs with these differing circum-
stances, but the basic operation is essentially the same, "Calcining"
defines an operation in which carbonates are decomposed by heat, evolv-
ing CO, gas. "Roasting" is a similar process except that it involves
reaction between the charged material and the combination gases. This
reaction is one of oxidation in which sulfur is removed from ores in the
form of SO,. Roasting requires, in addition to the supply of hot-combus-
tion gases, a free excess of air in amounts above those theoretically re-
gquired for the roasting operation in order that each particle of ore may
have sufficient contact with oxygern. 1In general, precise control of the
amount of excess oxygen 1s necessary in order to prevent further oxidation
of the roasted material. Roasting and sintering are urnit processes which
are often carried out simultaneously in a combined process "roast-
sintering”. In view of the fact that the process equipment and engine-
ering approaches to these operations are quite similar, the remarks of
this chapter will be restricted to one, calzination., It should be kept
in mind, however, that the treatment presented here is one which may be

sultably applied to all of these unit processes.
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Lime and magnesia have long been important industrisl materials.
As is well known, the major tonage outlet for magnesia is in the refrac-
torieg industry in which it is employed as "dead-burned grain magnesite."”
Lime is also used as a refractory material, since 1t has excellent re-
fractory properties. However, it cannot be of service alone since expo-
sure to the atmosphere after calcinabtion will allow i1t to be slaked by
the wabter vapor in the air, and fall to a useless powder. It should be
noted that the use of burnt lime in the open hearth furnace has the ad-
vantage of decreasing the heat period and heat requirement. Calcination
1s carried out in many types of furnaces, both gas and electrically heated,
and on hearths which are roftary, stationary or of the tunnel type in which
the contents are carried through in small carts,

Of particular interest to the design engineer is the lime kiln
performance, i.e., the process cycle described in terms of the time re-

uired for calcination and the thermal requirement.
a

Thermodynamics of Calcination

The reaction that occurs in calcining a chemically pure lime-
stone may be expressed as:

CaCO3 = Ca0 + C02 VIIT-1

The equilibrium constant for Reaction 1 may be expressed as:

K=PF VILII-2
COo

- 1 .
The free energy of decomposition may be expressed™ as a funcition of

temperature as:

AF° = )_4_2,)_‘_90_3707’]" == —)-4-0575 T log <PC02> VIII-3
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Equations (VIII-2 and VIII-3) may be utilized to predict the equilibrium
pressure of CO, in contact with heated limestone, and the temperatures

at which appreciable calcination of the limestone can take place.

Kinetics - Mechanism of Calcination

In addition to predicting the temperatures at which decomp-
position of the limestone can take place, it 1s necessary as well to
consider the kinetics of the reaction., Although several experimental
investigations have taken place to elucidate the exact manner in which
the decomposition takes place, little success has been obtained in pre-
dicting a suitable mechanism for calcination., It has been found, how-
everg, that calcination of limestone takes place at a definite boundary
plane, i.e., the boundary of two solid phases, one of lime (Ca0) and
the other of limestone (caco3)° This plane progresses from the surface
of the piece of limestone being .calicined toward the center at a defi-
nite rate and is maintained in about the same shape as the external sur-
face ofbthe stone. Other investigators have noted, however, that this
particular mechanism does not always apply. In order to permit a precise
description of the rate of calcination to be written in terms of the rate-
limiting mechanism, further experimental investigation is necessary.

Based upon calcination data, Furna32 derived the following
equation that can be used to determine the progressive penetration of
the zone of calcination,

log R = 0,0031L45T - 3.3085 VIII-4
Where R = rate of advance of the boundary line of calcination in centi-
meters per hour, T = temperature of the surroundings in degrees centi-

grade.
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Equation {VIII-4) is purely empirical, and no theoretical
basis should be attached to it. The equation has been derived on the
basis of an approximation that the line of calcinabion advances at a
constant linear rahte and is dependent only upon the temperature of the
surroundings, and is independent of the size and shape of the particle,
the degree of calcination, and previous heating. Since the rabte of
penetration of the line of calecination is assumed to be constant through-
out the entire period, the length of time required to calcine is directl
proportional to the size of the piece,

Conley3 performed a set of experiments on the effect of tempera-
ture on rate of calcination of high calcium limestone of cylindrical
shape at one abtmosphere pressure of carbon dioxide. On the basis of his

data, he derived the equation

R = 0.,005254T -~ 4,702 VIII-5

In view of the differing results obtained in these two investigatlions, 1t
must be concluded that the rate of calcination is highly dependen®t upon
the type and condition of stone as well as the conditions prevailing in
the kiin., Undoubtedly, in practice it would be necessary to conduct a
set of tests to determine the rate of calcination of the material to be
processed before one specifies a set of operating conditions for a given
calcination process.

Calcination time depends upon the prevailing external conditions
of the stone, conditions which govern the heat supply to the stone surface,
It is also a function of temperabure of calcination, and of presheabting and

calcining reaction heat requirements. It is, in addition, a matter of the
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extent of external surface, of the exposure of the surface, of the ther-

mal conductivity of the stone and lime, and the required calcining depth.

Heat Balance

Although the over-all heat requirement for the kiln may be
specified by a heat balance for the process, it is often to the advan-
tage of the designer to divide the kiln operation into several zones.,
Consideration of the heat requirement, heat transfer properties, and
behavior of the material in each of these zones can lead to a better de-
sign and a more effective calcining operation, The zones depend upon
the type of kiln, and in many cases can be considered as a preheating
zone where the material enters the kiln and where the combustion gases
are withdrawn, a combustion or central zone in which the actual calcin-
ing operation takes place, and at the far end of the furnace, a post-
heating zone where the calcined charge is superheated or soaked at a
specific temperature or where it may be cooled within the confines of
the kiln. Often, to increase thermal efficiency of the kiln, recupera-
tive preheaters are utilized to heat the incoming air and perhaps the
fuel,

In improving the thermal efficiencies of the calcining opera-
tion, one is concerned primarily with heat losses. The loss of heat by
transmission through the kiln structure, and radiation and convection to
the surroundings from the structure surface, is generally less serious
than the losses at the exit or entrance to the kiln. In computing the
loss of heat through the surfaces of the kiln structure, one can general-

ly assume that the inner temperature of the wall is at the same tempera-
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ture as the operating process and perform a trial and error solubion
for convection and radiation losses from the exterior surfaces and
balance this heat loss with the conduction loss through the refractory
walls. There is a heat loss involwed in the sensible heat of the hot
lime which is withdrawn from the kiln. This is easily computed from
the specific heat of lime and the temperature at which the material is
taken from the furnace. Imcomplete combustion of the fuel is also a
source of inefficiency in the calcination operation. Heat may be lost
by incomplete combustion, both from combustible material leaving the
plant in the form of ashes, and combustible gases lost out the stack.
Suitable control of the fuel-air ratios and also a well-designed com-
bustion system may be used to reduce these losses, It should be noted
that adequate control of the draft is often an important factor in in-
troducing sufficient air and fuel and providing a uniform distribution
over the kiln cross section.

The greatest heat logs in the kiln operation is the loss of
heat in gases going out the stack. The amount of heat in the exhaust
gases may be calculated from the specific heat of the gases and their
exit temperature. Often, this heat loss is a sum of many of the poor
engineering developments that have taken place in the process itself.
However, exhaust heat loss can be minimized with the use of recupera-

tive preheaters.,

The heat balance of the lime kiln may be written in the follow-

ing mannexr:
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Heat Input

The source of heat in any calcining operation is the fuel,
generally coal or coke, and it is therefore necessary to know its
calorific value and the total weight used. The heat input is then
given by the product of the standard heat of combustion of the fuel

times the pounds used,

Heat Output
Preheating limestone
Decomposing limestone
Further hesting of lime
Heat losses:
1. heat loss due to radiation and convestion
2. heat loss due to imcomplete combustion
3. sensible heat of the exit gases
L, sensible heat of the hot lime
5, other possible heat losses which might include the
sensible heat of solid products of combustion or a
change in the ambient temperature of the kiln struc-

ture itself, etc.

Thermal Efficiencies

In discussing the thermal performance of a lime kiln, a common
practice is t0 quote the ratio of lime produced to the fuel supplied for
combustion, The true thermal efficiency of a lime kiln is expressed as
the ratio of the heat theoretically required for calcination to the heat
actually supplied to produce a ton of lime. The thermal efficiency varies

from kiln to kiln and is a function of the stone, its size, the tempera-
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ture of operation, and other factors which are involved in the contact
between the combustion gases and the charge. The normal kiln perform-
ance is of the order of 25% to 35% efficient with a heat requirement of

from 8-10 million BTU's per ton of lime produced.
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CHAPTER IX

HYDRO-METALLURGICAL OPERATIONS

Hydro-metallurgy is a phase of metallurgical-process engineer-
ing which deals with operations taking place in agueous solution. These
processes include solid-liquid extraction which is frequently referred
to as leaching. Solid-liquid extraction is important in many phases of
metallurgical engineering. A typical example is the recovery of copper
from oxidized copper ores, which are generally low-grade ores contain-
ing less than 1.5 weight per cent copper, by extraction with solvents
such as dilute sulfuric acid.

Extraction always involves two steps: (1) the contact of the
solvent with the solid to be treated to transfer the soluble constituent
to the solvent, and (2) the separation or washing of the solution from
the residual solid. Liquid always adheres to the solids which must be
washed to prevent either the loss of solution or contamination of the
solids, depending upon which is the desired material., The complete proc-
ess may also include the separate recovery of solute and solvent. A
separate operation is usually involved which might be evaporation, distil-
lation, electrolysis, ion exchange, solvent extraction or precipitation,
the latter being}one of the more common ones in the metallurgical indus-
tries.

An example of hydro-metallurgical operations is the extraction
of gold and silver by cyanidation and precipitation of those elements
from the cyanide solution with zinc. Leaching techniques are employed

to obtain zinc oxide and copper oxide with acid, copper with ammonia,
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alumina with caustic soda, and uranium with acid or carbornate, The re-
covery of these solutes 1s then carried out by cementation or precipi-
tation processes, Copper is recovered from acid solutions by cementa-
tion with iron, uranium and vanadium are recovered from acid or carbonate
solutions by neutralization, and often metallic ions can be precipitated
from aqueous solutions as insoluble sulfides.

In recent years, interest in hydro-metallurgical operabions
has been greatly intensified. This has been brought on in large meas-
ure by the necessity for turning to lower grade ore materials which musth
be concentrated in one manner or another before processing. Many of the
new developments involve leaching and precipitation operations which are

7
conducted at elevabed temperatures and pressureso* The advantages for
operating under these conditions are: (1) greatly increased ratss of

reaction, (2) favorable displacement of thermodynamic equilibria, and

foar

(3) the possibility of using certain gaseous or highly wolatile reagents
such as oxygen, hydrogen, and ammonia., Among the new processes which
have resulted from the application of high-temperature and high-pressurse
techniques are direct leaching of nickel, copper, and cobalt sulfides
with ammonia, carbonate leaching of pitchblend ores, leaching of certain
sulfide ores with water, precipitation of metallic nickel, cobalt and
copper from aqueous solutions of their salts by hydrogen reduction, and
precipitation of uranium and vanadium oxides from aqueous carbonate
solution by hydrogen reduction. Although there is a demand for adwvances
relating to the physical chemistry of some of the older hydro-metallur-
gical processes, undoubtedly the employment of higher temperabures and
Pressures in conjunction with new extraction technigues will bring the

greatest advances to the field.
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Thermodynamics and Kinetics of Hydro-Metallurgical Operations

The engineer who is faced with the problem of designing a
hydro-metallurgical operation may ask two questions: (1) Can a given
chemical reaction or process be made to operate, and if so, under what
conditions? and (2) What are the factors which determine the rate of
the reaction, and how can this rate be controlled in practice? The
answer to these two questions lies in an understanding of the physical
chemigtty of hydro-metallurgical processes, Thermodynamics attempts
to answer the first question, and kinetics the second. Through the
use of thermodynamics it is possible to define the equilibrium in a
chemical system and to predict how the equilibrium will shift with
changing conditioné. An increase in the concentration or partial pres-
sures of the reactants will shift equilibrium in the foreward direction
while an increase in the concentration of the products will have the re-
verse effect. If any of the reactants or products are gases or highly
volatile substances, the role of pressure becomes readily apparent,
particularly, in view of the fact that many hydro-metallurgical opera-
tions take place in acid or basic solutions., Pourbaix has conveniently
expressed the thermodynamics of these systems in the form of potential-
pH diagrams. A discussion of this thermodynamic treatment has also been

3

presented by Halpurn. The thermodynamics of hydro-metallurgical opera-
tions can also be treated by the procedures outliined in Chapter III.

In general, hydro-metallurgical processes particularly leaching
reactions, are conducted under conditions in which the thermodynamics are

very favorable, that is, there is a large decrease in free energy associ-

ated with the desired process. The limitations are, therefore, largely of
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a kinetic nature. Most of the heterogeneous reactions of interegt involve
the following sequence of steps:

1. Absorption of gaseous reactants by the solution,

2, Transport of dissolwed reactants from the main body of the

solution to the solid solution interface.

3. Adsorption of reactants on the solid surface.

4, Reaction on the surface.

5. Desorption of the soluble products from the surface.

6. Transport of the desorbed products into the main body of

the solution.

Step 1 could be rate limiting only in cases where gaseous re-
actants are involved. Usually however, a relatively fast gas absorption
can be maintained by providing sufficient agitation of the solution and
also a high partial-pressure of the gas phase.

The transport of a dissolved reactant to the surface {step 2)
or of a product away from the surface (step 6) is more often rate limit-
ing. In each case, the rate of transport to or from the surface is deter-
mined by the diffusion of the species across a boundary layer of thick-
ness 9, Immediately adjacent to the surface of the particle at which it
is consumed or formed. Within this layer, the concentration of the dif-
fusing species can be represented to a first approximation as a linear
function of distance while on the solution side of the boundary layer,
its value is the same as for the bulk solubion, A treatment of this
kinetic model has been presented in Chapter IV, The diffusion coefficient
in aqueous solution is usually of the order of 10_5 emg/sec, and the

- boundary layer thickness is a function of the agitation. Its value
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normally ranges from about 0,05 cm in an unstirred system up to aboub
0,001 in a vigorously agitated one. Using these values, it can be shown
that the maximum attainable rate in a diffusion-limited system is of the
order of 10'1 mols per cmg—hr, depending, of course, on the concentra-
tion of the diffusing reactant.

Processes which are rate-limited by diffusion can be speeded
up by vigorous agitation of the liquid solution, by an increase in tem-
perature, although the diffusion coefficient is usually characterized
by a low-temperature coefficient corresponding to an activation energy
between one and five kilocalories per mol, and also by maintaining a
high concentration of reactant in the solution. Low rates of diffusion
can result with localized accumulation of products, e.g. the formation
of a precipitated oxide. The oxide, although soluble, might redissolve
slowly and tend to passivate the surface where the reaction is taking
place,

Steps 3 through 5, those involving adsorption, chemical reac-
tion at the surface, and desorption vary greatly from system to system
and do not lend themselves to consideration in general terms. In the
event that a given hydrometallurgical process is rate limited by one of
those steps, it would be necessary to make a specific investigation of
the factors involved in order to adequately design the process in terms

of the rate limiting mechanisms,

The Engineering of Solid-Liquid Extraction Processes

The equipment used for solid-liquid extraction may be classi-
fied according to the manner in which the first step is accomplished. A
process in which the solid particles are kept in relatively fixed posi-

tions with respect to each other is denoted by the term "solid bed", I%
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1s possible that the solid bed remains fixed relative to the earth and
that the solution moves through it, or it is also possible that the bed
may be moved through the solution by means of a conveyor belt, Another
type of solid-liquid extraction is the "dispersed contact", There is a
variety of equipment which may be used in this case where the solids
are dispersed in the solvent. In order that the partisles remain in
suspension, they must be extremely fine. However, in many cases, the
gsuspension is maintained by agitation of the solvent, or the solids are
moved through the liquilid by means of screw conveyors, rakes, or other
mechanical devices.

In general, the stationary solid bed extractor involves a
minimum amount of handling and is often used where large amounts of
material are required to be treated. For a more complete discussion
of the particular equipment used, the reader is referred to any of the
standard chemical engineering texts03’4’5

The simplest method of operation for a sgolid-liquid extrac-
tion which includes the washing of golids is to bring all of the ma-
terial to be treated and all the solvent into contact in one tank., This
process is known as a single-contact batch operation. It is used, in
general, only for small scale systems. The main reason being that a low
recovery of soluble material is obtained. The total amount of solvent %o
be used can be divided into portions and the solid extracted in shages
with fresh solvent. This method of operation is called simple-multiple
contact., Although recovery is improved, the method is still not good
because the product is relatively dilute in solubte. This method is used

where the soluble constituent is not a product. The most efficient
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technique, and the one most often used, is the multiple-contact
counter-current operation. In carrying out a process in this manner,
the product solution is last in contact with the fresh feed and the
extracted solids are last in contact with fresh solvent. This proc-
ess 1s characterized by a high solute concentration in the product

stream,

Ideal Stage Concept

In most systems, the kinetics of leaching are not well de-
fined, and consequently, calculations are based on the ideal stage.
An equilibrium or ideal stage is defined for solid-liquid extraction
as a stage from which the product stream leaving is of the same com-
position as the solution adhering to the solids, leaving the stage.
Since this condition is not always fulfilled, the ratio of the number
of ideal stages to the number of actual stages required to accomplish
the same result is called the overall stage efficiencyg. The design
engineer can compute the number of actual stages only if he has know-
ledge of, or some basis for estimating, the overall stage efficiency.
Often a kinetic analysis of the problem can be of assistance,

In order to perform a calculation of the number of ideal stages
the following conditions are assumed:

1. The system is composed of materials which may be treated

as three components.

a. Inert solids which are insoluble in the solvent or
solids for which the solubility is known.

b. A single solute which may be liquid or solid, or in
the event that several solutes are involved, the

interaction effects are known,
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c. A solvent which desolves the solute, but has no
effect upon or is saturated with the solids.

2. The solute is not absorbed by the inert solid or in the
event that it is, the relationships are known as func-
tions of concentration and temperature.

3. The solute is removed by simple solution in the solvent
without chemical reaction.

The computation of the number of ideal stages required is
based on material balances. A knowledge of the quantity of solutbion
retained by the solid and the definition of the ideal stage.

A mass balance is made about each ideal stage and this proc-
ess 1s carried oub until the solutbte or solvent exiting from a stream
reaches the desired concentration level, The number of actual stages
may then be obtained by dividing the number of ideal stages compubed
by the overall stage efficiency. Material balances can be made arith-
metically but this approach is usually quite tedious., Graphical meth-
ods have been developed which greatly simplify the calculations, re-
ducing error and also inaicating clearly the variables involved and
their effect on the operation. A detailed presenftation of the arith-
metic and graphical solutions for wvarious types of solid-liquid extrac-

tion are presented in References 3, L4, 6, and 7.
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CHAPTER X

MELTING AND POURING

The kinetic advantages of a molten phase at high temperatures
make it desirable to produce and refine metals in the liquild state,
Since most metals are solids at ambient temperatures, it is necessary
to supply them with heat to perform a melting operation. Subsequent
to this, the metal is poured into and permitted to solidify in a mold
of desired shape as either a casting or an ingot form, The material

in this chapter deals with melting and pouring operations.

Meliting Practice

The minimum power reguired to raise a metal from room tem-
perature to above its melting point is represented by the enthalpy in-
crease which the metal experiences in going from the lower temperature
t0o the higher. The actual power requirements, however, are much greater
than this, and may be determined from a heat balance for the melting
process. In writing such a heat balance, one must consider 1) the power
input, 2) the sensible heat of the metal before and after the operation,
3) the sensible heat increase of the melting unit itself, L) the heat
losses, which include not only radiation and convection from the exposed
surfaces of the melting unit, but also any heat removed by cooling water
which is often used to protect critical areas of the melting unit. The
heat balance is most conveniently written for a given period of time.
The calculation of the power input depends upon the type of unit used.
Several melting units are schematically represented in Figure X-1.

Sketch A of that figure shows a type of melting unit which is quite
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efficient in that the heat is generated in the metal., The alloy is
placed within a coil which is supplied with a rapidly alternating
current. The current flowing through the coll supplies the metal
with a varyiqg magnetic inductive force. This force produces elec-
trical eddy currents in the metal which are dissipated in the form of
heat. The power taken up from the coil by the metal is thus dependent
upon the magnetic characteristics of the metal and 1ts electrical re-
sistance properties. Metals which are not easily melted by induction
may be placed in a container made of a material such as carbon which
1s heated by the induction coil. If a reaction would take place be-
tween the metal and the carbon crucible, it is possible to surround
a refractoryoxide crucible with a cylinder which is heated inductively.
The cylinder, usually a high melting point metal, is called a susceptor.
A material which is often used under protective atmospheres for such
applications is molybdenum which will withstand the high temperatures
often involved in such an operation., Induction melting may be done
in air, or in the case of metals which are eagily oxidized or which
are desired in a high state of purity, the melting may take place under
a protective atmosphere or vacuum. Vacuum induction melting is often
considered to be a refining operation, and a great deal of research
effort has been expended in demonstrating that vacuum-melted materials
are often superior to those which are air-melted.

Another type of melting unit using electric power is shown
in Sketch B. This 1s known as arc melting and may be either of the
direct or indirect type, depending upon whether the arc operates be-

tween electrodes and metal or between two electrodes in the system,
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Large melting units used in electric furnace operation for steelmaking
generally use three-pole direct arc systems which have melting capac-
ities ranging up to 100 tons. In the case of indirect arc furnaces,
the electrodes are often placed along the centeriine of the furnace,
and to avold excessive attack of the refractory surfaces, the furnace
is rotated to provide a cooling of the refractory surfaces by the
liquid metal itself.

Resistance heating is often used to melt metals, There are
a number of different types of resistance melting units, but in general
the power is supplied by radiation from a heating element, For opera-
tion at low temperatures, high melting point metals are often used as
heating elements, For slightly higher temperatures, the "Globar" fur-
nace is often used, and for operation at even higher temperatures, car-
bon resistors may be employed. These electrodes are attacked by oxidiz-
ing gases and consequantly must be protected by an inert or reducing
étmosphere, usually argon or carbon monoxide.

Melting furnaces often use low-cost fuel in the form of
natural gas, fuel oll or powdered coal or coke, Sketch D shows such a

furnace which may either be of the retort or reverberatory type. The

ecoromic advantages of using these types of fuels are often overcome

by the deleterious effects of contamination. Coal and oil products
generally contain sulfur which are undesirable in steels, Neverthe-
less, however, the major portion of the steelmaking industry in the
United States is based on open-hearth operation, which i1s a gas or
powdered coal fired reverberatory=type furnace as shown in Figure XIV-1,

The power input to these furnaces may be computed from the heabing value
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of the fuel and the heating value and sensible heat of the combustion

gases.

Sensible Heat of the Metal

The sensible heat of the metallic charge may be calculated
from a knowledge of the input and output temperatures of the charge
and its specific heat. A more convenient method for handling such
data is to tabulate the enthalpy increments for a given amount of
metal, one pound mole for example., Table X-~-1 gives the enthalpy in-
crements for several metallic elements.

In order to compute the rate of heating, one may assume
that the total heat transferred between the hot internal surfaces
of the melting unit and the metal, or the heat transferred between
the burning fuel or direct arc and the metal, takes place entirely
by radiation. If such is the case, one must know the temperatures
and total emisivities of the surfaces involved, and also the geometry
of the heating system. The total emissivity of wvarious surfaces have
been tabulated2, and geometrical effects have been summarizedg’uo The
rate of radiant heat transfer from a surface at T* to a surface at T2

may be calculated from the relation:

aq L L
where o equals the Stefan-Boltzmann constant, 1730 x 10712 BTU/ft2
—hr—ORo, Al is the area of radiating surface 1, F is a dimension-

less factor which accounts for the geometric relationship of the two

surfaces to each other, and to other reflecting or refractory surfaces
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298

400

500

600

700

800

900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

HEAT CONTENT OF SEVERAL METALS

Aluminum

0
600
1230
1890
2580
3310
L4060

7330(1iq)
8030
8730
9430
10130
10830
11530
12230
12930
13630
14330
15030
15730
16430
17130
17830
18530
19230
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TABLE X-1

QO
Hp - Hpo8,15

1

cal/gm atom

Copper Iron Lead Magnesium
0 ola) 0 0
600 642 656 620
1215 1318 132k 1256
1845 2044 2014 1920
2480 2832 3884(1iq)2610
3130 3703 4605 3330
3800 4682 5318 4095
4h90 5819 6024 7010(1iq)
5190 7135 6723 7810
5895 8347(p)  THLS 8640
6615 9203 8100 9490
10480(14iq)10059 8780
11230 10915 9L50
11980 11771 10110
12730 12939(8) 10760
13480 13914 11410
14230 18658(1iq) 12050
14980 19714 12680
15730 20774
16480 21838
17230 22906
17980 23978
18730 25054
19480 26134
20230 27218
20980 28306
29398
30494

Zinc

0
630
1270
1940
4400 (1iq)
5150
5900
6650
7400
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in the system, and the emissivities and absorptivities of the two sur-

faces, and T is the absolute temperature in C°R.

Sensible Heat of the Melting Unit

The temperature increase of various portions of the melting
unit must also be included in the heat balance, If the operation is
carried out on a continuous or semicontinuous basis, the temperature
distribution in the melting unit can be assumed constant. In this
case, the term is negligible. One may also consider the change in
temperature distribution of the melting unit, and attempt to estimate
the sensible heat increase. In order to do this, it 1s necessary that
one know the temperature distribution and also the enthalpy increments
as a function of temperature for the furnace materials involved. A
third approach which is often satisfactory, but less accurate, is to
assign a factor to this guantity such that the sensible heat increase
of the melting unit is represented by a fraction of the heat energy
which is taken up by the metal. One may then multiply the sensible
heat of the metallic charge by a factor which ranges from 1.1 to 1.5

for most cases,

Heat Losses

The principal heat losses in melting operations are the radia-
tion and convection losses from the exposed surfaces, These losses may
be computed by balancing the heat loss through the walls of the furnace
with that lost by radiation and convection from the surface., This may

be represented by the relation:

de = 9y * dconv X-2
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A trisl-and-error approach to this problem is necessary where one solves
the following equation for the interface temperature Tg:

L b
q = 228 (T3 - To) = Noho(To - Ts) + obo(Ty = Tg) X-3

where Ti is the temperature of the internal surface of the furnace,
TO is the interface temperature between the oubter surface of the melt-

ing unit and the surroundings, T is the temperature of the surround-

s
ings, k 1is the thermal conductivity of the furnace lining, 2Ax dis the
thickness of the lining, e, 1is the emmissivity of the outer surface,
AO is the outer area of the melting unit, A, is the mean of the inner
and the outer surface areas of the melting unit, and h, is the con-
vective coefficient from the surface of the unit which may be taken on

0.25 for plane surfaces.

the average as being 0.3(T; - Tg)
Other heat losses include the sensible heat of any gases or

other products evolved from the unit during the melting operation as

well as heat lost to cooling water which may be used to maintain low

temperatures in certain critical areas of the melting unit. In the

case where the metal surface is exposed directly to the surroundings,

one may compute the heat losses on the basis of radiation from that sur-

face assuming that black body conditions are approached by the surround-

ings. Samways and Dancy6 have reported on the temperature drop of liquid

metal between tapping and teeming and have statistically derived quanti-

tative relationships based on plant observations.

Pouring Practice

Liquid metals are transported in metallurgical plants in

ladles, which are cylindrically shaped vessels consisting of a steel
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shell lined with brick, The type of brick in most common use is fire-
clay brick, Ladles vary in capacity from 10 pounds to 300 tons. The
operation of pouring from a ladle may take place in three ways. The
heat may be lip-poured, bottom-poured, or a tundish may be used. Al-
though lip~pour ladles are quite commonly used in plants producing
small castings or pour large heats from one ladle to another (reladling),
primary produced metal, particularly in the steel industry, is usually
cast from the bottom-pour ladle. Figure X-2 shows a cross sectioned
view of a bottom-pour ladle used for 200-ton open hearth heats. With
this method of pouring, a stopper assembly acts as a valve to control
the flow of metal through a nozzle at the bobtom of the ladle., The
size of the nozzle may vary in diameter from.l—l/4 to 3 inches, but

it is of a length which is several times the diameter in order to pro-
vide a smooth, solid stream of metal free from turbulence. Nozzles
are made from fireclay and the softening of the surface of the nozzle
seat provides an adequate seal for the harder stopper-head. The stop-
per rod assembly shown in Figure X-2 consists of a steel stopper rod
protected from the heat by a refractory sleeve and connected to an ex-
ternal control lever which permits the operator to start and stop the
flow of liquid metal,

One of the most important factors affecting the surface of the
ingot and the subsequent product is the rate of flow of the pouring
stream and the resultant rate of rise of metal in the mold. This rate
is determined by nozzle size, mold size, the temperature and fluidity of
the steel, the height of metal in the ladle, and the erosion of the stop-~

per and nozzle, The opbimum pouring rate 1ls determined by the grade of
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/STOPPER ASSEMBLY

LIQUID STEEL

CONTROL LEVER

77
4FRACTORY LINING / ‘
NOZZLE

Figure X-2. 200 Ton Bottom~Pour Ladle.
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steel, but is also dependent upon mold design and btemperature of pour.
In general, a slow pour minimizes ingot cracking but increases the
tendency toward folded ingot surfaces. With fast pouring, however,
the converse is true., The rapid rise of molten steel in the mold pre-
vents a rippled surface. However, a large head is formed in the shell,
which shrinks away from the mold wall and looses its support. Since
the shell is very weak and cannot withstand the ferrostatic pressure
of the liquid metal, it will rupture, permitting fresh ligquid to break
through to the mold surface. This produces a weakness in the ingot
surface which may rupture on cooling or subsequent forming operatiouns.
Rather than casting metal directly from the ladle to the
mold, an intermediate pouring vessel may be used. Such vessels are
called pouring baskets, pouring boxes, or tundishes. This method
usually involves pouring from the tapping ladle into a vessel which
has a nozzle leading into the ingot mold. Tundish or basket pouring
is more expensive than conventional top pouring, but has the advantages
that there is a greater opportunity for separation of non-metallic in-

clusions from metal, and there is also less splashing in the mold.

Bottom-Pour Molds

Some of the disadvantages of top-pouring mentioned above may
be eliminated through the use of a bottom-pour mold assembly. The metal
is cast into a runner system and finally emerges at the bottom of the
mold through a special outlet. In bottom pouring, the metal rises
steadily in the mold with very little agitation. Bobtom-pouring is
much more expensive than top-pouring, but is often used to insure opti-

mum surface quality.
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Rate of Pouring

The rate of pouring greatly influences the quality of a
cast ingot. By considering the flow of metal through the nozzle of
a bottom-pour ladle in terms of the flow equation, the rate at which
metal is entering the mold at any time during the pouring operation can
be estimated, In view of the fact that the nozzle erodes, one must have
some relationship which indicates the size of the nozzle as a function
of the amount of metal which has passed through it. Such correlations
may often be obtained from plant data. If one also has estimates for
the orifice coefficients and friction factors, the rate of pouring may
be computed.

The gradual enlargement of the nozzle has an effect that is
desirable, i.e., the rate of pouring does not decline gradually with
the ferrostatic head in the ladle as it would if the nozzle opening re-
mained constant. While the head of metal has been decreasing, the
diameter of the orifice has been increasing, and the rate of pouring
can remain nearly constant or even increase slightly. Since the rate
of pouring has important effects upon the structure of the ingot, this
may be an important aspect in the design of the pouring operation. Know-
ing the behavior of several materials which may be available for nozzles,
the process engineer may select that one which provides a relatively
constant pouring rate throughout the casting operation. Application
of the generalized flow equation to the estimation of teeming rates
from a bottom-pour ladle is illustrated by the following example prob-

7

lem.
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Example X-1

A steel ladle of the type shown in Figure X-2 contains 200
tons of liquid metal, The metal is poured out of the nozzle in the
bottom into a series of molds below, The nozzle is 18 inches long
and has an initial diameter of 2 inches. The nozzle erodes during
pouring, however, and the eroded diameter is given by the relation-
ship:

Dy = 2+ eN

where Dy is the diameter in inches, ¢ 1s the linear erosion coef-
ficient, 0,006 inches per ton, and N is the number of tons of metal
that have passed through the nozzle. The flow of liguid metal through
the nozzle is characterized by the friction factor of the nozzle, the
entrance coefficient, and the exit coefficient, which may be taken as
0,04, 0,20, and 1.0, and assumed to be independent of flow rate. The
initial depth of metal in the ladle is 10 ft,

Calculate the rate of flow of liquid metal throughout the
pouring operation, and comment on the suitability of the particular

nozzle material,

Solution

The flow velocity can be calculated at any stage of the
pouring operation by the flow equation, expressed in terms of the
parameters of this problem,

2 2 -
g (z2-21) + Vs - V] +Po-P =cly - w
c
& 28 P

2 2 2
— fy Vy L + AV Vi
Iv =" 2gc Dy 28 7 ac
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where 1w is the lost work caused by friction in the nozzle, fy 1is

the nozzle friction factor, and @y and @y are the entrance and exit

coefficients, respectively. The work done on the system, w, is zero.
Selecting point 1 at the upper surface of the metal 1in the

ladle and point 2 just below the nozzle, the pressure drop (Pl - Py)

is zero, and Vy, the velocity of the surface of the metal in the

ladle is negligibly small in comparison to that exiting from the nozzle,

Then, o o
- £ 200-N v -V L N
- e 2 = 2 ( —
N 1
10(E8T v 1 2
Vo = [ (2 ge) T }
(1 + 22+ dy + Iy

Dy
V5, the exiting flow velocity in ft/sec can be converted to a flow rate
by the relationship:

B 2
N (flow rate in tons per minute) = Vp (60) Dy = p

2000 L
Then: Y
’ 200-N 2
i 2
MASLC SELERICY: PF
1+ fL 2000 &
{ =+ Oy + &
where Dy = 2 + 0.006 N

Evaluating the last two expressions at the start of pouring:

Dy = 2+ 0,006 x 0 = 2 inches
1
. 10 (200-0y %g > ,
N = [(2) (3252) 200 12 }(60)(2) n 450
1+ (0.04) 18 4 0.2 + 1,0-(2000) (1Lk4) &
2

—

2
11.5 240 450
= {(6A3u) 2056] (2000?(%76))

= 5.00. tons/min
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The expression can be evaluated at regular intervals of metal poured
from the ladle in a similar manner, generating the curve shown in
Figure X-3.

In view of the fact that one of the most important criteria
for a successful pouring operation is a relatively constant pouring
rate, the nozzle material of the example problem is highly suited to
its application.

Also shown in Figure X-3 are the pouring rates for nozzle
materials with various erosion coefficients used in the operation
described in the example problem,

The results shown in Figure X-3 may be suitably averaged to
provide an estimate of the total pouring time, using an expression of

the general form:

(Tons Poured in Interval m)
(Average N),

ot
I
MM

The total pouring time of the operation described in the example prob-
lem is about 2 minutes. The digital com@uterS was especilally useful

in providing these results (See Chapter XXIV).
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Figure X-3.

—
T~
AN
€000 \\
| O
‘\\\\\\\\\\\\\\\\\\\\\\

TONS POURED

Flow Rates from Bottom-pour Ladle for Various
Nozzle Materials with Erosion Coefficient, €.



REFERENCES

Elliott, J. F. and Gleiser, M., Thermochemistry for Steelmaking.
Reading, Massachusetts: Addison-Wesley Press, Inc., 1960,

Butts, A. Metallurgical Problems., Metallurgy and Metallurgical
Engineering Series. New York: McGraw-Hill, Inc., 1943,

Trinks, W. Industrial Furnaces, Vol. 1., New York: John Wiley
and Sons, Inc., 1956.

Basic Open Hearth Steelmaking, Physical Chemistry of Steelmaking
Committee, AIME, New York, 1951, Chapter 10,

Camp, J. M, and Francis, C. B. The Making, Shaping and Treating
of Steel, U. S, Steel Company, Pittsburgh, 1951.

Samways, N, L. and Dancy, T. E. "Factors Affecting Temperature
Drop Between Tapping and Teeming." Journal of Metals, 12, (1960),
331,

Elliott, J. F. Private Communication.

Computing Center, The University of Michigan, Ann Arbor,

-113-






CHAPTER XTI

CASTING AND SOLIDIFICATION

Following completion of the final refining operation, the
liquid metal is poured from a furnace into a ladle. The liquid metal
1s then teemed from the ladle into molds and permitted to solidify.
These solidified castings are called ingots. The eventual use of these
ingots may be in any of several forming operations, including remelting
and recasting in a desired shape. The forming operations which are
used in the metallurgical industries are extensive subjects in them-
selvesl-6. Consequently, the discussion in the present chapter will
be limited to the casting of ingot shapes for use in further forming
operations. The material presented here will be concerned chiefly with

the rate of solidification, ingot structure, and some considerations of

the continuous casting process.

Rate of Solidification

Flinn6 has presented a mathematical analysis of the solidi-
fication rate of metal cast into a sand mold based on the work of
Ruddle7’8, In this approach, it is assumed that the temperature of
the finite(plane) boundary was instantaneously raised to and there-
after maintained at a temperature Ti at time t = 0. The temperature
T at any point at a distance x from the finite boundary in a semi-
infinte solid body is given by:

T, =T+ (T4 - Tp) erfec (xN2ot) XI-1

..115_



where: Tm = temperature at distance x from mold wall into mold.
T, = temperature at t = 0O
Ti = mold-metal interface temperature
x = distance from mold wall
o = thermal diffusivity, K/pc
t = time

The rate of heat transfer across the mold-metal interface
is given by the thermal corductivity multiplied by the temperature
gradient. Differentiating Equation (XI-1) with respeect to x, at x = O:

3T, ) (Ty - To)

XI-2
3 x NENEY
and then:
3q K(Ty - To) I-3

3t NE (04

If the freezing time depends on removing a certain amount of

heat, Q, then:

- T "
q - 2K(Ty - To) Nt XT-k
N
Thus for a given metal and mold temperature:

Q= plt XI-5

where B 1is a constant depending on pouring conditions.

If the freezing time depends on removing a given quantity of
heat, then the thickness of frozen metal measured from the mold wall is
given by:

d = yJx X1-6
9

where ¥ 1s a constant. A similar result has been derived by Feild”.
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By considering an infinite plate, it may be shown that the
total distance which the freezing plane must advance for complete
solidification, one-half the plate thickness is also the volume to
area ratio. Thus:

. 2
t =y (V/A) XI-7
where ' 1s a constant, and V/A is the volume to area ratio. This
relationship has been shown to apply with reasonable accuracy to all

casting geometries although it is only rigorous for infinite plates.

Ingot Structure

In addition to pouring conditions, i.e., temperature of the
liquid metal, the nature and temperature of the mold, and its geometry,
the rate of pouring, and other factors which affect the cooling rate,
the most important factors which influence ingot structure are metal

composition and gas evolution,

Effect of Rate of Heat Removal

A cast ingot will generally consist of three zones. Near the
surface of the ingot the structure is very fine, randomly oriented grains.
This region is called the chill zone and its structure is caused by a
rapid rate of solidification during the early stages after pouring.

Inside this zone is a second zone where the crystals are thin and
elongated, perpendicular to the mold wall, This zone 1s called the
columnar zone and is caused by relatively rapid heat removal giving rise
to directional solidification and grain growth. Inside the columnar
zone, the ingot has a granular structure in which the crystals are

randomly oriented but are much coarser than in the chill zone. This
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zone 1s caused by a low rate of heat removal in the final stage of
golidification., All ingots which do not involve gas evolution during
solidification will show these three structures, the extent of the
zones being a function of pouring conditions, composition, and average
rate of solidification. The rabte of solidification shows a large
variation being nearly infinite at the mold surface and decreasing

to a very small value near the center of the ingot. It is this varia-
tion in cooling rate during ingot solidification that causes the three

structural zones described above.

Influence of Metal Composition

Since most liquid metals involved in metallurgical operations
are not pure, they solidify over a temperature range with the first
liquid solidifying having a different composition than that which finally
gsolidifies. Most alloying elements lower the melting point of a pure
liquid, and consequently, the first crystals of solid to form would
more closely approach the pure major component than the composition of
the bulk liquid. When the first crystals of solid form, they leave
liquid next to them which is slightly less pure than the bulk liquid.
The solidification of such a metal may then be visualized as crystals
separating out which are more pure in the major component, and are
separated from the bulk liquid by a film of liquid metal which is
less pure than the bulk metal. Freezing may then proceed in any of
three ways. (1) If the rate of solidification is very high, the less
pure liquid solidifies so rapidly that the solidification process is

indistinguishable from that of a pure liquid metal, (2) If the rate
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of solidification is slightly lower, the boundary layer of impure
liquid may delay solidification slightly. (3) If the rate of solidi-
fication is wery low, the bulk liquid beyond the impure film may reach
its solidification point before the impure liquid. Free crystals will
then form in the liquid and settle out to the bottom of the ingot. As
a result of the change in golidification rate during the freezing of
an ingot, all three types of freezing take place. These three freez-
ing conditions produce the three zones described above.

These three zones are also characterized to a certain extent
by segregationlo° The segregation characteristics of an ingot are de-
termined by its composition, its rate of cooling, and the tendency of
the alloying element to segregate between liquid and solid‘]:l

A killed steel ingot is characterized by two zones of posi-
tive segregation (areas in which the composition is greater than that
of the average) and one zone of negative segregation (concentration lower
than the average. These zones are shown in Figure XI-1l. The conical
zone of negative segration in the lower portion of the ingot is caused
by the settling of free crystals which are purer and more dense than
the bulk liquid. As the free crystals settle, they cause an upward
movement of less pure liquid along the sides of the ingot near the
gsolidification interface leading to positive segregation in this area.
Similarly the V-shaped zones of positive segregation in the upper cen-
tral portion of the ingot are caused by the movement of less pure liquid
down into the ingot cavity by shrinkage during the final stages of solidi

fication,
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Examination of the equilibrium phase diagrams for most metal-
lic systems reveals that the alloy content of the solid bears a constant
ratio to the alloy content of the liquid in the region near the melting
point. Chipmanlo calls this ratio k and has tabulated values of
(1 - k), the segregation coefficient, for binary systems with iron.,
These values are presented in Tgble XI-1l, where it will be noted that
the values of k for a given element differ depending on whether the
solid is gamma or delta iron. If the segregation coefficient is zero,
this indicates no tendency to segregate since the alloy content in the
s0lid and in the liquid would be the same. If the segregation coef-
ficient is 1, however, this indicates that no alloying element will
appear in the first solid to form, and consequently, this alloy would

show extreme segregation,

Effect of Gas Evolution on Ingot Structure

The presence of gas in an ingot during solidification may
not only change the physical nature of the ingot because of the pres-
cence of blowholes caused by the gas, bub may also affect the segrega-
tion tendencies of the ingot since the presence of a less dense gas
phase causes fluid flow in the ingot during solidification. The pres-
ence of gas in an ingot is often an advantage, however, since the gas
evolution will compensate for shrink and reduce or eliminate the ingot
pipe giving a higher yield.

In the manufacture of steel, the carbon-oxygen equilibrium,
and the influence of temperature on it, are of primary importance in
the control of ingot structure by gas evolution. Carbon and oxygen

react to form carbon monoxide whenever the equilibrium constant for
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TABLE XI-1

10
SEGREGATION COEFFICIENTS FOR ALLOYING ELEMENTS IN IRON

Element Segregation Coefficient, 1-k
Delta Iron Gamma Iron

Aluminum 0.08
Boron 0.95 0.96
Carbon 0.87 0.64
Chromium 0,05 0.15
Cobalt 0.10 0.05
Copper 0.4k 0.12
Hydrogen 0.68 0.55
Manganese 0.16 0.05
Molybdenum 0.20 0.4
Nickel 0.20 0.05
Nitrogen 0,72 0.46
Oxygen 0.98 0,98
Phosphorus 0.87 0.94
Silicon 0.3%4 0.5
Sulfur 0.98 0.98
Titanium 0.86 0,93
Tungsten 0,05 0.5
Vanadium 0,10
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the golution of the gas in liquid iron is exceeded. The reaction may
be written

|
+
1O

where:

K = peo/ag-20 X1-9
The equilibrium constant is thus proportional to the pressure of CO,
which is a linear function of depth in the ingot mold. At atmospheric
pressure near the top of the ingot, the equilibrium product would be
one~half that which it would be at a depth of five feet in the ingot
where the pressure is twice as great.

In practice, ladle deoxidation is used to reduce the oxygen
to near the equilibrium level with the carbon present. As freezing
proceeds, carbon and oxygen are concentrated in the liquid by the freez-
ing out of pure crystals. This process results in gas evolution when
the product of the carbon and oxygen activities exceeds that for the
equilibrium value,

In a semi-killed ingot the concentration of oxygen is ad-
Justed during the transfer in the ladle, and during the pouring opera-
tion in the mold; such that gas evolution compensates for shrinkage.
As the steel shrinks during solidification the pressure is relieved,.
and additional gas is evolved., The top of the ingot then freezes over
and gas formation in the lower part of the moid is controlled by the
pressure.

Rimmed steels are characterized by rapid gas evolution which
begins during the solidification of the chill zone at the mold wall.

With the first solidification, marked gas evolution begins at the liquid-
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so0lid interface and the rising bubbles cause the liquid metal to move
upward along the sides of the ingot and down the center. The motion
of the liquid prevents the formation of columnar crystals and keeps
the interior of the ingot at a nearly uniform temperature. dJust in-
gide the chill zone of a rimmed ingot is found a series of primary
blowholes. The mechanism for the formation of these blowholes is

129 The formation of the elongated

described by Hultgren and Phragmen
primary blowholes is caused by the formation of bubbles which are then
swept away by the motion of the liquid., After the top of the ingot
freezes over, enough impure liquid at the gsolid~liquid interface ac-
cumulates to start gas formation in much the same manner that it occurs
in semi-killed ingots. This results in an interior series of spherical
blowholes called secondary blowholes.

The upward motion of the liquid along the solidifying wall
sweeps away impure liquid and mixes it with the unsolidified body of
the ingot. This results in negative segregation in the rim zone of
the ingot. There is then a large positive segregation in the upper
central portion of the ingot, the last to solidify. Segregation in
. rimmed steel ingots has been discussed in some detail,ll’lg’l3

The presence of other gases in steel ingots may cause blow-
holes, these being principally hydrogen and nitrogen. In the case of
copper, the evolution of hydrogen and water vapor or 802 may also

influence ingot structure, as hydrogen can in aluminum alloys. The

control of gases in liquid metals is discussed in Chapter XXTIII.
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Gontinuous Casting

Continuous casting processes have received a great deal
of attention in recent years, and have come into wide use 1in the
casting of light alloy slabs and ingots. Application is now being
made in the processing of copper and steel., The purpose éf contin-
ous casting is to reduce ingobt- castings to a form which is directly
rollable on finish mills. There is gqod indication that there should
be improvements in yield, in surface condition, and in internal qual-
ity of ingots which are cast by this process.

The continuous casting of metal slabs involves the follow-
ing operations: (1) delivery of liquid metal to the casting strand;
(2) flow of metal through a distributor into the casting mold; (3)
formation of the cast section in a water cooled mold; (4) withdrawal
of the casting from the mold; (5) further heat removal from the cast-
ing; e.g. water spray beneath the mold; (6) cutting and removal of
the cast bars. The rate of heat removal is the primary factor in-
fluencing the attainable casting rate. Obviously the casting rate
could not be greater than one which makes it possible to remove the
heat required for complete solidification prior to the time that the
cast section is cut. Another more serious limitation on casting rate
is the ability to develop a solid shell within the water cooled mold
that can contain the liquid metal as the section leaves the mold. The
governing factor here is the thickness of the shell emerging from the
mold and this is determined largely by the rate at which heat is ex-
tracted in the mold. On this basis, then, the critical phase of the

continuous casting process is involved in removing heat in the water
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cooled mold, It is on this phase of the operation that the following
analytical discussion will be concentrated.

An analysis of the freezing of a continuous casting was
made by Roth‘l3 who assumed that: (1) solidification does not begin
until the metal reaches the mold (2) axial heat flow is negligible,
and norm&l to the vertical axis, the temperature gradient is linear;
(3) the surface temperature of that part of the ingot which is in the
water-cooled mold is constant; (4) the metal is poured at the freez-
ing temperature; (5) the thermal properties of liquid and solid metal

areidentical. On this basis the formula for the shape of the solidi-

fication front of a rectangular ingot is given as:

2
x=v [Ip + 5 0pp (6 - 0,) 1y XI-10

2 K {6y - 8g)

where x = vertical coordinate measured from the top of the ingot mold,
i.e, depth of liquid sump
¥y = horizontal coordinate meagured from the side of the ingot,
i.e., thickness solidified
Vo= spe@d at which ingot is moving wvertically downward
Op = freezing temperature of metal
6 = surface temperature of ingot which is constant
L = length of mold
p = density of liquid metal (actually value averaged through-
out mold volume)
This result implies that the instantaneous freezing rate is propor-

tional to the horizontal thickness already solidified and predicts
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a wedge-shaped solidification front the sides of which are parabolic
in section., The depth of the liquid sump should be proportional to
v and to the square of the ingot thickness. The most serious errors
in this tredtment are likely to arise from assumptions 1 and 2 above.
A review of this and other studies of the solidification of continuous
castings has been presented by Ruddleol

Savage and Pritc:hardl5 investigated the rate of heat transfer
in continuous casting by measuring the heat transferred to a water
stream passing through the cooled copper mold, They found that up to
about 40 seconds after casting their results may be represented by the

relation:

3Q = 64 - 8t cal/em’ - sec XI-11
ot
This equation gives for the average rate of heat transfer over a given

periods £
0Q, _ 1 0Q — _ 16 t
%) =% f 5t & ol 3 Vi XI-12

ave
0

In the case of a continuous casting whose withdrawal rate is v cm per
second, the mold length being L cm, t may be replaced by L/v 80

that Equation (XI-12) becomes:

16 | L
Qy =6k-=[73 -
(BE> ave 3N v Xi-13

The prediection of this equiation that the average rate of heat transfer
increases with the casting velocity has been confirmed by'experiment}
where it was also shoﬁn that the rate of freezing is proportional to
the square root of t. The rate of freezing was found to be of the

same order as that in an ordinary chill casting during the first stage
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1
of cooling, about 0,65 inches per minute2 A large increase in the rate
of freezing takes place during the second phase of intense cooling by

water spray beneath the mold, ¢ now being equal to about 8.4k4 inches
1

per minutef a value much greater than that applying in chill casting.
The plot of thickness frozen against the square root of t thus con-
sists of two intersecting straight lines.

An investigation was performed at Inland SteellT on the con-
tinuous casting of low carbon steel. The thickness of shell emerging
from the water cooled mold was estimated by measuring the outer slab
temperature as the casting emerged from the mold. Using these tempera-
tures and assuming a constant temperature gradient across a uniform solid-
ified shell, the thickness of the frozen oubter skin at the time the cast-
ing emerged from a 24 x 6—%-inch mold was estimaked. The thickness of
the emerging shell was found to decrease with increasing casting rate.
The results of the investigation showed qualitative agreement with those
of Savage and Pritchard%S

Aithough information at the present time is relatively limited,
a heat balance for a continuous casting strand could be derived, based on
a knowledge of the rate of heat removal during cooling in the chilled mold
and in the water spray, and the amount of heat which must be removed
which is gpecified by the metal and rate of casting. At the present
state of the art, howeler, one would undoubtedly have to rely on pilot
plant data in order to fully design a continuous casting process. The
economics of conbtinuous casting as well as a survey of the present status

, 1
in a number of countries has been presented.
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CHAPTER XIT

DIRECT REDUCTION OF METAL OXIDES AND HALIDES

As an introduction to the smelting techniques used for the
production of metals from their oxides, halides, or other compounds,
this chapter will be devoted to the thermodynamics of reduction reac-
tions. As a general rule one may consider the relative stability of
the compounds of two metals as‘being indicative of whether one metal
may be used to reduce the other. For example, calcium oxide is a
more stable oxide than the oxide of titanium; thus under suitable
conditions the addition of pure calcium metal to titanium oxide will
produce titanium metal aﬁd calcium oxide. The concentrations of the
components in the phases which are present determine the degree of
completion to which the reaction will go. The standard free energy
difference for the particular reduction reaction indicates the degree
of success which one might preduct would result from an attempt to
perform such a reduction. The kinetics of reduction reactions are
important and it is necessary that the process be carried out under

pressure and hemperature conditions which are favorable.

Unstable Oxides

The thermal decomposition of mercuric oxide has of'ten been
sighted as a classic example of the use of temperature alone for the
reduction of a metal from its ore. Mercury occurs in nature princi-
pally as cinnabar (HgS) and since mercury is not easily oxidized the
roasting of the sulfide mineral results in the formation of metal.

The reaction is:
HgS + O, = Hg + S0, XII-1

__133_
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The sulfide may also be decomposed by lime or iron according to the
reactions:
LHgS + 4Ca0d = LHg + 3CaS + CaS0), XII-2
HgS + Fe = Hg + FeS XII-3

The kinetics of the above reactions require that they be
carried out at temperatures above the boiling point of mercury. Con-
sequently, means must be employed for the condensation of the vapor,
Vapor pressure and enthalpy data for mercury are presented in Tables
XII-1 and -2, respectively., These data may be used for computations
involving the condensation of mercury vapors.

The use of reduced pressures for reduction reactions is often
advantageous. In the cagse of the reduction of mercuric oxide by heat
alone, the advantage of operating in a vacuum 1s obvious. The reaction
involved would be:

HgO(s) = Hg(g) + % 05(8) XII-h
The standard free energy change is given by the relationship:
1

Phg Po,°
AF® = -RT In K = -RT In| g0

XII-5

Metallic Reduction of Halides

The excellent mechanical properties, low specific gravity, and
resistance to atmospheric corrosion, along with the fact that it ranks
ninth in abundance among the elements in the earth's crust, created a
strong interest in titanium. Great difficulty was experienced in pro-
ducing ductile titanium directly from the oxide, and research led by
W. J. Kroll led to a process involving the reduction of titanium chlo-

ride (TiCly,) with metallic magnesium in a steel chamber, The tetra-
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TABLE XII-1

MAXIMUM VAPOR PRESSURE OF MERCURY:

P

.000005
.000018
-000061
.000185
.000490
.001201
002777
.006079
.01267
.02524
.04825
.08880
.1582

2729
572

°C.:

(In millimeters of mercury)

QCO

FR———

120

200
210
220
230
240
250

260

TLog P =

OO

1.

oo O =

17

23.
32,
ho,
56,
Th.
96,

746
186

,8L5
.807
.189
.128
796

12,

423

.287

72
13
99
85
37
30

+ 7,752

270
280
290
300
310
320
330
340
350
360
370
380
390

400.

123.5
156.9
197.6
246.,8
305.9
376.3:
459.7
557.9
672.7
806,2
960.7

1138.4

1341.9

157k.1
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TABIE XII-2

; *
HEAT CAPACITY AND HEAT CONTENT OF MERCURY2

T % F1” ~ 8.1
K Cal/°K-mole Cal/mole
298 6:69 0
300 6.68 12
4oo 6,54 672
500 6.48 1323
600 6,49 1970
629.9(1) 6,49 2165
629.9(v) 4.97 16302
700 h,97 16650
800 L.97 17140
900 4,97 17640
1000 4,97 18140
1100 h,o7 18630
1200 4,97 19130
1300 4,97 19630
1400 4,97 20120
1500 b, 97 20620
1600 4,97 21120
1700 L,97 21610
1800 k.97 22110
2 Elliott, J., F. and Gleiser, M. Thermochemistry for Steelmsking.,

I, Addison-Wesley, 1960.

* Referred to liquid from 298 to 629.9°K; ideal monatomic gas from
629.9 to 1800°K.
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chloride of titanium can be produced in the liquid state by the action
of chlorine gas on titanium carbide which is made by heating titanium
concentrates with carbon in an electric arc furnace. The reduction
process, called the Kroll process, provides for the introduction of
liquid titanium chloride into a closed chamber, allowing it to drip
on magnesium bars heated to 750°C in a reducing atmosphere. The reac-

tion which takes place is:
-:131014 + 2 Mg =Ti + 2 1\4g01,2 XII-6

The relatively high stability of magnesium chloride makes magnesium
desirable as a reducing agent for the production of metals from their
chlorides, Table XII-3 gives the standard free energy and heat of

formation of several metallic chlorides.,

The Carbothermic Process

The large energy change involved in the formation of CO or
002 and the insolubility of carbon in most nonferrous materials makes
carbon a highly desirable reducing agént for the production of metals
from their oxides, The retorting of finely ground, intimately mixed
powders of an oxide material and carbon, resulting in the production
of the metallic element and carbon dioxide gas, is termed a carbo-
thermic process. The process is highly’exothermic with most metals
and often, as in the case of magnesium, produces a gas containing a
metallic vapor. Unfortunately as the vapors cool the reaction reverses
itself and the oxide is again formed. If, however, the gases are rapidly
cooled from the maximum temperature, the metallic vapor may be condensed
as a metal, A process based on this principle was developed by

2
Hansgirg for the production of magnesium, The carbothermic process
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TABLE XII~3

*

FREE ENERGY FUNCTIONS AND HEATS OF FORMATION OF SEVERAL CHLORIDES

Compound

AgCl
AlCl3
AuCl
BeCl2
CaCl,
CeCl3
00012
CrClB
Cu012
FeCl2
HfCl4
KC1
LiCl
MgCl2
MnC12
NaCl
NiClE
PoCl,
SnCJ.LL
TiCl),
ZnCl2

ZrCl2

(AF - AHpgg) /T, cal/mole

298,1°K,

13.9
16
1k
32.6
36.
56

|

3k.7
55.7

34

31

72
22,1
17k
39.7
32.9
21.6
34,8
36.2
56.8(1iq)
52.8(1iq)
374

36

500°K.,

1.305

55.7
35

30.9
70

22,6
17.8
39.2
32.8
21.9
35.0
35.8

52.3
37
36

1000°K.,

11.1(1iq)

11
28(1iq)
3h,2

54
32.8(1iq)
52,4

33

28.8

22.8
17.5(11iq)
38.0(1iq)
30.6(1iq)
22.0

33.9
32,8(1iq)

29,6

33(1iq)

1500°K.

9.1

31.9(11q)
49(1iaq)
29.5
49,6(1iq)

24,3

20,5(1iq)
16,6
33.9
26,k
19.6

31.2(1iq)

-AHpgg

Kcal/mole
-30.3
~-166,8
8
112.6
190.6
260
T4
132
53.4
81.9
255
104, L
97-7
153.2
111.6
98.3
73
85,7
127.4
1814
199.6
145

* Quill, L. L, The Chemistry and Metallurgy of Miseellaneous Materials,

Thermodynamics,

New York: McGraw-Hill, 1950.
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has been used for the production of meny metals. Unfortunately, how-
ever, in some cases the formation of a stable carbide prevents this
process from being a practical one. One such case is that of aluminum
where the formetion of the carbide occurs when aluminum is held at

high temperatures in the presence of carbon. The standard free energies

of several metallic oxides and carbides arepresented in Table XXI-1.

The Ferrosilicon Process

When calcined dolomite (a mixture of Ca0 and MgO) is heated
under vacuum with ferrosilicon at about 1100°C, the magnesium is re-
duced and volatilized, and the 8102 formed in the reaction unites with
the lime to form calcium silicate. This reaction forms the basis for
the ferrosilicon process for the production of magnesium, usually refer-
red to as the Pidgeon process. This process is typical of a number of
reduction processes in which metallic elements are used for the reduc-
tion of oxides, ILiquid aluminum may often be substituted for the fer-
rosilicon alloy. Calcium or sodium are often used for the reduction of
uranium oxide., Although the standard free energy change may indicate
that ﬁhe reaction should go to completion, if two mutually soluble
metallic elements are used resulting in the formation of an alloy, the
activities, particularly of the primary reactant, are reduced, and the
degree of reduction is limited. Provision in the process for ﬁaking a
separation of the metallic components may be of great assistance in

carrying out the reduction process.

Gaseous Reduction Processes

The reduction of chlorides by hydrogen, or of oxides by hydro-

gen, carbon monoxide, or methane are processes which are being given
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considerable attention by process research and development groups,
The reaction involwved in such a process may be represented as:

MO + Hyp = M + H0 XIT-7
The thermodynamics of these reduction processes may be derived from
the data presented in the tables of this chapter and Chapter XXI.
Several techniques have been proposed for carrying out such reduc-
tion processes and in view of the advantages of a large surface area
in carrying out gas-golid reduction operations, both packed and
fluidized beds have been proposed. Although the engineering problems
are more difficult in fluidized beds, the advantages of operating
under continuous conditions has led to a higher interest in this type
of operation., Consideration of fluidized bed reduction and the deri-
vation of relations which are also applicable to fixed bed reduction

processes are treated in the following chapter.
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CHAPTER XTITI

FLUIDIZED BED REDUCTION

The fluidization of solids in a moving gas stream in order
to carry out chemical reachtions is becoming an increasingly important
metallurgical process., Such a technigque may be employed in operations
involving calcination, oxidation, reduction, roasting, chlorination,
sulfitization, and many other processes, including heat transfer and
the physical movement of particulate bodies., The engineering design
of guch processes involves a knowledge of the pressure drop required
to maintain fluidization, as well as the thermodynamics and kinetics
of any reactions taking place in order that one can specify the mass
and heat transfer taking place in the operation. Such operations
are often advantageously carried out in several stages. In this case
the details of each stage as well as the overall performance must be

determined,

Pressure Drop

A pressure gradient which may be reasonably well defined
is necessary to overcome friction associated with the passage of
fluid upward through a bed of solid particles. The pressure gradient
increases with flow rate. When the pressure drop approaches the
weight of the bed over a unit cross-sectional area, the solids begin
to move and fluidization sets in., This motion of solids occurs at
gsuperficial velocitieg which are far below the terminal free settling
velocities of the solid particles. As the velocity of the fluid and
the pressure drop are increased the bed continues to expand until the
porosity (fraction of the bed which is void space) reaches unity.

-1L4]~
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These effects are shown in Figures XIII-1 and 2. In Figure
XIII-1 the superficial wvelocity is shown to increase with increasing
pressure drop until the point of filuidization is reached. At this
point an increase in the superficial velocity does not involve further
increase in the pressure drop. Figure XIIT-2 shows that the porosity
of the bed increases with Reynolds number up to the Reynolds number
corresponding to the free settliing velocity of the individual particles.
At this point each particle behaves independently of other particles
in the bed and the porosity may be assumed to be 1,

At the point of fluidization the forces tending to raise the
particles are equal to the total weight, that is, the buoyant force
(including the friction force) is balanced by the force of gravity of

the particles. A force balance gives:

% (1-X) (LA)ge + (-ABp)A = & (1-X)(LA) p, XITII-1
Sa £ 2o {
whére X = porvsity of the bed

A = cross sectional area of the bed

L = thickness of the bed

density of the solid particles

D
i

Pp = density of the fluild
‘APf = pressure drop regquired for fluldization.
Solving for -AEfz
. g :
AP, = D(l~X)(@sﬂ%)(gc) XIII-2
The pressure drop equation may be used with other considerations to

estimate the gize of a fluidized reactor. The reactor must be large

enough to accomodate the bed in its expanded fluidized state. The
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Figure XIII-1., Effect of Fluid Velocity On Pressure Drop
for Upward Flow Through a Bed of Closely Sized
Particles.
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diameter of the bed may be determined from the mass velocity of the

gas under opersating conditiong, The mass velocity of the gas must be
such that the Reynolds number at which the system operates 1s above
that at which fluidization occurs. The operating Reynolds number is
often taken as 3 times the Rejynolds number at the point of fluidization.
The height of the reactor must be equal to the height of the bed in its
expanded fluidized state. This may be determined from a plot such as
shown in Figure XIII-2. The steps involved in the design of a fluid-
ized reactor include: (1) Calculation of the Reynolds number at the
point of fluidization. This inveolves a trial and error procedure

since the friction factor is dependent upon the pressure drop in

porous beds. (2) Choice of a suitable operating velocity above that
corresponding to fluidization in order to fix the diameter of the
reactor. (3) Construction of the plot of log Reynolds number versus
porosity to determine the porosity of the bed at operating conditions
and thus estimate the height of the reactor. This approach to the de-

sign of a fluidized bed reactor is outlined in Reference 1,

Procegs Thermodynamics

Thermodynamic calculations should be performed on the
reactants and expected products of the fluidized bed reactor in order
to determine whether or not the process is feasible, and if so, at
what temperature the operation should be carried out, Several proces-
ses have been proposed involving the reduction of iron oxides using
hydrogen, carbon monoxide or mixtures of the two gases. In addition,
processes of chemical reduction, thermopyrolysis or disproportiona-

tion of halides in a fluidized bed have been proposed for the production
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of Al, Be, B, Cr, Co, Cb, Cu, Ge, Hf, Fe, Mn, Mo, Ni, Si, Ta, Sn, Ti,
W, U, V, and Zr. These processes are not restricted to halide and
oxide feeds, Sulfides or other compounds which can be produced with
a satisfactory degree of purity at a lower cost may be substituted,
A thermodynamic consideration which is often more important in terms
of the rate of the process is the fact that several reduction steps
occur. For example in the case of iron, a process might be carried
out advantageously with several stages which would involve one for
drying and conversion of Fe203 to Feioug a second for reducing Fe304
to FeO, and a third for the final reduction of FeO to Fe, An equi-
librium diagram for the systems Fe-0-H and Fe-~0-C are presented in
Figure XITII-3, The gas composition of either GO/COE or Hp/HZ0 re-
guired for a reduction step in converting the iron oxide to a lower
oxide or to pure iron may be determined from the figure. Similar
diagrams may be plotted from equilibrium data in other gas-solid

systems.,

Material Balances

The material balances for a fluidized bed reactor can be
written around each stage of the process, based on the fact that the
gain of atoms by the gas stream equals the loss of atoms from the
solid stream., This may be denoted as:

G(yp-Yp-1) = S(xp = %p) XIII-3
where G 1is the mass of the gas stream, S = the mass of the solid
stream, yh = the composition of the gas leaving stage n, y,q =

the composgition of the gas leaving stage n-l1 or entering stage n,
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x denotes similar nomenclature for the solid stream., This basic
equation may be applied to a column of n stages where n may
range from 1 to a very large number. It is apparent from Equa-

tion XIII«3 that a multistage operation is quite similar to that
employed in hydrometallurgical processes, and a graphical technique
similar to that mentioned in Chapter IX has been pr@posed% This
graphical technique is an adaphtation of that developed by McCabe and

Theile for use in distillation calculations.

Rate of Reduction

The kinetics of the reduction reactions taking place in the
fluidized bed reactor may be controlled either by diffusion or by_the
rate of the chemical reaction. The controlling mechanism 1s determined
by the system and the temperature of the process. Considering specif-

3,k showed that

ically the reduction of iron oxide by hydrogen, McKewan
the rate of reduction per unit aresa was constant with time and directly
proportional to the partial pressure of hydrogen, This indicated that
the reaction was controllied at. the oxide metal interface rather than
by diffusion through the reaction product layer.

In view of the foregoing considerations a rate equabtion can
be derived to fit the reported data. Consider a sphere of iron oxide
Assume that the

of initial radius, T and initial density, o

o’ 0°

rate of formation of uniform reaction product layer is proportional

to the receding surface area of the remaining oxide. If W is the

weight of that part of the origingl material that has reacted, then:

aw . x A XITI~4
at
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-, =L
where k 1is a proportionality constant having the dimensions, m 1 &
and is a function of temperature, pressure and gas composition., From
this it follows that:

Ty Po f =kt XIII-5

where f 1is the ratio of the thickness of the reduced layer to the
initial radips. Equation (XIII-4) states that at the oxide metal in-
terface the amount of oxide reacting per unit area per unit time is
constant or that the reaction interface advances at a constant rate.
The fractional reduction, R, 1s defined as the weight of
oxygen removed divided by the total weigbt of oxygen originally pre-
sent as iron oxide. The fractional reduction, R, Dbears the follow-
ing geometrical relationship to the fraction thickness, £
£F-1-(1-R7L3 X1II-6

Substituting this value for f into Equation (XIII-5):

1
r Py [l_(lmR)*/3] = kt XIII-7

The same equation would apply to a cube whose side eguals EPOD The
reduction rate for any particle whose shape is similar to a sphere or
cube can be approximated by Equation (XIII-7)., Equations can also be
derived to fit other geometrical shapes,

The results of the above investigation were interpreted in
terms of the theory of absolute reaction rates (Chapter IV). The

specific rate constant, k'; may be defined as:

~AH*
k' = g %I e g e ¥ XIIT-8

where g 1is the transmission coefficient initially taken to be unity,

k 1is Boltzman's constant, h 1is Planck's constant, AF¥ is the

entropy of activation, and AS* is the entropy of activation.
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For the case of hydrogen reduction of iron oxide the rate is
directly proportional to the hydrogen concentration where the hydrogen
concentration [H2] is expressed in mols per liter. Therefore the rate

of reduction of iron oxide by hydrogen will be:

_AH*®

KT “RT *
Rate = ky ~§ [Hpl e e ° XIII-9

The data obtained in the foregoing investigation showed a
break occurring at a temperature below which wistite (Fe0O) is no longer
stable. The interface in the high temperature range is FeO/Fe and in
the low temperature range it is Fe3OM/Fe, The equations for the two

ranges are:

-12, 300

High Temp Rate = 7,32 T[H,Je ~ AT gn/ep®-min  XITI-10
=14,900 )

Low Temp Rate =9.12 THye —gmp~  &n/eps-min  XIII-11

Another approach to the kinetles of reduction of a granular

6 who showed that the

.
bed of iron ore was taken by Wiberg) and Edstrom
reduction of iron ore in a gas stream tends to follow a first order

reaction rate. The expression for this is:

f%% ke XIII-12

The term dc/dt is the rate at which oxygen is removed from the ore in
pounds of oxygen per pound of iron per hour; ¢ is the concentration
of oxygen in the material in pounds of oxygen per pound of iron; kr

is the reduction constant in hoursmla Collecting terms and inbegrating

between Co at t =0 and ¢ at Ltime L

CO .
In -2 = k. © XIII-13



or the fraction of oxygen remaining at time + is:
¢ r
f = = e XITII-14

As a first approximation it may be assumed that the overall reduction
rate of ore particles in a fluidized bed proceeds according to this
type of equation. The actual value of the reaction constant, kr’

should be determined in a small scale reduction bed in which conditions

would be typilcal of those in the larger unit which is being designed.

Residence Time

In view of the highly dynamic characteristics of a fluidized
bed, mixing of the solid particles is assumed to be perfect., Several

7,8

investigations have shown this to be approximately true., With this
agsumption the residence time of particles entering a single stage can
be determined. The mean retention time (@) as defined below may bé taken
as a suitable measure of retention: |

© = quantity in system/rate of treatment XIII-15
where © 1s in units of time and the other guantities are in a consistent
set of units. To estimate the retention time of solid particles in the
reactor, let us assume at time t = O a small quantity, Y of tagged
particles is added with the feed; let n = the number of tagged particles
in the reactor at time t (n = n, when t = 0). The concentration in the
reactor and in the exit stream at time % is n/V, where V 1is the volume
of the system, The number leaving the tank in a time increment, dt, is
then -dn which must equal the product of the effluent concentration,

n/V and effluent volume, +dt, where < is the flow rate through the

system. Thus: n
-dn = F v dt XIII-16
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Integrating, and noting that n = N, when +t = O:

n
in 0 =
n

t XITI=-17

<l

Since V/v is the mean retentlion time, ©, dJdefined previously and n/no
may be defined as r, the fraction still remaining in the system at

time t, thens:

r=e XII11-18

©|ct

The fraction of the total number of particles discharging in the time
interval from t %o t + dt is =~dr; i.e., =dr is the fraction of the
particles with retention times between t and +t + dt. Differentiating

the previous equation:

©Ofct

dr _. e XITT-19

dt e

The normalized plot of -dr/dt vs +t in Figure XIII-k4, based on this

equation, shows graphically the distribution of retention times., The

ct

total area under this curve from t =0 to = 0 is unity. The area
under the curve between any two timesy tl and bg, represents the
fraction of the atoms with retention times between tl and. 525 Using
Equation (XIII-18) it can be shown that the fraction of particles retained
in the reactor for a period less than the mean retention time, ©, is

(1 -1/e) or 0.63.

When mixing predomingtes over direct displacement as the
characteristic of flow through a piece of equipment, the above analysis
shows that a substantial part of the feed material is retained for a wvery
Short.time while another substantial part is retained for times much
longer than the mean retention time. Accordingly if a definite time of
retention is required to complete a chemical reaction, some substances

may pass through unreacted while obthers are retained longer than neces-

sary. One solution for this problem is to design the process as a
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multi-stage reactor, Another manner in which this difficulty may be
overcome 1s through the use of a recycling sbtream. In the case of iron
ores, a very effective method is to use magnetic separation of the com-
pletely reduced iron in the product stream of the reactor and to recycle
the nonmagnetic material., Separation processes may be used in a similar
manner depending upon the physical and chemical differences which exist
between the product which is completely reacted and that which is only

partially reacted.

Energy Balances

From the viewpoint of thermal equilibrium, a fluidized bed
gqualifies quite well as an ideal stage, since gases and solids entering
such a bed attain bed temperatures almost instantaneously. Temperatures
are egssentially constant throughout a fluidized bed and the solid and
gas streams are consequently at the same temperature. This is essen-
tially true even when the gas and solid streams entering the bed are at
temperatures very different from the bed, and also in cases where chem-
ical reactions are occurring which involve large heat effects. On this
basis, a heat balance may be written about each stage of a fluidized bed
reactor, As in any other heat balance, the terms to be considered are
the sensible heats of the reactants and the products, the heat evolved
by any reactions taking place in the process, the heat losses and any
additional energy supplied to the process. A carefully drawn heat balance
should permit the operator of the equipment to carry out the process
very close to the optimum temperature. In practice, the temperature of
the process can be controlled by the adjustment of energy put into or
taken out of the equipment itself or by control of the degree of pre-

heating of the inlet materials.
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CHAPTER XIV

REVERBERATORY FURNACE SMELTING

The reverberatory furnace is often employed for extracting
metals from their ores. Ore and fluxing agents are charged to a
furnace to which external heat isvsupplied, bringing about melting
and at the same time chemical changes necessary to produce the metal
(or sometimes matte) from compounds existing in the ore. A reducing
agent, often in the form of powered coal such as used in tin smelting,
is added, The charge materials are essentially those added to the
blast furnace, but when the operation is carried out in a batch proc-
ess, the term used to describe it is simple smelting.

Reverberatory furnace smelting is a key step in the extrac-
tion of copper from its ores. Ore and liquid slag from the converting
step containing copper, iron, sulfur and oxygen along with gangue
oxides such as silica, alumina, magnesia, etc. are charged to the
furnace, This mixture is heated to temperatures above 1200°C so that
the entire charge is molten., Two liquid phases result: (1) a copper
matte consisting of copper, iron and sulfur, and (2) a slag which is
a solution of iron oxidé, silica, alumina, magnesia and other oxides
but with a low copper content. These two phases separate under the
influence of gravity, the heavier matte accumulating in the bottom of
the furnace. These two ligquids are tapped from the furnace, and are
the principal products of the process. In addition, some reactions
yield sulfur dioxide and other gases from the burning of the fuel
which pass out through the flue. The essential features of a rever-

beratory furnace for carrying out this process are shown in Figure XIV-1.

__1_57_
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For the successful operation of a smelting process, 1t is
important that the engineer understand the operation and be able to
express it in terms of mass and energy balances. A knowledge of the
equilibrium relationships involved in the process and consideration
of the rates of reactions involved will permit a mass balance to be
written for the process. Similarly the energy balance and specifica-
tion of the fuel requirements may be determined from the sensible
heat of the input materials, the heats of reaction, and a knowledge
of the heat losses from the process. These factors which affect the
smelting operation in the reverberatory furnace are considered below,
and for illustrative purposes are treated in terms of copper smelting

operations.

Material Balance

A metallurgical balance for the copper reverberatory furnace
has been prepared showing the variabions in charge requirements for
several matte grades% The material balance often invoives a number of
assumptions, particularly regarding the products of combustion, The
compositions of the charge materials are usually known, or may be
assumed +to be typical of the practice used. The products of the smelting
operation may usually be assumed to be in equilibrium with respect to
distribution of elements between slag and matte or metal, or to be
typical of the smelting practice involved.,

On this basis and making the use of element balances, a
material balance may be made for the reverberatory furnace. Depending
upon the desired composition of matte to be produced, one may compute

a smelting charge reguirement§
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Energy Balance

A 1ist of the reactions involved in the fusion of the. complex
mixture which is charged to the reverberatory furnace in copper smelt-
ing would be extremely long. Any attempt to quantitatiwvely relate the
energies involved in that given list of reactions with what actually
takes place in the reverberatory furnace 1s essentially impossible, The
ore charged into a reverberatory furnace may contain CusS, Cun0, Cul,
CuS0y, FeS, FeSO), FeEOS, FGQOBg and S10,, together with various complex
silicates of iron, aluminum, etc, In addition, the complex mixture of
converter sliag which is recycled to the reverberatory furnace is also
added along with silica and other components in the fluxing agents.

On the basis of the assumptions used in making the material balance,

one might make a reasonable guess at the heat evolved by reaction during
reverberatory smelting., One difficulty over and above the complexity
of the situation which exists in the furnace is the fact that data in
general are lacking on the heats of solution and heats of reaction for
most of the systems involwed.

In view of this fact, an estimation of the energy require-
ments for reverberabory smelting might be made by negleching energies
of reaction for the system, The energy balance then becomes a summa-
tion of the sensible heats of the products minus the-sensible heats of
the reactants and the heat losses from the furnace. The Ffigure result-
ing from the summation should be the fuel requirement, The sensible
heat of the materials may be estimated from specific heats., Although
speciflc heats may not be availab;e for the actual materials involved,

they can be estimated by consideration of the specific heats of the
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elements themselves in the quantities in which they are present or
through the use of some overall mean specific heat representing a
material which is typical of the total charge in the furnace,

The heat losses may be estimated by consideration of the
rate of heat conduction through the construction materials of the
furnace. This heat loss must be equal to that lost by radiation and
convection from the outer surfaces of the furnace. Specific attention
should be given to the heat losses from furnace openings during charg-
ing. In view of the extremely high temperature of the interior of the
furnace, heat losses through furnace openings for relatively short
periods of time represent a major fraction of the total heat loss of

the unit.

Kinetics of Reverberatory Smelting

In view of the fact that relatively little is known sbout
the particular equilibria which exist in the furnace, relatively
little may be said about the rate controlling steps involved in the
smelting process. In view of the fact, however, that the product of
a smelting process is two liquid phases, a slag and a metal (or matte),
the rate of approach to equilibrium, when equilibrium is known, may be
estimated from either the rates of the chemical reaction which ig in-
volved or the rate of transport of a given species from one phase to
the other. The principles involved in such a calculation are outlined
in detail in Chapter XX,

Heat transfer in the open hearth steelmaking process has

been reviewed by B. M, Larson%Q
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CHAPTER XV

THE BLAST FURNACE

The blast furnace process consists of charging ore, fuel
and flux into the top of a shaft furnace and blowing heated air or blast
into the bottom. This process is the backbone of the steel industry,
producing a high-carbon, high~-silicon, high-manganese cast iron which
is converted to steel in the steelmaking furnaces. The process is
also used for the production of lead. In the case of the iron blast
furnace, the approximate relations between the reactants and products
is such that per ton of iron produced, approximately 2 tons of ore,
0,9 tons of coke, 0,4 tons of a mixture of limestone and dolomite,
and 3.4 tons of air is charged into the furnace. From these materials
there is produced 1,0 tons of iron, 0.6 tons of slag, 0.l tons of flue
dust, and 5.1 tons of blast furnac¢e gas. This rough statement relates
to the production of pig iron in Northcentral United States, about 75%
of the production in the U.S.A.

Iron is supplied to the furnace by ore in the form of the
oxide, either hemakite (Fegos) or magnatite (Fe30y). Pure hematite
contains T0% iron, but the present ore being mined from the Lake
Superior region contains aboub 50% iron, the difference being repre-
sented by gangue, which consists mostly of silica and alumina, and
about 12% moisture., Iron is also supplied by charging mill scale,
sinter, slag from open hearth furnaces or Bessemer converters, and
scrap. The fuel to provide temperature and also the source of the
reducing agent is coke, the solid product of the destructive distil-

lation of coal. Limestone and dolomite are added to form a fluld slag
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and to resbtrict the amounts of silica, sulphur and phosphorus entering
the pig iron. The blast, which is heated air, sometimes enriched with
oxygen, supplies oxygen to the process which reacts with the carbon of
the coke to form carbon monoxide, the gaseous reducing agent. (Figure XV-1).
The blast furnace plant consists of several components, the
principal one being the blast furnace structure itself. The blast is
compressed by blowers and passes through stoves, where it is heated to
a temperature of about 1550°F. The stoves involve regenerative heat
transfer and fuel is supplied by the blast furnace stack gases, which
have been treated to remove dust., In addition, the blast furnace
operation requires charging equipment and ladles for the removal and
transport of metal and slag. Secondary equipment includes a sinter
plant where iron oxide from various steel-making operations, as well
as from the dust collecting equipment of the blast furnace, and ore fines
are sintered into g usable product., Coke ovens are necessary for the
production of coke from coal, and often a fu;ly integrated plant will
also include production facilities for the manufacture of by-products
from ggkev@ven gases., A‘fully integrated steel plant will include ih
addition to these facilities complete steelmaking facilities and all
the auxiliary equipment involved therewith. Discussion.in this section
will be confined to the iron blast furnace., It should be noted that the

principles involved are the same in other blast furnace processes,

Chemistry of the Process

The principle reaction taking place in the blast furnace
process is the reduction of iron oxide by carbon, The actual mech-
anism for this process involves gaseous reduction by carbon monoxide

according to the reactions
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3 CO + FeEOS = 2 Fe + 3002 XV-1

In the presence of an excess of carbon at a high temperature, CO2 is
at once reduced to CO:

Cop, + C =2 CO XV-2
The actual reduction of FepO3 by CO may take place in three steps, the
Fezo3 being successively reduced to Fegou, FPe0Q and finally Fe. In ad-
dition to reducing the oxides of iron, carbon also reduces the oxides

of mangenese, silicon and phosphorous according to the reactions:

MnO + C = Mn + CO XV-3
8i0, + 2 C = 81 + 2 CO XV-4
P05+ 5C=2P+5CO XV=5-

The water vapor in the blast also plays a role in the process:

HoO + C = CO + Hp XV-6

The hydrogen liberated by the above reaction may react with iron oxide
reducing it:

FeO 4 H2 = H0 + Fe : XV-T7

The water so formed is again decomposed. It should be noted that re-
latively few of the reactions involved furnish the heat required for
the process, but that it is the oxidation of carbon and some of the
reduction reactions involving carbon monoxide that furnish the heat
to dry the raw materials, decompose the limestone, melt the iron and
slag and to replace the heat losses.

Reactimns(XV-3)through (-5 )indicate that since the construction

materials for the hearth are essentially pure carbon and the gas composi-
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tion in the region of the tuyeres is controlled principally by the blast
rate and temperature, and is not subject to great variation, that the
distribution of the alloying elements, manganese, silicon, phosphorous
and sulphur are controlled principally by the slag composition and
temperature of the hearth. Between 50 and 75% of the total amount of
manganese charged, principally in the ore, is fourd in the pig iron.
The highest proportion being obtained with high hearth temperatures
and basic slags. The amount of phosphorous in the iron is controlled
directly by slag composition. A low temperature and a high basic slag
are required to obtain low phosphorous. Sulphur which is carried into
the furnace principally by the coke, and often by the ore, may be re-
tained largely in the slag at high temperatures in the presence of
carbon and a basic slag. The silicon content of the pig iron is con-
trolled by the activity of silica in the slag. High temperatures and
acid slags favor high silicon contents. In view of the extremely im-
portant role played by slag composition in the blast furnace process,
considerable research effort has been expended on studies of blast
furnace slags. The thermodynamic properties of blast furnace slags
were recently reviewed by Chipmané
In addition to the role played by slag composition, the
interaction of dissolved elements in liquid iron are also important
with respect to blast furnace metal composition. The equilibrium
~constants for Equations(XV-3) through (XV-5) involve the activities
of the dissolved constituents in the liquid metal. These activities
are a function of the liquid metal composition, that is, the amounts
of other alloying elements present., A principal interaction which

occurs in blast furnace metal is that between carbon and silicon in
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solution. The solubility of carbon in liquid iron is greatly reduced
by the presence of silicor as shown in Figure XV-2. Since the liquid
pig iron leaving the blast furnace hearth is essentially saturated,
i.e, at equilibrium with pure carbon at the temperature of the hearth,
the activity of silica in the slag, which is a function of silica con-
tent, slag composition, and temperature, controls the silicon content
of the metal which in bturn controls the carbon conbtent. The influence
of temperature on the solubility of carbon in iron silicon alloys is
also shown 1n Figure XV-=2.

The relationships between activities of slag components and
slag composition, and temperature, as well as the inieractions which
occur in the liquid metal are relatively well known. It follows that
with this information, the heats of reaction and specific heats for
the products and reactants when combined with the mass balance may be

used to calculate an energy balance for the blast furnace process.

Blast Furnace Stoichiometry

A mass balance around the blast furnace not only describas in
detail the mass flow of the streams going to and from the system and
permits an energy balance to be written based on it, but is also very
helpful in performing charge calculations, A material balance for the
blast furnace requires a knowledge of the composgition and amounts of
each stream going to and from the blast furnace system. Often times
this information is known with limited accuracy and one must therefore
estimate or make assumptions concerning the disposition of given mate-
rials between various streams., The slag volume and theoretical slag

compogition may be calculated frém lime, magresia, silica and alumina
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balances, an iron balance is used to calculate the mass of the metal

stream, and carbon, oxygen and hydrogen balances are used to determine
the exit gas wvolume and composition. Several examples of this type of

5,6

calculation have been presented in the literature.

Energy Balance

The total enthalpy balance for a blast furnace operation dur-
ing a given reference period may be written in the form:

+ H + H

Hptast ¥ Hourden ™ Hstone coke = Hpot metal t Hslag

+Htop gas T Hpeat loss Xv-8

t is necessary to solve the equation for the term, Hheat losge 1n doing
80, the sensible heat of the burden, stone and coke are taken as O, since
these components may be assumed to enter at 77°F, the base temperature.
The sensible heats of the blast and hot metal may be computed directly.
The sensible heat of the top gas may be computed using the reported
CO-CO, ratio and assuming the ratio Hp/HoO = 4. For normal operation,
i.e., without high blast moisture or hydrocarbon injection at the tuyeres,
the latter assumption has little or no effect on the over-all enthalpy
balance. It is often necessary to assume a temperature for the exit
gases. L400°F is often selected. In calculating the sengible heat of

the slag, the stream is assumed to be a mixture of 2 £z0.5i00; 2 Cg0.
AlgOS; 51055 €50.8i05; 2 Mg0.5i0p; and CaSo7 Heats of formationS for

these compounds and their specific heats?»+0

may be used to compute the
sensible heat of the slag. It is a reasonable assumphtion to neglect the
heats of mixing of these slag components and then whether the slag

actually consists of the compounds or not is of no significance in the

calculation., The heat loss term of Equation (XV-8) can now be computed.



Heat transfer in the blast furnace has been examined in some
detail by Ceckler and ZL—aJrld.er,'l“l who concluded that furnace height should

not influence the coke rate.

Thermochemical Model of the Blast Furnace

Recently a method of calculating the changes in blast furnace
performance brought about by burden and/or blast modifications was

7,12

developed. The method is based on three simultaneous equations
derived from the material and heat balances. These equations involve
the computation of the moles of blast required to produce 1 pound atom
of iron, the moles of carbon per pound atom of iron which act directly
with oxides in the furnace, and the change in carbon rate per pound
atom of iron as compared to the reference period carbon rate., The
equations used to relate these three unknowns are a carbon balance an
oxygen balance and an enthalpy balance. These three simultaneous
equations are set up on the basis of the initial and final states of
the various elements and their corresponding temperatures plus a furnace
characteristic k defined by the equation:
k = Hpegt 1o0ss/ Mole of nitrogen per pound atom of iron for
the given reference period. XV-9
The thermochemical model is especially useful in problems con-
nected with production planning. If an increase in the hot metal produc-
tion is required from a group of blast furnaces, it is necessary to assess
the costs involwved and attain the desired production rate by various
combinations of blast and/or burden modification. Performance data

calculated using the model can provide information on which cost comparisons

can be based, In view of the complexity and number of equations which are
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involved, +this model is most conveniently handled by a digital computer
as outlined in Chapter XXIV.

The variation in hot metal cost resulting from the use of
varioug blends of available raw materials can be assessed using linear

13

programming techniques. This approach was first used by Balley  who
incorporated into his linear program the statistical information devel-

° lll- - o
oped by Flint. A linear program involving the thermochemical model
and in addition restrictions on the quality requirements for input and
output streams and the economics of operating and freight costs can be
used to optimize the blast furnace burden at different locations with
regard to cost and production. Development of a thermochemical model
and its use on the digital computer has resulted in the prediction of

blast furnace performance with reference to the additions of water vapor,

15
natural gas and oxygen in the blast. g

Blast Furnace Kinetics

The rate of production of hot metal from a blast furnace instal-
lation may be dependent upon many factors., It would appear, however, thab
the principal rate-limiting condition is fixed by the rate of supply of
reactants éﬁd removal of products from the furnacea For given blast
furnace dimensions, the rate is primarily limited by the supply blast,
the maximum rate of blast being that which would be necessary to fluidize
the blast furnace charge. This limit may be computed using the techniques
outlined in Chapter XIII., For most blast furnace installations, the
capacity of the blowing system is usually far below this limit, except
for cases where the burden consists of extremely fine material. It has

often been stated that in actual production facilities the real limiting
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factor which controls the blast furnace production is the ability of the
material handling systems to supply reactants and remove products from

the furnace. Successful integration of such auxiliary equipment as cranes,
skip jack hoists, unloading and conveyor belt systems is discussed from
the theoretical standpoint in Chapter XXV,

Numerous correlations have been drawn between furnace dimen-
sions and daily production rates. The results of these correlations
indicate that the rated daily production of a furnace is given by the
hearth area in square feet multiplied by a factor which ranges from 2.0
to 2°6l, the actual value depending upon the particular furnace burden.,
The daily production rate has also been related to the coke burned per
day which is in turn determined by the area in square feet of an annular
ring six feet wide in front of the tuyeres multiplied by the factor 6300,
These relationships may also be used to indicate the proper number of
tuyeres for a given hearth diameter., Such correlations are based on
present practice and often serve as a guide to the design of blast
furnace installations,

A further limitation on blast furnace production rate could
be the kinetics of the reduction process. This has been discussed in
some detail in Chapter XIIL and will be considered only qualitatively
here due to the mathetical problem of dealing with a strong temperature
gradient throughout the furnace bed. One can, however, estimate the rate
of reduction assuming that the process is carried out by pure carbon
monoxide gas at the prevailing temperature of the furnace charge., In-
tegration of this rate equation throughout the bed height would then
give the reguired furnace height and the necessary residence time for

the charged material.
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Improvements in Blagt Furnace Operation

In addition to design improvements, the principal advancements
in blast furnace operation have been control of the blast humidity, oxy-
gen enrichment of the blast, nabtural gas or other fuel enrichment of the
blast, pressure operation and the increased use of beneficiated materials.

Over one-half of the material entering the blast furnace is air.
Consequently, relatively small changes in humidity are important with
regard to the amount of water carried into the furnace. The endothermic
decomposition of the water wvapor in the hot zone adjacent to the tuyeres
absorbs considerable heat. This additional heat absorbed in the hearth
of the furnace increases the amount of fuel required in the form of coke.
Congiderable fuel saving can be accomplished by drying the blast stream
either by a refrigeration cycle or by passing the air through suitable

15
drying columns. This bears out the importance of the humidity of the
blast with regard to blast furnace performance., Controlled humidity has
been proposed as a means of regulating the blast furﬁaceolS

Oxygen enrichment of the blast as a means of increasing furnace
output has been proposed for some time., The availability of large supplies
of low-cost oxygen as the result of advanced developments in steelmaking
processes has made this proposal even more feasible. It has been pre-
dicted that a 6% oxygen enrichment of the blast would increase produchion
rates from 20 to 25 per cent, The effect of oxygen enrichment is to de-
crease the nitrogen content of the blast, This should resuvlt in less heat
being carried from the furnaces by the top gas, a decreased volume and
velocity of the reacting gas with a corresponding reduction in flue dust
production, and an increased rate of combustion of the coke with higher

hearth temperatures.
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The amount of oxygen passing through the furnace for a given
gas velocity may be increased if the furnace is operated under pressure.
Modifications to existing blast furnaces were made at the time of World
War II and showed a 15% increase in production with a decrease in coke
rate of about 12%% and in flue dust of about 33%. Top pressures approach-
ing one abtmosphere gauge have been obtained, although there is often
considerable mechanical difficulty connected with the operstion of a
blast furnace under pressure.

Enrichment of the blast with natural gas has also been shown
to result in a lower coke rate.

The beneficiation of materials improves burden properties by
concentration and enrichment, and may also improve the physical form of
the burden as well. The washing and sizing of the burden is a very im-
portant aspect in obtaining optimum furnace performance. Considerable
economy is also obtalned with regard to transportation of charge materials
to the furnace site if they are beneficiated at the mine., In addition,
gizing of material prevents channeling of the gases,with resulting ef-
ficiencies in mass and heat transfer in the furnace shaft, and also pro-

motes a more uniform movement of the burden down through the furnace,
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CHAPTER XVI

Converting Processes

The term "converting" is used to denote a further operation in
producing a metallic element from the output material of a smelting
operation. Converting has come to be used almost exclusively in con-
nection with processes which involve the further refining of primary
smelted material by blowing an oxidizing gas through it. Strictly speak~
ing, however, in the case of steelmaking operations, converting could
also be applied to the open hearth and electric processes which involve
the oxidation of primary smelted pig iron to steel, The operation is
carried out for these two processes in a closed furnace and oxidation
is provided by the addition of iron oxide. The discussion of this
chapter, however, will be confined to converting operations in which

an oxidizing gas is used.

The Bessemer Process

Sir Henry Bessemer of England patented the pneumatic converter
process in 1856. Although the process has undergone several develop-
ments and considerable modification over the past century, it still main-
tains its essential features. Liquid pig iron, the product of the blast
furnace, 1s charged to a vessel and air is blown through i1t, oxidizing
the dissolved carbon, silicon and manganese to very low impurity levels.
The product, which is essentially pure iron containing low levels of
alloying elements, is termed steel. The operation of a Bessemer con-
verter is presented schematically in Figure XVI-1.

In specifying the operating condiftions for the Bessemer con-

verter the engineer is interested in the oxygen requirements, i.e., the
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-178-

CHARGING & POURING

BLOWING

Figure XVI-1. Operating Positions of Bessemer Converter.
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blast, the temperature of the metal, which determines the amount of scrap
which may be added to the converter, and the time of operation. These
operational features of the process may be specified by mass and energy

balances and a consideration of the kinetics of the process.

Material Balance

The blast and fiux requirements for the converting process may
be determined from the initial and final compositions of the bath., Two
items in the maberial balance which are particularly difficult to specify
are: (1) The composition of the exit gases. Analyses of exhaust gases
during the progress of a Bessemer blow indicated that early in the blow
large amounts of carbon dioxide and some pure Oxygen were evo.l.vedlo As
the silicon content of the ironwas reduced, however, the amount of CO in
the exhaust gases increased. During the last two-thirds of a heat the
exhaust gases then consisted essentially of carbon monoxide and nitrogen.
Toward the end of the heat after the carbon had been removed, no composi-
tion data were reported. An assumption in this regard which 1s often
made is that the blast is 100% effective and the exhaust gases contain
carbon monoxide and carbon dioxide in the ratio of 4 to 1, as an average
for the entire blowing period. (2) The loss of metal from the bath is
difficult to specify. One often assumes that a fraction of the charged
metal is lost from the mouth of the converter as iron oxide dust. This
percentage varies with different practices‘but may be of the order of
2 or 3 %.

On the basis of typical hot metal charge analyses and typical
end point steel analyses, a material balance may be writiten as outlined

above, Similar material balances for copper converting have been presenﬁed?
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Energy Balance

The energy balance for a converter is particularly important
in determining the bath temperature, Since no external fuel is supplied,
the process is completely autogenous. Consequently, an accurate speci-
fication of the amount of scrap to be added in order to prevent the con-
verter from overheating is extremely important in converter operation.

The energy balance for a converter process may be written in
terms of the sensible heat of the reactants and products, the heat
generated by reactions during the process, and the heat losses. The
sensible heat of the materials involved in the process may be determined
by the data presented in Table XVI-1.

In order to specify the energies evolved by reactions taking
place during the converter process, it is necessary to know the details
of the chemistry of the blow.

The Bessemer blow may be roughly divided into three parts: the
silicon blow, the carbon blow, and the after blow., This is illustrated in
Figure XVI-2. The silicon blow beging immediately. The oxygen in the air
units directly with the iron to form iron oxide which dissolves in the bath

and combines with silicon and manganese. These reactions may be represented

as:
2 Fe + 0y =2EFe(j XVI-1
2[req + 81 = si0, + 2 Fe XVI-2
[Fed + Mn = MmO + Fe XVI-3

The oxides of silicon and manganese form a slag with the excess iron
oxide, evolving heat:
2Fe0 + 810, = 2Fe0-5102 XVI-k

2 MnO + Sj_o2 = 2Mn0~51i0p XVI-5
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TABLE XVI-L1

Sensible Heat Contents at Selected Temperatures Relative
to a T7°F. Base Temperature

Heat Content

Material Temperature °F, BTU per Lb.,
Preheated Steel Scrap 1250 172
Hot Metal, 1,00 % Silicon 2440 s27
Hot Metal, 1.20 % Silicon 2500 540
Hot Metal, 1.40 % Silicon 2560 553
Blown Metal, Steel 2950 606
Bagic Slag 3000 880
Gases Temperature °F, Heat Content

BTU per Lb, Mole

co 3000 23,200
COo 3000 37,400
o, 3500 4L ;700
N, 3000 23,000
N 3500 275300



-182-

2 \ 0.020

WT. % CARBON, MANGANESE,SILICON

Sy Z

Coy, / 0015 &

/ (@)

A =

(N 0010 =

2

WNGANESE\\ N\‘T ngr rd \ <
0o 2 3 6 8 0 12 14

TIME , MINUTES

Figure XVIi-2. Changes in Metal Bath Composition During
Blowing Period of 25 Ton Bessemer Converter.
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This particular phase of the blow lasts about five minutes during which
the concentrations of silicon and manganese in the metal are markedly
reduced, Toward the end of the silicon blow the carbon concentration
begins to fall., Carbon may be oxidized either directly by the oxygen
of the blast or by the dissolved oxygen in the metal. These reactions

evolve heat and may be written as:

2C+ 0, = co XVI-6
_g + 9 = CO XVI—8
g + 2_ = COp XVI=-9

These reactions account for the presence of both CO and 002 in the ex-~
haust gases during the first phase of the silicon blow., At the beginning
of the blow, carbon monoxide is subject to reduction by both silicon and
manganese, especially if these elements are present in high concentra-
tions. The reduction reactions may be expressed as:

2C0 + Bi = 2C + SiO2 XVI-10

CO + Mn = C + MnO XVI-11

The temperature of the bath rises considerably during the

silicon blow and this marks the onset of the second period or carbon blow.
This period last six or seven minutes and the principal reactions occur-
ring are represented by Equations (XVI-6, 7, 8, 9)and:

FeO + C = Fe + CO XVI-12

2Fe0 + C = 2Fe + €O, XVI-13
The two reactions above combined with Equation (XVI-8) may be used to
account for the rapid final burnout of the remaining carbon. The remainder

of the blowing period is referred to as the after blow.
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On the basis of a mass balance and the heats of reaction, the
heat evolved by oxidation of the metalloids from the bath can be computed,
(Tables XXI-1, -2).

The principal source of error in writing an accurate heat balance
for the converting process is in specifying the heat losses. An assumption
which is often made is that the heat loss is equivalent to 20% of the heat

evolved by the combustion of carbon to CO and CO An experimental method

o°
has been suggested2 for determining the heat losses by allowing the converter
to stand for a short period and measuring the change of temperature with
time, Such a technique would permit a reasonable estimate of the heat
losses.

A heat balance for the oxygen converting process has been pre-
sented in detail, including consideration of blast rate and bath composi-
tion on. the scrap which may be added to the process.

One principal advantage which the open hearth process holds over
the Bessemer converter is in its ability to handle a wide wvariation in types
of charge. In order to generate more heat in the steel converter processes
and thus utilize a higher fraction of scrap, ferrosilicon is often added to

the converter, the oxidation of which supplies more heat units for the melt-

ing of scrap%

The Oxygen Process

The availability of large quantities of oxygen has greatly altered
the picture with regard to converting processes. Oxygen enrichment of the

5

blast for the converting of copper mattes” or the use of pure oxygen in the
ID process for steel have received considerable development attention in

recent years. The amount of available heat is increased greatly by removing
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the necessity of blowing nitrogen through the bath, Nitrogen behaves
essentially as an inert except for some absorption toward the end of
the blow in the Bessemer process. It does, however, remove consider-
able amounts of heat from the process which could have been used for
the melting of scrap. Furthermore, the ability to supply larger
guantities of oxygen to the process has ircreased the production rates
thus reducing the cost per ton of maiterial produced. The mass and
energy balances for the oxygen process are essenbially the same as
outlined above for the Begsemer process except that the sensible hesat
carried away by nitrogen in the exit gases 1s now availlable for melt-
ing of scrap. Considerable expansion for the uges of oxygen in the

5,7

basic metals industries is predicted

Rate of Converting

The refining time required for the conversion of hot metal
to steel in the Bessemer process is controlled by the rates of oxida-
tion of the elements dissoived in the iron bath. These rates of reac-
tion are controlled by the rates at which reachapts arrive at the
reaction site, It is possible that the process kinetics may also be
controlled by the rate of the chemical reactions involved. However,
in view of the high temperatures, it is most probable that the rate
of the reaction is controlled by mass transport of the reacting species.

Several mechanisms for the oxidation processes involved in
the converter operation are suggested by the equations above, Most
of these reaction steps involve oxygen either in the gaseous or dis-
solved state. Consequently, a most likely rate limiting process is

the transport of oxygen to the reaction site., Parlee, Seagle, and
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1 . o s
Schuhmann 0 have studied the rate of the carbon-oxygen reaction in liquid
iron. Based on their experiments, they concluded that oxygen transport

is rate limiting. They expressed their results in the forms

K Do A t = 0 28 1 .

Voo 0 ~ L XVI-1k
===~ (G -C ) Ig oo

at B VM T

where dvco/dt is the rate of evolubion of carbon monoxide gas Iin grams
per second. D is the diffusion —oefficient of oxygern in liguid iron

O -
L

which may be taken as 2-3 x 10 cmg/sec at temperatures near 1600°C.

'60 is the boundary layer thickness. A is the area of the reaction
interface, which in the case of the Bessemer converter may be taken to
be the surface of the bubbles of gas passing through the melt. VM is
the volume of metal in cubic centimeters. Cpy 1s the concentration of
oxygen in weight percent. Similar expressions may be derived for reac-
sions involving the oxidation of silicon and manganese, For these
elements, however, one must consider in addition transport phenomena
between slag and metalllo
Larsonl2 in consgidering the rate of the carbon reaction in

the open hearth process showed that the rate of carbon removal was a
direct function of the rate of boill., The rate of boll was shown to
be a function of oxygen potential which Larson expressed as:

Rate of boil = (a constant) x (an oxygen potential [A0]) x (A/Ar).
The constant may include such things as a mobility or diffusion rate
of some reactant in either a slag, meﬁal} or gaseous phase, The driving
force is a concentration gradient of oxygen across a phase boundary or

diffusion film and the term A/AL is the ratio of an area such as slag-

metal surface per unit weight of metal to the thickness of a transport



~187~

or diffusion film. The interfacial areas and diffusion film thicknesses
vary with turbulence in the system. It was concluded that a moderate
increase in the potential or driving force term tending to deliver oxygen
into the metal solution can greatly increase the boll rate., It was
shown then that the minimum boil rate with oxygen supplied from air or
combustion gases to a slag surface or through the metal as in the case
of the Bessemer converter involves a series of many transport and re-
action rate steps but is controlled essentially by a diffusion process
of oxygen, COZ’ or H-0 through nitrogen (mainly) in a f£ilm zone of
the order of a centimeter in thickness just above the bath surface.

The importance of sﬁpplying oxygen to the converting process
on the overall rate is shown quite clearly by the fact that steel may
be produced at a higher rate in the oxygen process than in the Begsener
process., Lack of highly precise data and the difficulty in determin-
ing the geometrical conditions which exist in a metal bath prevent a
highly accurate picture to be drawn of the kinetics of converting proces-
ses, In specifying the operation of a converter with regard to time
and blowing rate, one generally relies on previous experience., The
technigues outlined in Chapter V for specifying the kinetics of a unit

process are applicable here,
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CHAPTER XVII

ELECTROLYSIS OF FUSED SALTS

An important process for the production of reactlve metals is
the electrolysis of fused salts., Buch proceéses are carried out at re-
latively high temperatures, and consequently, are quite distinct from
electrolytic processes carried out in agueous solutions., The principles
involved are essentially the same;, however., The engineering approaches
to processes used for purification or the recovery of metals from leach-
ing solutions are parallel to those which will be described under fused
salt electrolysis in the present chapter,

In view of the fact that the chemically strong metals tend to
react at high temperatures with most materials involving other metallic
elements, a straightforward method for producing them is first to purify
the salts of the reactive metals and then electrolize these salts for the
recovery of the metallic element, This process is used for the produc-
tion of aluminum, magnesium, beryllium, cerium, lithium, sodium, potas-
sium, and calcium, It could also be used to produce less reactive ma-
terials, however, usually without economic advantage.

The electrolysis of a fused salt bath involves a container
for the bath with some type of collection device available to handle
the metal produced, and a cathode and an anode to supply the electric
power for decomposition. A direct current is passed through the molten
bath which may be the pure salt or the salt of a more reactive metal in
which a compound involving the desired metallic element is dissolved.
Examples of these two cases would be the production of sodium from

pure liquid sodium chloride, or the production of aiuminum, from a
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fused cryolyte bath {A1£5~3Na£) in which a small amount of alumina is
dissolved. If a fused salt bath contains several mebtallic eliements
which have similar decomposition potentials, a fractional decomposi-
tion of the bath is possible in which one may produce, first a pure
metal, a, and then a pure metal, b, or in the event thabt the de-
composition potentials are the same, an alloy of a and % may be
produced,

Because of the high temperatures involved in these processes,
it 1s often necessary to supply external heat., This depends on the
nature of the bath., In the case of aluminum production, the electronic
conductivity of the fused sali is such that sufficient resistance heat-
ing of the fused bath itself occurs to maintain the temperature of the
process, In the case of the electrolysis of magresium from a chloride
bath, the electronic conductivity of the salt is quite low and conse-
quently, external heat must be supplied. Thus, from the aspect of
efficiency of the process, one is interested in having a bath in which
the conduectivity is purely ionic, but it is often an advantage to have
a fused bath in which the conductivity is partially electronic in order
that the process may be self sustaining and not require extermal heat
Tor the maintenance of temperature. The Hall process for the produc-
tion of aluminum is one such example. Since the conductivity of fused
salts, in general, lncreases with increasing temperature, it may be
desirable to select a higher operating temperature in order to take ad-
vantage of the heating effect of the electronic conductivity of the salt.
A further advantage of operating the bath at a higher temperature is the

fact that the decomposition potential will undoubtedly be lower. The
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advantages, of course, are offset by the fact that the heat losses in-
crease markedly as bath temperature is increased, a consideration which

may all but wipe out the advantages mentioned previously.

Process Calculations

The prbcess design engineer is particularly interested in the
amount of metal deposited by a given current. Faraday's laws of electroly-
sis apply, defining the maximum theoretical quantity which may be liber-
ated by a given amount of current. Faraday's laws may be summarized in
the statement: "The mass of a substance involved in reaction at the
electrodes is directly proportional to the gquantity of electricity passed
through the solution and to the equivalent weight of the substance." The
actual recovery of metal for a given current may be less than theoreti-
cally predicted if part of the electrolytic action of the current is ex-
pended in some other way. There are very few cases where the current
efficiency is lOO%, The loss of ionic transfer because of electronic
conduction through the salt, the presence of gas overvoltages, the loss
through other resistances in the circuit, such as those where contacts
are made between bus bars, and the presence of some polarization in the
bath can result in the deposition of less metal than that which is theo-
retically predicted. If the overall average efficiency of the process
is known, however, one may predict the amount of metal deposited for a
given current.

From Faraday's law;

M it

V=g F (XVII-1)
W = weight of metal deposited, in grams
M = atomic weight of metal deposited
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N = valance of the metallic ion in the bath

i = current in amperes

t = time in secords

F = Faraday's constant, 96,496 abs. coulombs/equivalent

Equation (XVII-l) gives the weight deposited at lOO% efficiency. If the
actual current efficiency of the process is known, the equation may be
modified to the form:

W(actual) = W( theoretical) x efficiency (XVII-2)
The considerations involved in predicting a current efficiency for a pro-
cess are discussed in detall in the next chapter.

An important aspect of the process 1s the voltage required to
carry out the electrolysis. This may be computed from the free energy
of decomposition of the metallic compound involved. Consider the Hall
cell for the production of aluminum. In the Hall process, virtually
pure alumina is added to a bath of liquid cryolite containing some fluor-
spar (GaFg}a This molten bath is contained in a carbon lined vessel.
The carbon lining servies as a cathode for the electrolysis. Carbon is
also used for the anodes which are inserted into the bath from above.
Although it is contended that the sodium and fluorine ions play an im-
portant role in the process, the overall effect may be summarized by the
anode and cathode reactions. At the cathode, pure aluminum (99% +) is
deposited as a liquid. At the anode, pure oxygen gas is liberated which
immediately reacts with the carbon anode material giving off a mixture
of carbon monoxide and carbon dioxide gases. These reactions may be sum-
marized as:
2
2

2A1 (1) + 5 Op (g) = AlpOs (s) (XVII-3)
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AF°® = -401,400 + 77,0T cal/mole (XVII-k)
C (gr) + 1/2 05 (g) = €O (g) (XV1I-5)
AF® = -26,760 - 20,98T cal/mole (XVII-6)

It may be shown that at a temperature of 1000°C the CO/COz mixture in
equilibrium with graphite is essentially pure CO. In calculating the
theoretical minimum voltage at which alﬁminum will be deposited at the
cathode in the Hall process, it may be assumed that the anode gas is
essentially pure carbon monoxide and that the salt bath is saturated
with alumina., Calculating the free energy of the sum of the reactions
given in Equations (XVII-3) and (XVII-5):

A1 03 (&) + 3C (gr) = 2A1 (1) + 3CO0 (g) (XVII-T)

AF° = 320,120 - 139.9T cal/mole (XVI1-8)

The decomposition potential, E, is related to the free energy
of reaction by the relation:

AF° = -nFE° (XVII-9)
where AF® is the free energy of the decomposition reaction, n is the
number of equivalents taking place in the decomposition reaction,i% is
Faraday's constant, 96,500 ampere seconds per gram equivalent or 23,060
cal per yolt-gram equivalent, and E® is the reversible decomposition
potential in volts., For the above case at 1,000°C the result is:

E° = 1.06 volts (XVII-10)
There is still considerable speculation about how much the reaction volt-
age of the aluminum cell is affected by the oxidation of the carbon anode,
The problem concerns the influence of the energy of formation of the car-
bon monoxide and carbon dioxide formed at the anode., In actual practice,

the operating voltages of the Hall cell are of the order of five or six volts.
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The discrepancy between the theoretically predicted value given above,
and that actually obtained is the result of factors which are discussed
in detail in Chapter XVIII. The current efficiency of the cell, however,
is of the order of 80% or better.

An additional quantity in which the process design engineer
is interested is that of the power requirement. From Equation (XVII-l)
and the example given above, it may be shown that the theoretical power
requirement for the production of one pound of aluminum at 1,000°C is
about 1.4 kw hours. In actual practice, however, the power requirement
is about 8.7 kw hr/lb.

From a heat balance of the electrolytic process, and a knowl-
edge of the electrical conductivity of the bath at the temperature of
operation, one may predict the rate of energy input necessary to main-
tain that temperature. This heat requirement may be in the form of a
determination of the required current density to maintain the operating
temperature, or having selected the current density, it may be in the
form of the burning of a given amount of fuel, within the cell vessel,
itself.

In the case of magnesium, the metal is recovered by electroliz-
ing the chloride in a steel pot which serves aé a cathode. The anode is
made up of carbon rods inserted in the bath and external heat 1s supplied
by burning natural gas. The magnesium is recovered as a liquid. Since
it is lighter than the bath, it floats on the salt and 1s protected from

oxidation by a fluoride flux or molten sulphur.
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CHAPTER XVIITI

EILECTROLYTIC REFINING

The electrolysis of solutions containing metallic ions is
often employed to refine metals or to recover them from the products
of leaching operations. Solutions containing metallic ions are elec~-
trolized to precipitate out the element in metallic form. Because of
the difference in electrode potentials set up by different metallic
ions in solution, it is often possible by electrolytic means to
separate several metallic elements from the same solutionl.

The principles involved in electrolyhtic refining are essen-
tially the same as those which were outlined in the previous chapter
dealing with the electrolysis of fused saits. The basic differences
arise from the fact that the processes are carried out at different
,temperatures and that the electrolyte is a molten salt in one case
and an aqueous solution in the other.

A form of electrolytic refining which is often used is that
in which a partially refined anode is placed in an electrolyte, & cur-
rent 18 passed through the solution and at the cathode is plated out
a highly pure elemental form of the desired material:; In this partic-
ular case, since the anode and cathode are essentially the pure element
being refined, the reversible cell potential is zero. The actual cell
potential, however, is greater than this, the result of factors which
will be discussed later. The design engineer who is dealing with
electrolytic processes is interested in the power and voltage require-
ments to plate out a given amount of material, and also in the size of

the operation, that is the number of tanks, the volume of solution,
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number of cathodes and anodes which would be involved, etc. The rela-
tionships whieh will yield these are merely an exhtension of the basiec
engineering material presented in the previous chapter.

Cell Voltages:

The cell voltages are comprised of several components. These
may be summarized as: (1) the IR drop to overcome the resistance of the
electrolyte, bus bars, connections, etc. (2) the reversible cell poten-
tial, (3) the polarization or over-voltage. The total cell wvoltage is

the sum of these three potentials.

Ohmic Resistance
From Ohm's Law, E = IR, the contribution of Ohmic resistance
of the solution to the cell voltage may be compubted. R, the resistance

of the electrolyte in question, may be calculahed from the eguation:

—t
il

R=r where: = the avéerage length of the flow path

8 = cross sectiopal area

H

it

the resistivity of the electrolyte
XTIII-1
The resistivity, r, may be determined by direct experimental
methods and this is the general technique used., Often, resistivities or
conductivities, the inverse of the resistivities, are tabulated for dif-
ferent electrolytes. In the case, however, where the solution is a com-
plex one, it is seldom accurate to use the weighted average of the con-
ductivities. Furthermore, it is nearly always necessary to consider the
temperature dependence of the resistivity. The length of path of currsent
flow, 1, may be taken as the distance between the electrodes in the cell.

For simple geometries, s may be taken as the size of the electrodes.
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If, however, the electrodes are of different sizes, the average value
is often a reasonsble approximation. If the plates are relatively far
éparty s can be assumed to be the size of the cross section of the
tank or cell, independent of the size of the plates.

Reversible Cell Potential

The reversible cell potential may be calculated from Equa-

tion XVII-O:
o

E = & XVITII-2
nF

— , . , . . 0 .
Equation XVIII-2 is often approximated by substituting A for AF°
when the heat of reaction is known, but the free energy is not. This
approximation is often referred to as Thomson's rule. Equation XVIII-2

would then become:

@ mAc©
B 4 XVITI-3
n# n#

and Thomson's Rule would ignore the second term of that equation. As an
example, the reaction potential for the electrolysis of water where n=2
may be calculated from the heat of reaction -0H° = 68,370 calories
giving E° = 1.48 volts. The correct value, however, calculated from
the free energy change, -AF° = 56, 48l calories is E® = 1.225 volté.
The error resulting from the use of Thomson's Rule is a function of the
temperature of operation of the cell and the entropy change for the
reaction, The error resulting may range as high as a voit or more in
the calculated wvalue of the reversible cell potential. As indicated
above, it is often necessary to use this approximation. One should,
however, be aware of its limitations.

Polarization

In general, it is not possible to compute accurately the

value of the polarization or over-voltage. In practice, it is usually
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estimated from experience or data on similar electrodes or cells, but
may often be modified with reasonable accuracy by considering the factors
which influence it.

The chief contribution to the polarization potential of the
cell is that of over-voltages, usually caused by gases, which is re-
lated to the potential required for the evolution of gas on an elec~-
trode. It has been found that over-voltages are functions of current
density given by the Tafel relationship:

u = B log %5 XVIII-k
Where iO is the exchange current density and p is the Tafel slope.
i the over-voltage may be estimated from this relationship 1f the coef-
ficient p 1is known for the particular cell and electrolyte involved,
The hydfogen over-voltage on an electrode has been found to be lower at
higher temperatures. This is believed to be related to the activation
energy for the reaction at the surface., The rate of this particular
reaction is given‘by the Arrhenius equation

Rate = Ae“%%i XVIII-5
If the over-veltage itself is related to the reaction at the surface,
suitable experiments should specify the coefficients in the Arrhenius
equation and permit a prediction of thg influence of temperature on
the rate of reaction at the surface., The over-voltage is also a function
of the nature of the electrode. The hydrogen over-voltage is high for
lead, mercury, Zinc, and tin;metals which are poor catalysts for the
reaction:
Hy = 2H + 2e” XVIII-6

This over-voltage, however, is quite low for platinum, iron, and silver,

metals which are good catalysts for the above reaction. The over-voltage
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is also a function of roughness of surface. A rough surface has a low
over-voltage, presumably because of the ability of the surface %o act
as a nucleating agent for the formation and evolution of the gas. The
hydrogen over-voltage is also influenced by impurities in the electrodes,
and the over-voltage tends toward the over-voltage of those impurities
which are present., The source of impurities may lie, not only in the
electrodes themselves, but in traces of metals in the electrolyte which
may plate out at the cathode. The hydrogen over-voltage is also influ-
enced by the electrolyte. However, this effect 1s generally quite small.
Another important source of the polarization potential is
caused by concentration polarization in the neighb@rh@od'of the elec-
trode. This polarizabtion potential arises from the fact that the con-
centration of ions in the neighborhood of the electrode magy be different
from those in the bulk of the electrolyte solution. The concentration of
ion in the bulk phase may be measured dirsctly and that which exists at
the surface may often be estimated, permitting a calculation of the con-
centration polarization potential. The relationships by which this
polarization potential may be compubted are shown in the following manner.

Consider, for example, a cell of the type

(LY RS

+'f'7, ' o~
Cu(aéu=l) l Cu Ke-]‘) l Cu (ag) I Ulj.(a =l XVIII-'Y

consisting of two pure copper electrodes emersed in solutions of copper-
containing.electrolyte in which the activities of the copper ion are

equal to a; and 8. The electrode reaction on the left is:

Cu(pure) = Cﬁf+'(al) + 2e~ XVITI-8
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with E. given by:

RT
o It -
Eg = Eoy- 237 In (al) XVIII-O

Again, for the reduction on the right hand side; we have:

Cu (ag) + 2e = Culpure) XVIII-10
= 5° RT L FTIT -
Eip = Boy - 53 1n <a2> X¥I11I-11
where EOC = EO(V . We obtain, therefore, for the cell reaction:
u Cu
Ans -
Cu (al) = Cu (ag) XVIII-12

and for the cell EMF:

RT a7
Bg + By = Epp = - 37 1n (_EE) XYIII-13

The equivalent of such a concentrabion cell may exist in an
electrolytic processing operation if the solution near the anode be-
comes depleted in metallic ions or if there is a build-up of ions in
the solution at the cathode. The case of depletion of ionic concen-
tration at the anode is illustrated in Figure XVIII-1l. The concentra-
tion difference between the bulk seolution and the solution near the
electrode creates a potential difference which must be overcome and
acts to increaée the total cell voltage.

From Equation (XVIII-13), it is evident that the EMF of this
concentration cell arises from a transfer of copper ions from the
solution where the activity is 8y to the solution where the ionic
activity is a2. Furthermore, it is shown that this EMF depends only

on the ratio of the activities of copper ion in solution ard net on the

absolute value of the copper ionic activity. In the final cell EMF,
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BULK CONCENTRATION

Q
[

e

CONCENTRATION AT ANODE

X, DISTANCE FROM ANODE —==

Figure XVIII-1. Concentration Polarization at Anode
of Electrolytic Cell.
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, =0 s s
Equation (XVIII-13), E does not appear. This is true of all concen-
tration cells. It may be concluded therefore, that for concentration

o
celis, E is O, and the EMF equation takes on the simplified forms

== BLop (B XVITT-14
8,

q% o

Since in cells of the type under discussion, an and ) refer
to the activities of the metallic ion in solubion, we may assume that for
dilute solubions, these are essentially equal to or are proportional in

the same manner to the concentrations e, and c¢ Thus, Equation

°
1 2

(XVITI-14) may be writhten approximately as:
RT o
Eae- o3 ln () XVIII-15
7

The equation in this form may be used to calculabe the concentratlion
polarization potential of a cell where 62 refers to the surface con-
centration of the metallic ion in soliubion and Cq refers 1o the bulk
concentration. Since we are interested in the ratio of the +two concen-~

trations, any consistent units may be used to express it,

Film Resistance

A further contribution to the polarizetion potential is caused
by the Ohmic resistance, i.e. the IR drop through the films at the elec-
trode surface. Although the thickness of the film may only be estimaﬁedg
the area is known and the current is known. The resistivity of the film
is often difficult to evaluabe, since there is a concentration gradient
existing through it and the resistivity is a funchbion of that concen-
tration, The IR drops in the bus bars, the contact resistances and other

Ohmic resistances which were includad in the first term of the total cell
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potential are often lumped together with the IR drop through the surface
films and the entire potential drop is often evaluated as the difference
between that which is calculated and that which is actually measured in
practice. It i1s therefore necessary-thét these contributions to the
total cell potential be evaluated experimentally.

Computation of Total Voltage and Current

Several basic electrical systems are possible in electrolytic
process equipment, depending upon how the connections are made, The
two priciple systems, parallel and series, are shown in Figure XVIII-2.

A parallel system is one in which the electrodes within eachvtank are
connected in parallel so that the voltage drop across the entire tank

is the same as that between any pair of plates in the tank, The advan-
tage of this system is that there is a smaller voltage drop, consequently,
fewer losses due to short circuits.

A geries connection is one in which the plates within the tanks
are connected in series. Consequently, the voltage drop across the cell
is the sum of the voltage drops between each electrode. In the series
system, each plate acts as an anode on one side and a cathode on the
other, whereas in the parallel system, each electrode behaves as either
a cathode or an anode, the reaction taking place on both surfaces. In
general, less space is required;, Also, there is no necessity for pre-
<paxing special starting sheets for the series system. The tanks them~
gelves, are usually connected in series, however, with the total number
in the circuit being determined by the supply voltage and power of the
generator, Althoﬁgh the pure sgeries system is used in a few large re-

fineries, the system which is most commonly employed in metallurgical
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MULTIPLE SYSTEM

(PLATES IN PARALLEL) SERIES SYSTEM
(PLATES IN SERIES)

Figure XVIII-2. Electrical Connections for Electrolytic
Refining Cells.
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plants is the multiple system in which the plates within each tank are
connected in parallel, but the tanks themselves, are connected in series.
The computation of the total voltage and current, then, for the plant,
can be made using the principles of elementary electrical engineering.,
Engineering relationships concerning the amount of metal
theoretically deposited by a given current, the amount of current re-
quired to deposit a given amount of metal, and the reversible cell volt-
age requirements are presented in Chapter XVII. Details concerning the
specific operation of electrolytic refining processes in the various
metallurgical industries are presented in Reference 4. It should be
noted in passing that electrolytic refining may also be carried out in

a fused salt electrolyte.
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CHAPTER XIX

Distillation is the separation of the constituents of a liquid
mixture by partial vaporization of the mixture and separate recovery of
vapoér and residue. Distillation processes conducted under vacuum are
an important aspect of process metallurgical engineering. This process
plays the principal role in the extractive metallurgy of zinc and mer-
cury, and has been used to remove these volatile constituents from other
metals, such as liquid lead. With the improvement in materials of
construction and research advances, there is a growing interest in dis-
tiilation processes for the refining of many metals including steels.,
The case of arsenic, for example, is of particular interest since there
are many iron oreg which contain arsenic and no suitable method has been
developed to lower its content in the liquid iron produced. Fractional
distillation has been shown to be a feasible method for the removal of
this element from ligquid iron.”

The engineering design of a vacuum distillation process re-
quires that the vapor pressures of the constituents above the melt be
known. Unfortunately, relatively few data are available on the vapor
pPressures of elements above liguid metallic solutiens. However, the
vapor pressures of pure elements are known with a relatively high degree
éccuracy, and the vapor pressures of a number of elements are presented
in Table XIX-1.2

If the vapor pressure of the pure element is known, the
partial pressure of that element above a metallic solution may be
computed if the activity coefficient is known, using the relations

P =°f°

s =Fo 7 % XIX-1
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TABLE XTX-T

VAPOR PRESSURE OF THE ELEMENTS¥

Species 10 atm 100 atm  10°* atm 1073 atm 1072 atm 1 atm
A 87.3(1)
Ag 1200(s ) 1305 1hh2 1607 1816 2485
Al 1290(1) 1405 1545 1725 1940 2600
As), hr7(s) 517 563 622 - 708 895
Aty 270(s) 320 350 390 500
Au 1570(1) 1720 1896 2112 2388 3239

B 1500(s) 1600 1750 1900 2150 2800(1)
Ba. 810(s) 890 985{1) 1116 1293 1911
Be 1390(s) 1505 1655(1) 1830 2070 2780
Bi 873(1) 960 1060 1190 1360 1900
Br, 173(s) 186 203 222 als 33101}
C 2720(s) 2920 3170 2450 3800 L7 75

Ca 790(s) 867 961 1075 1231{1) 1755

Cb 2820(1) 3050 3340 2700 4120 5400
cd 485(s) 530 585(1) 657 Thk 1038

CcL 1450(1) 1550 1700 1850 2100 2800
Clp 11k4(s) 123 139 153 169 239(1)
Co 1750(s) 1900{1) 2100 2300 2600 3370
Cr 1350(s) 1465 1600 1755 1960 24o5(1)
Cs 383(1) hos h7e 544 A34 963
Cu 1koo(1) 1530 1685 1875 2117 2868
Fp 58{1) 85
Fr(87) k90(1) 950
Fe 1550(s) 1680 1837(1) 2033 2277 3008
Ga 1225(1) 1350 1500 1690 1920 2700
Ge 1370(1) 1500 1670 188G 2150 2980
Ho 20,39(1)
He heea(1)
HE 2850(1) 3100 3350 3750 4150 5500
Hg 287(1) 316 351 39k ko 63k

Iy 241 (s) 260 282 308 341 hs56{1)
In 1100{1} 1210 1350 1510 1730 2Lho
Ir 2580(s) 2800(1) 3040 3350 3700 4800

K 439(1) L5 534 605 702 1052
Kr 119,9(1)
La 1500(1) 1650 1800 2000 2250 3000
Ii 705 (1) 775 865 930 1130 1640

Mg 653(s) 715 789 881 1000{1) 1399



TABLE XIX~T
{cont'd)

Species 1070 atm 1070 atm  10°* atm 1070 atm 10°2 atm 1 atm
Mn 1140¢(s) 1240 1360 1570(1) 1750 2370
Mo 2530(s) 27ko 3000{1) 3330 3750 5077
Ny - TT.4(1)
Na. 510{1) 558 623 705 813 1187
Ne 27.3(1)
Ni 1630(s) 1765(1) 1930 2130 2380 3110
0, 90,2(1)
0s 2700(s) 2900 3160{1} 3470 3850 4900
P){yellow) 24h{s) 268 296 334(1) 382 553
Pa 2250(1) 2450 2700 2950 3300 4500
Pb 887(1) 975 1088 1226 1408 2010
Pd 1660(s) 1800 2000{1) 22h0 2530 3440
Po, 660(s) 750 835(1) oks 1300
Pt 2160(1) 2340 2550 2820 3140 4100
Ra 650(s) 700 770 850 965 1410(1)
Rb 403(1) L5 Lo6 561 650 952
Re 2900(s) 3150 3450{1} 3850 4300 5800
Rh 2200(s) 2400(1) 2600 2850 3200 k150
Rn 211(1)
Ru 2480(s) 2670 2900(1) 3180 3500 4500
So 500(1)

Sbo 860(s) oko(1) 1025 1160 1340 1890
Sc 1540(s) 1680(1) 1850 2050 2300 3000
Se, 525(1) 563 620 679 755 1000
(2 atm Seg and 10™% atm Se at 1000°K )
8i 1480(s) 1600 17h0(1) 1920 21k0 2750
Sn 1300(1) 1450 1600 1850 2150 3000
Sr T40(s) 810 900 1010 1150(1) 1657
Ta, 3300(1) 3600 3900 4500 4800 6300
Te(43) 2550(1) 2750 3000 3300 2700 5000
Te, 655(s) 700 758(1) 825 907 1130
Th 2250(1) 2450 2700 2950 3300 4500
Ti 1640(s) 1800 1990 2210{1) 2500 3400
T1 795(1) 870 965 1082 1235 1730

7 2000{1) 2150 2350 2580 2900 3800

v 1970(1) 2140 2340 2550 2900 3800

W 3230(s) 3490 3780({1) 4150 L6625 5950
Xe 165,1(1)

Y 1750(s) 1900{1) 2100 2300 2700 3500
Zn 560(s) 610 672 750(1) 852 1180
Zr 2070(s) 2250 2450(1) 2700 3000 3850

* L, Brewer, Report for the Menhattan Project, MDDC~438C, 1946,
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where Pz is the wvapor pressure of pure component, a, abt the tempera-
ture under consideration, 7, 18 the a@ﬁivity_cgefficient of component
a in the solution and xa is the mole fraction. For dilute solublons,
the activity coefficient of the solvent may be taken as one, If the
solution is known to hawve ideal behavior, the activity coefficient of
the solute is also one. Otherwise, specific experimental data are re-
quired to determine the activity @Qefficient of the solute., The vapor
pressure of several alloying elements over dilubte solutions in liquid
iron at 1600°¢C are presented in Table XIX-2,

Clausius-Clapeyron Equation

From the combined statement of the first and second laws of

thermodynamics, one may derive for a vapor-liquid equilibrium the re-

lationship:

(Sv - 8¢) 4T = (VV - ¥,) dp XIX-2
or

&P _ Sy | My XI¥=3

This relation is known as the Clausius-Clapeyron equabtion, Its inte-
gration requires an experimental knrowledge of éﬁﬁ; and. AVVD If the
volume of the liquid is small in comparison with tha®t of the vapor,

AWV = V. eand if the vapor is ideal, Vv = RT/p, assumphtions which

are reasonable for metals at elevabted temperatures., Substibtubion in

Equation (XIX-3) gives

dp . A, 4T XTX-L
P R T°

assuming that the right hand side of Equation (XIX-4) is constant;

that is, AHV’ the enthalpy change accompanying the change from the
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liquid to the wvapor state at equilibrium is essentially equal %o that
. o
accompanying a change from one standard state to the other Aﬁﬁ?y the

equation integrates to the familiar form:

F2 Ay L
In P, ° "R <;2 Ti) XIX-5
This relationship may be used to extrapolate the data of Table XIX-1

to any degired temperature.

Equation (XIX-4) may be integrated to the general forms

log P = ~% + B XIX-6

where A and B are constants whose wvalues depend upon the units in
which the wvapor pressure, P, and the absolube temperature, T, are
expressed. This relationship permits the vapor pressures of materials
to be tabulated in the form of two constants. Such tabulations are

3,4

avalilable in several 'sources.

Relative Volatility

The term volatility is used to compare the vapor pressure of
one pure gubstance with another. However, the vapor pressure aione does
not define the ease of separation of the components from liguid mixtures,
since the wvapor pressure is a function of the presence of the other com-
ponents. The partial pressure ratio of two components over a liquid
solution is given by the relationship:

7aXan

Partial Pressure Ratio = 7 ~"°F XIX-T7
7p¥pFp

The criterion for a successful distillation is that the molar (or mass)
ratio of a component to be separated must be greater in the wvapor phase
than in the liquid phase. The coefficient of the molar rabtio in solu-

tion in Equation (XIX-7) may be termed ¢ where:
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_ 7aPa

, XIX-8
7P

The relative volatility, @, 1is a direct measure of the ease of separa-
tion of components by a distillation process. Substances that are readily
separatedzshow large values of . If o ' is unity, no separation is
poséible since the concentration of the two components in the vapor will
be the same as in the ligquid solution.

: Tke relative volatilities of elements in liquid iron solu-

1 are included in Table XIX-2., The computed wvalues of ¢ indicate

tions
that lead, manganese, copper, tin and chromium may be removed from
liquid iron; but that it would be impossible to remove siliéon, nickel
or cobalt from liquid iromn, that is, that the relative volatility of
iron is greater than that of the alloying element in these solutions.,
The calculations also indicate that aluminum has a relative volatility
of one and would not be separated.

The relative volatiiity of two components changes with
temperature. Viewed from the standpoiht_of ease of separation alone,
the optimum temperature range in which to conduct the distillation is
that in which the value of q is ﬁaximum@ Equation (XIX-7) may be used

to derive the following relationship between the concentration of the

volatile component in the vapor phase, Yyg,; and in the liquid phase,

*g? . Q xg ,
Yo = (e =) XIX~9

Figure XIX-1 shows a plob of y versus x for various constant values

of aah
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Equilibrium Distillation

The principal method of distillation used in metallurgical
processes 1s simple batch distillation. In this process increments of
vapor are removed upon their formabtion from contact with the residual
batch of liquid solution. If the operation is nobt conducted under high
vacuum conditions and one may presume that the vapor coming off the
solution is in equilibrium with the bulk liquid, the following mathe-
matical analysis may be applied.

The mass balance of such a process may be written in terms
of a differential equation as was first done by Ray‘leigh,,5 The Rayleigh
equation may be derived as follows: Assume a solution of two components,
a and b, the total moles of which are L. Let the mole fraction of the
more volatile component in the liquid be x, and the mole fraction of
the same component in the vapor be y. Let dL moles be vaporized.

The liquid will lose and the vapor will gain a differential quantity of

the more volatile component. By a material balance,

(L - dL) (x - dx) + (y + dy)dL = Lx XIX-10
Neglecting differentials of a second order and rearranging,

dL _ ax
L  yx XIX-11

Integrating Equation (XIX-11) between limits,

L *1 dx
In % = fx yx XIX-12
M 2

where Ll = moles of original charge, L2 = the moles of residual charge
after rLl - L2 have been distilled off, xq = the mole fraction of more

volatile component in the original charge Lj, xp = mole fraction of
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more volatile component in the residual charge LZO Congistent weight
units may be substituted for the molar units in Equation (XIX-12).

If experimental data giving the relationship between -y
and x are available, the right hand side of Equation (XIX-12) may be
integrated graphically. If a mathemabical relationship exists between
y and x, the integration may be carried out analytically as in the
following cases. Duming a simple batch distillation at constant pres-
sure, the temperature rises as the residual liquid becomes poorer in
the moré volatile component. If ¢ does not vary with temperature,
Equation (XIX-9) may be substituted in Equation (XIX«-lZ) with the in-

tegrated result:

XIX-13

If Henry's law applies to the solute which is being removed
from the solution in the distillation process, the relationship y=kx

may be substituted with the resuld

L 1
In 1
2

— = %7 1n fi XIX-1h4
X2

It should be noted that Heﬁry”s law is also an isothermal relsationship,

and in order to assure valildity of Equations(XIX-13 and XIX-1k), one

should be aware of any influences of température on the relabtionships

ihvolvéd,

One may also consider the application to multicomponent
mixtures.u In the event that only one of the compopnents of the com-
plex solution is highly volatile, one may consider ﬁhe solution as a
pseudo binary, In the event, however, that two or more components have
a volatility of the same order, one may compute the concentrations. The

mathematics are more involved, but the principles are the same.
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Molecular Distillation:

In most metallurgical distillation operations, particularly
those carried out under high vacuum conditions, the rate of distillation
is such that it is controlled by the rate of evaporation of atoms from
the surface of the melt, and one may not under these conditions presume
that equilibrium is maintained between the concentrations in the vapor
and in the liquid. A process conducted under these conditions is termed
molecular distillation, and the quantitaﬁive rate of distillation under
conditions of complete nonreturn condensation is given by the Langmuir
BEguation which may be derived as follows.

At any given temperature there is a maximum at which a
volatile substance-will evaporate from an exposed surface. - This rate
is very difficulﬁ to calculate from kinetic theory, but it can be esti-
mated from the observed vapor pressure of the volatile substance. From
kinetic theory, the rate of collision of molecules of vapor with the
surface can be calculated from the pressure of the vapor. The mass of
vépor molecules striking a square meter of surface per:second, u, 1is

given py the relation,

ho= ey XIX-15

where @ is the density of the vapor and v is the average molecular

velocity. It may be shown, however, that

v o= AJ’B—T— XIX-16

2nM

thus assuming the ideal gas law to hold:

b = PN 5ERT XIX-11
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where P = the pressure of the vapor and R is the gas constant, and M
is the molecular weight of the Vap@r s?eciea In general, the number of

molecules returning to the surface will be the same as the number strik-
ing it. At.eguilibrium, this will be the same as the maximum rate of

evaporation. Therefore,

M
Vo = E\zmT XIX-18
where w_, = the rate of evaporation in grams per square meter per second,

O

P is equal to the saburation pressure in millimeters of mercury at the
solution temperature, T is the absolube temperature in degrees Kelvin,
M is the molecular weight.

Evaporétion can occur at a rate of LN only in a perfect
vacuum, and when ﬁhe rate of evdporation is so small that the mean free
path of the vapor molecules exceeds the distance between the evaporating
and condensing surfaces. At appreciable rates of evaporation, the wvapor
molecules will collide with each other. Some will rebound to the sur-
fdace, so the dctual rate of evaporation will be the difference between
WQ and the rate of return to the surface Wy o The rate of that evap-
oration will then be:

- Wy XIX~-19
The two rates w, and Wy are related to the pressures Py and Plo

Therefore, the net rate of evaporation is given by

M
vo= B - P \mET XIX-20

where El is the partial pressure of the vapor at the evefforating

surface,
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The ratic between Pl amd.Eé is the degree of saturation
of the wvapor, ¢, it varies from O 3o 1 as the evaporating con-
ditions vary from molecular to equilibrium evaporization., The degree
of saturation is related in the following way to the relation between

w, the observed, and w,, the maximum, rates of evaporation.

Q)
¢ = PL_q.¥ XIX-21
Py W

The actual rate of distillation is determined not so much
by the rate of evaporation from the surface as by the rate of transfer
of the vapor away from the surface, This rate of transfer is not as
eagy to calculate as the rate of evaporation, The factors which must
bé congidered are:

1. pressure gradient of wvapor
2. effective pressure of permanent gas in the systenm
3., dimensions of still and condensing system

Further discussion of these factors is presented in Reference 6.

Observations on Liguid Iron Alloys

Under conditions of molecular distillation, one must con-
sider the influence of the molecular weight of the component on its
rate of evaporation. If one does this, the relative volatility coef-

ficient, o, Equation (XIX-8) may be modified to the form:

0
6 7 Pa Mre
of =B, S0 \[== XIX-22
TFe Fe My

where MFe is the molecular weight of iron in the case under consid-
eration, and Mp is the molecular weight of the solute. Under condi-

tions of a dilute solution, iron obeys Raoult's law and 7p. 1s unity.
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Also, the solute A at low concentrations obeys Henry's law, and N
1s nearly constant and equal to 7‘13 Tt would be equal to one if the
solution were ideal, Under such conditions, Q{ beconmess

y 4 PO
o = 73_9 A, 55,85

0 M
Pre A

XIX-23

A comparison is made in Table XIX-2 between the computed
values of af and those measured experimentally on liquid iron solu-
.tions%' Although there is some discrepancy, it should be noted that
the comparative evaporation coefficients are in the same order as
computed, The unusual results obtained for silicon and also for
aluminum, where it was noted that in some cases aluminum was highly
volatile and in other cases did not distill at all, are explained in
terms of the formation of the highly yolatile suboxides., This effect
has also been noted by’FloridiSY, Whé showed that the vacuum distilla-
tion of sulfur from liquid iron was greatly enhanced by the presence
of silicon, presumably resulting in the formation of a volatile silicon

sulfide, which assists in removing both elements from solution.

Recoveries by Condensation

Recovery of ‘the dis@illate frgm.diStillation processes con-
ducted as refining operations on liquid metals may be made by condensing
the vaﬁor to either the solid or liguid f@rmo‘ If a solid is formed; the
efficiency of the recovery is essentially lOO% provided that the soelid
condensate is in a form such that it may effectively be collected., In
the case where the condensate is collected as a liquid, one may estimate

the efficiency of the recovery from equilibrium conditions. The vapor
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pressure relations derived in Equations (XIX-6 and XIX-7) may be used
to compute the partial pressures of the components over the condensed
liquid. If it is assumed -that the temperature of the gases leaving

the condenser is the same as that of thé condenged liquid and that
equilibrium concentrations prevail, the fractions of wvapor constituents
escaping condensation may be readily computed from the partial pressures
of components in the vapor phases entering the condenser and exiting

from it.
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CHAPTER XX

LIQUID-LIQUID EXTRACTION

Liquid-liguid extraction is an operation which is often used
in the ‘chemical processing industries for removing one constituent of
a liQuid‘phase by eguilibrating it with a éecond liquid phase which ab-
sorbs the desired constituent from it. The liquid phases must be essen~
tially insoluble in each other, and 1t is desirable that the extracting
phase have a higher solubility of the desired cgnstitueﬁt, i.e.,, a lower
activity coefficient,

The high temperstures at which most metallurgical operations
are carried out presents an equipmént problem in carrying out liguid-
1liquid extraction processes, Qonsequentiy, most extraction processes
are carried out in batch operations, €o8sy slag-metal or slag-matte
equilibriabare_used for selective removal of constituents in steel
and copper processing. The‘two—slag processes can be considered to
be simple multiple-contact extraction processes. Thus, the mass and
energy balances are straight-forward and directly obtained by consid-
eration of the concentrations and weights of the phases involved.

The use @f liguid-liquid extraction processes involving
agueous or organic solvents nay also’fbrm a portion of an integrated
metallurgical operation. The engineering approach is'gssentially the
same as that outlined for other hydrometallurgical operations in
Chapter IX., Equipment and mathematical treatments are described in
several standard chemical engineering unit operation textsl’g, The
focus of this chapter will be brought to bear on the equilibria and

kinetics of high-temperature extraction processes.

-227-



-228-

Heterogeneous Egquilibrium

Under equilibrium conditions, the free energy of each of the
constituents is the same in all of the phases of a system. Thus, it can
be shown that at constant temperature, the activity of a constituent in
one phase bears a constant ratio to its activity in the other phase or
phases. Consider, the distribution of iron-sulfide, FeS, between
liquid iron and a slag, The constant activity ratio requires thatb:

8
FeS(in slag)
@FeS(in metal)

= g constant XX=1

If the activity in the slag phase is taken as the mole fraction, and

that in the metal as the weight percentage, the ratlio becomes:

Npeg(in slag)
FFeS(in metal

) = LFes XX-2

Eqﬁation (XX-1) is an exact expression of the Nernst Distribution Law,
and Equation (XX-2) represents an approximation to it based on the
observed behavior of the phases involved, where L 1is the distribution
coefficient.

The equilibrium constants of reactlons in one phase of a two
phase equilibrium may be relatéd to those in the other by means of the
distribution coefficients. At 1600°¢, Fed distributes 1ltself bebtween
liquid iron and a slag consisting of MnO and FeO in a constant ratio

3

which may be expressed~” as:

The constant of the reaction of manganese with FeO is given by:

i

Mn + FeO(in slag)
(MnQ)

(i) (FeO)

Fe + MnO(in slag) XX~k

K =

= 2,53 XX=5
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When Equations (XX~3 &nd XX~5) are combined, the equilibrium constant

for manganese reacting with oxygen dissolved in the metal is found to

bes
Mn + 0 = MnO{in slag) XX~=6
- (Mno) .
K = *-7;%_@) (@) = 10.1 XX=-7

Kinetics of Liquid-Liquid Reactions

At the high temperatures involved in slag-metal or slag-matte
processes, the rate of the exchange reaction is so great that equilib-
rium conditions may be assumed at the reaction interface, and the
chemical reaction itself may be eliminated as a potential rate limiting
step. The controlling mechanism then becomes s mass transport process
in one of the phases preéento The constituent which is present in the
lowest concenﬁration is usually the one with the slowest transport
rate, since the driving force for transpbrt is the smallest,

ZDaJr“k,enLL has considered the transfer reaction between manganese

in steel and iron oxide in a contacting slag layer, The reaction is a

straight-forward exchange reaction:

Mo+ Fe2 = un" + Fe XX-8
If the rate of one of the steps in the transport process is much lower
than the others, then this step may be treated as the rate limiting
one, In the process above, the concentration of iron in the metal is
so high tpat its transport cannot be limiting. Generally, the concen-
tration of menganese in the metal is much less than the concentrations

of iron or manganese ions in.the slag, so that the transport of manga-

nese from the bulk metal to the reaction interface through a boundary
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layer in the metal may be assumed to be rate limiting., The process may

be kinetically described as:

C D A
d("Mn) Mn
- 3t = BV (Cyn (bulk) - CMn(b@undary)) XX-9
- bty A

The concentration of manganese at the boundary (5lag~metal interface) is
the concentfatiOn in equilibrium with the slag since mass transport in
the metal is rate limiting. This concentration may be calculated from
equilibrium relationships, considering the bulk concentrations of the
other reactants to prevail at the interface.

Converting from molar concentrations to weight percentages,

Equation (XX-9) becomes:

D A
- Eé%ﬂ%l - %%%V‘ (% Mo (bulk) - % Mo (equilibrium)] X%-10

which may be integrated to:

”-:.r% Ma (t = Q) = %'Mn (equilibrium)}‘ XX-11.

v S s
& [% M (%) - % Mn (equilibrium)

t = 2a3 -._A_Dbdn

Darken has estimated +the practical result observed in open-
hearth furnace operations using Equation (XX-11). Assuming that:
%, the bath depth is 3k cm.
6Mln, the boundary layer thickness is 0.003 cm,
DMh, the diffusion coefficient for menganese in
, : T
liquid iron is 1.0x 10 - cm™/sec.
The time required for a 90% approach to equilibrium, i.e., when log

{%&2 - #Mn(equil)t=o
Mo - Bn(equil)

This is in reagonable agreement with the observabion that one half hour

} = 1, is about 4O minutes,

or more is required to reestsblish manganese equilibrium after it has

been disturbed by a major addition.
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A similar analysis could be used to estimate the kinetics

other approaches to equilibrium, e.g., sulfur, chromium, etc.
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CHAPTER XXI

PRECIPITATION REACTIONS - DEOXIDATION

One of the principle methods of refining ligquid metals is
based on the insolubility of non-metallic compounds in liquid metals.
The addition of materials to the liquid metal which result in the
formation of an insoluble compound by reaction with an impurity ele=
ment permits a refining separation to be carried out.

The calculation of addition requirements to effect a pre-
cipitation is based on the solubility product for the separating
compound, or more precisely in terms of the equilibrium constent for
the reaction involving-its formation from solution by the dissolved

reactants.

Equilibrium Constant for Deoxidation

In view of the fact that oxygen is almost a universal reac-
tant in high temperatuie metallurgical process operations, eguilibria
between dissolved oﬁygen and other elements in the base material being
refined are of prime importance in describing liquid metal processes.
It should be noted that the formation of insoluble oxides may serve as
a refining step in removing either oxygen or‘the metallic component of
the oxide. In addition, the formation of a nitride, sulfide, carbide,
or other insoluble compound is also a refining operation which may be
described in the same manner,

The equilibrium between oxygen, a dissolved element, and the
oxidation product which is usually a non-metallic "slag", or a gas in

the case of carbon, hydrogen, or sulfur, may be expressed by the equations
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where M represents the element dissolved in the bulk metal, O 1is
the dissolved oxygen which may be present as oxygen atoms or in combi-
nation with bulk metallic atoms (e.g., oxygen dissolved in liquid iron
may be considered to be present as dissolved Fe0), and MXOy is the
oxide reaction product, The equilibrium constant for Equation (XXI-1)

iss
&)y Oy

K= x ¥y XXI-2
aMuaO

The influence of tempersture is given by:

A F°

It

0
AE® -TAS XXI-3
AF® = - RT In K XXI-4
Experimental determinations of deoxidation constants involve
not only the thermodynamics of the formation of the oxide product, but
the formation of the solutions of oxygen and the reacting element in

the bulk metal as well,

Aluminum Deoxidation of Steel

Consider the deeoxidation of liguid steel by the addition of
aluminum. The reaction iss

2AL+30=A0, XXI-5

with equilibrium being specified by the constant:

a
Al
K = 2 - » XXI"‘6

a 33
Al 70
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Q
~AH A,SO

then: log K = h0575 T+ L.575 XXT-T

I. FORMATION OF A1203 FROM PURE ELEMENTS

2A1(1) + 3/2 05(g) = ALy04 (s) XXI-8

. . o - , . . .
At high temperatures, i.e., near 1900 K., Elliobtt and Gleiser give:

>
&
i

. ~255,200

A H® = -401,400

Ag® = (AH® - AF)/T = =77.0

thus the free energy for Equation (XXI-8) is given by:

A FQ = 401,400 + 77.0T XXI-9
TI. SOLUTION OF ALUMINUM IN IRON

The activity of aluminum in liquid iron has been determined
by combining the activity of aluminum in liquid silver with the results
of measurements of the distribution of aluminum between liquid layers
of silver and iron. The distribution measurements were reported by

‘o 2 , s .
Floridis and Chipman who computed a free energy of solubion of aluminum
in iron where the activity of aluminum is expressed in weight percent,

The chemical equation and the thermodynamic relationship is given as:

Al (1) = AL {in liquid iron) XXI~10
A F%I = =12,900 =7,70T XXT-11

ITT. SOLUTION OF OXYGEN IN LIQUID IRON

The equilibrium between Hg/Hgo gas mixbtures and oxygen dis-

3

solved in ligquid iron have also been measured by Floridis and Chipman~,

The equilibrium may be expressed as:
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HE(%) + 0 (in liquid iron) = HQO(g)
where

P
K = 10
PHE s 80
It was found that:

AT = -32,200 + 1k,63T

chéyer, the formation of water from the pure elements is givenl

H2 (g) + —%02<g) = Hgo(g)

and.
AF® = -60,180 + 13.93T

The difference between Equations (XXI-15 and XXI-12) gives:
1
Eo:z(g) = 9

with a free energy change:

-27,980 - 0.70T

[e]
A Frrr

IV, COMBINING I, II, AND III
Combining:

A.lgos(s) = 2A1(1) + 3/202(g) (1)

A F§ = 401,400 - 77.0T

2A1(1) = 2A1(4in liquid iron) (1I)

AFIp = - 25,800 - 15,40T

3/202(g) = 30(in liquid iron) (111)
(o}

AFrop = -83,940 - 2,10T

one obtains the result:

Al203(s) = 2A1 + 30(both in liquid iron)

A F?V = 291,660 - 9L4.50T .

XXI-1l2

XXI~13

XXI-1h
as:

XXI-15

XXI-19

XXI-20
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or expressed in bterms of the deoxidation constant:
l@g Klv? = "“633 700/T + 20 9 67 }Q{I"‘g:i,

The deoxidation consbtant may then be calculabted at any temperabture in

the steelmaking range, e.g. Kyy @ 1600°C = L.7 x 10=14

Sutmary of Deoxidation Data

A summary presentabilon of the free energlies of formation of
. L. 5 ,
oxide compounds is given in Table XXI-1.’" Also included are data for
ni‘bridesy sulfides, and carbides, compounds which may also be formed
upon removal of an impurity.

In addition to the standard free energies of formation of
the insoluble compounds, the standard free energies of formation of the
solution containing the reactants is aléo required, Table XXI-2 pre-
sents the free energy relations for the formation of dilute solutions
in liquid if@nqa The data for other solvent metals 1s less complete,
with only a few vglues being scattered throughout the literature.

In many cases, an estimation of the deoxidizing power of an
element may be wade by assuming»that an ldeal solution is formed between
the element and the solvent metal (i.e.,, the mole fraction of the dis-
solved element may be substituted for its activity). If the free energy
of formation of the solution bebtween oxygen and the solvent metal is
unknown, however, the egnilibrium oxygen activity may‘@nly'be specified
in terms of an equivalent oxygen partial pressure in the gés phase,

This information may be ugeful to the process engineer if the oxygen
potential of the system is determined by other conditions which are

known.,
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TABLE XXI-1

STANDARD -FREE ENERGIES OF FORMATION OF OXIDES, SULFIDES

NITRIDES AND CARBIDES AT 1600 °C

AS® Cal
AH® Cal per mole
No. Reaction per mole "per deg. K
OXIDES
1 281(1) + 3/2 02 = Alp03 (8) ~-401, 400 -T7.00
2 Be (1) + 1/2 0p = BeO (8) -1k2, 360 -23.36
3 c(graphite) + 1/2 0o = cO(g) - 26,760 +20.98
I c(graphite) + 0o = COs(g) - 94,260 + 0.27
5 ca(g) + 1/2 0o = Ca0 (8) -187,980 -L6.21
6 2Cb (8) + 5/2 0p = CbpOs (S) -417,770 -81.58
7 Co(1) + 1/2 0o = Co0(8) - 57,380 -18.65
8 2cr(8) + 3/2 0p = Crp03 (S) -271, 300 -61.82
9 cu(1l) + 1/2 02 = cuo(1) - 33,110 -18.21
10 Fe(1) + 1/2 0o = FeO(1) - 57,070 ~11.60
11 Ho(g) + 1/2 0p = Ho0 (g) - 58,850 -13.12
12 Mg(g) + 1/2 0o = Mg0o(8) -176, 060 -19.84
13 Mn(1) + 1/2 0o = MnO(S) - 97,360 -21.12
14 Mo(S) + Op = MoO2(S) -131,530 -33.95
15 Ni(1l) + 1/2 0o = NiO(S) - 57,370 -22.,09
16 Si(1l) + Op = 5100(8) -217,780 -46.91
17 Sn(1) + 0o = Sn0o(8) -138,500 -48,92
18 2Ta(S) + 5/2 0p = TapOs5(S) -180,030 -96.65
19 Ti(S) + Op = Ti0o(S) =224, 080 -41.93
20 2v(8) + 3/2 02 = V203(8) -291, 350 ~56,49
21 W(S) + 0o = WOo(S) -136,750 -40.93
22 Zr(8) + 0o = Zr0o(8) -258,170 -h2 .87
SULFIDES
23 2A1(1) + 3/2 so(g) = A1253(S) -164, 400 -69.0
ol ca(g) + 1/2 sp(g) = cas(s) -169, 600 -L7.h
25 2cu(1) + 1/2 sp(g) = Cuos(1) - 29,300 - 6.2
26 Fe(l) + 1/2 s5(g) = FesS(1) - 34,000 -10.k4
27 Mg(g) + 1/2 82(g) = Mgs(8) 132,300 -45.7
28 Mn(1) + 1/2 So(g) = MnS(S) - 68,700 -19.1
29 Mo(8) + 82(g) = MoSp(8) - 76,300 -33.3
30 Si(1) + sp(g) = sisa(8) - 73,200 -4k, 0
31 w(s) + s2(g) = wsa(s) - 69,800 -32.9
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TABLE XXI-L {cont'd)

STANDARD FREE ENERGIES CF FORMATION OF OXIDES SULFIDES
NITRIDES AND CARRIDES AT 1600 °C

AS® Cal
AH® Cal per mole
No. Reaction per mole . per deg K
NITRIDES
32 A1(1) + 1/2 Npo = AIN(S) - 62,300 -30.1
33 B(S) + 1/2 Np = BN(S) - 27,790 -10.4
3L 3Be(1) + Np = Be3Na(8) -133,500 -40.6
35 381 (1) + 2Np = Si3NL(S) -209, 000 -96.8
36 Ti(S) + 1/2 No = TiN(S) - 80,300 -21.0
37 v(s) + 1/2 Ny = VN(S) - 43,000 -21.4
38 Zr(S) + 1/2 No = ZrN(S) - 82,200 -22.0
CARBIDES
39 4a1(1) # 3C(gr) = ALLC3(S) - 35,700 -28.1
40 Ca(g) + 2C(gr) = CaCo(S) - 59,800 -21.6
b1 3cr(s) + 2c(gr) = CriCa(s) - 8,550 + 5.0
L2 2Mo(8) + C(gr) = MopC (8) + 4,200 + 4.8
b3 si{1) + c(gr) = sic(s) - 38,400 - 8.5
L Ti(8) + c(gr) = Tic(8) - 57,300 - 2.5
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TABLE XXI-2

(%)

Standard Free Energy of Solution of Various Elements in Liquid Iron

Standard state is the infinitely dilute solution in
pure ligquid iron, referred to a 1 welght percent
solution such that the activity of the added element
is equal to its concentration in weight percent,

Element 7°1873%, A F° cal/mole
AL(1) = M1 0,031 - 12,900 - 7.TOT
C(gr) =C 8,900 -11,10T
Co(#) = Co 1 - 9.26T
Cr(s) - Cr 1 4,350 -11.11T
Cu(l) = Cu 8 9,300 - 9.40T

%Hg(gj =H 7,640 + 7.68T
Mn(1) = Mn 1 - 9,11T
Mo(s) = Mo 1 6,280 ~12,32T
Ni(l) = Ni 1 - 9.21T

%Ng(g) =N 860 + 5.70T

%02(g) =0 | - 27,980 - 0,70T
Si(l) = 8i 0.0072 = 29,000 = 0.30T

#,(g) =8 - 31,520 + 5,27T
Ti(s) = Td 0,05 - 7,000 =11.00T

V(s) =V 0,12 - 3,900 ~11.07T
W(s) =W 1 7,640 -13.62T
Zr(s) = Zr 0.05 - 7,000-12,20T
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The equilibria presented have been derived for the pure reac-~
tant phase, e.g, pure solid A.ZLEOSo The relationships apply however, in
all cases, and the deoxidizing power of an element may be computed under
conditions of equilibrium with complex slag ﬁixtures provided that the
activity of the product in the slag is known. In fact, the deoxidizing
power of an element increases as the activity of the compound formed
decreases, as shown by Equation (XXI-2). The use of silicomanganese as
& deoxidizer 1s an illustration’of this fact., The deoxidation producht
is an iron-manganese-silicate slag in which the activities of the reac~
tion produéts is much lower than what it would be if either pure silicon
Oor manganese were used. In this manner, the deoxidation is more complete,
and. reguireé less deoxidizing material for the same degree of deoxida-
tion., Applicat;@n of vacuum &8 systems where a gaseous reaction product
is formed, (e.g., CO), permits the reaction to reach a greater degree
of completion,

These principles apply as well to the formation of nitrides,

sulfides, carbides, and other insoluble compounds,

Interaction in Alloy Systems

The equations presented in Table XXI-2 havg been developed
for dilute, binary systems, and strictly aﬁply only to these solutions.
The activities in solutions ﬁhich do not féllcw Henry's Law for the
solute, or are multi-component, usually. must be expressed as the pro-
duct of a coefficient and concentration, and not concentration alone.
The activity coefficient depends upon -the degree to which the activity

differs from the concentration. Activity is then expressed as:

ay = £y (%M) XXI-22
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for solutions whose concentration is expressed in weight percent. IT
the standard state is defined as the infinitely dilute solution; and the

activity is referred to a 1 weight percent solution, .T

M is unity, i.e.

the activity is equal to weight percent, when the solution follows Henrys
Law for the solute.

The activity coefficient, £

M? depends upon the concentration

of the solution, deviating from unity to a greater and greater extent

as the solution becomes more gongentrated in solute, The coefficient

is also a function of alloy concentration, and is influenced by the
presence of other elements, as well as increasing amounts of atoms of
its own type. The atomic interactions of allgying elements in liquid
iron and the factors Which influence the activity coéfficients in multi-
component iron alloys has been discussed and tabulated in the form of
interéetion parameters6’7’8,

In solutions which are sufficiently dilute, Henry's Law be-
havior may generally be assumed. In additlion, the influence of other
alloying.elements on the activiby coefficients of the reacting elements
is minimized in dilute solution, Under these conditions, activity coef-
ficilents may be assumed to be unity, and concentrations may be substi-

tuted for activities.

Precipitation Stoichiometry

The amount of reacting material which must be added to remove
an impurity from solution consists of two parts. First, a portion of
the material added reacts with the impurity and forms an insoluble pre-
cipitate which separates from the liquid alloy. A second portion is
represented by the added material which remains in solution in suffiaient

quantity to satisfy5Mmasolubility product relationship.
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Problem: A 100 ton ladle of steel at 16OOOC contains 0,03 weight per-
cent oxygen. Compute the amount of pure aluminum which must
be added to reduce the oxygen content of the steel 1o 0,001
weight percent.” Assume Henry's Law behavior for both aluminum
and oxygen in solution, and that eguilibrium conditions are

reached.,

Solution: The deoxidation constant for aluminum, assuming the conditions
given above and that pure alumina is the reaction product,

was determined for 1600°C. using Equation (XXI-21).

K = b7 x 107 = (31)2 (%0)°
The equilibrium aluminum content is then:

1h

4,7 x 10
fx 10 - 6,85 x 1073

(PAL) = 3
(0.001)

The residual aluminum in solution in‘pounds iss

(100) x (2000) x 6.85 x‘10”3 = 13,7 1b.
: 100

The aluminum which reacted is given by the pounds of oxygen

removed times the weight ratio in the reaction product, or:

(0.03 = 0,001) x (100) x (2000) x {54) = 65.2 1v,
100 f (18)

The total aluminum required is given by the sum of the two

amounts, or 78,9 1b.

Kinetics of Precipitation Reactions

The rate of approach to equilibrium for this type of refin-
ing reaction is controlled by nucleation and growth of the precipitate.

A kinetic model may be derived in the same manner as that for phase
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separation processes which are discussed in the following chapter.

The two refining processes are analogous, the phase separation process
involving a reduction in solubility by a change in temperature, where-
as the present consideration of precipitation involved changes in com~-

position,
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CHAPTER XXTIT

PHASE SEPARATION

The refining of a metal by phase separabtion is accomplished
by decreasing the temperature of a solubion unbtil the solubility 1limit
of a dissolved constituent is exceeded, If ﬁ@g;phase‘wnich separates
out from a liquid is a solid, the grgcess is téfmed crystallization,
The phases are then sepa3ated by pbysical means, thus effecting a re-

fining of the liquid, or recovery of a desired component from solubion,

Thermodynamics

The equilibrium relationships for the separation of phases
may be considered in terms of a phase transition and the distribution
of the components of a binary seclution between the phases., The trans-
fer of one component from one phase to another may be expressed as:

(Component 1) = (Component 1) XXIT-3.
phase I phase 1T

The eguilibrium constant for the reaction above is:

Iz
8
K = 7 XXI1=2
T

A similar expression may be written for component 2 and the equilib-

rium reiationship expressed by:

II
a

2
K =

P —— T oy
2~ T XXIL-3
2

It is convenient to choose a standard state for component 2 such that

a approaches N2 (mole fraction of component 2), as N apprdaches

2 2
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1
zero in each phase , Expressing the relationships above in terms of the

1 1

the major component (component 1l in this case) follows Raoult's Law; a

activity coefficient and the mole fraction where a is equal to N if

valid assumption if the solution is dilute in component 2:

L
Kl g:( = ) XXITI=-k
o)
I 7
No7s
K, = LI XXTI-5

The equilibrium constants may be measured experimentally or
calculated from free energy relationships. If the standard free-energy
change for the transfer of a éomponenﬁ from one phase to the other is
known, then ;Kl or K, may be determined from the relation: A.Foz
-RT 1n.K. If the phase transition is defined for the solvent in terms

of transition temperature, heat of transition, and known heat capacities

(¢]
1

for component 2 is not readily obtainable by this means since the pure

for the phases involved, A F.  may be computed. The free~energy change
solute generally does not undergo the same transition as the solvent.
Thus K2 must be determined empirically, and if values can be specified
at two temperatures, an assumption of a linear relation between log K2

and l/T will permit*extrépolaiibn to other tem@eratures?

Kinetics

The principle.barrier to reaching equilibrium often manifests
itself in the rate of nucleation of the separating phase. This is
particularly true for crystalliiation processes, where large degrees

of supercooling have often been noted. The surface energy between the
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precipitate and the solution must be considered particularly for solids,
3

in addition to the differences in free-energies of the bulk phases? The

total free-energy change may then be expressed as:

AF = a?)ALF‘v + 6a27 XXII-6

wheres A;Fv is the bulk free-energy change
¥ 1is the surface energy of a unit area of interface between the
parent liquid and the crystal nucleus.
aS, and 6a2 are the volume and surface area, respectively for a
cube of side a, and 1t should be noted that these terms vary
with the specific geometry of the nucleus,
The geometrical factors introduce a size effect into the problem and
since ALEV is negative for a supercooled melt, these factors determine
the critical size for a nucleus., When the nuclei are small, the positive
term predominates, and the curve shown in Figure XXII-1 rises to & maxi-
mum as the size increases. A nucleus is stable if the size is greater

than a the critical nucleus size, since the free-enérgy decreases

o’
if the nucleus grows, The free-energy change for the formation of a
nucleug of critical size is called'the‘work of nucleus formation., The
nucleus of critical size, a5 1s in unstable‘équilibrium.With the
Parent phase since any change in its size results in a decrease-in
free-energy, and a tendency to either grow or disappear.

The work of formabion is determined by ao which may be

evalugted by maximizing A F.

A(4F) [da = 3 agﬁv + 12ay = O XXII~7

a = -by /A% XXII-8
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AF

l

AF —=

0 0o a
0 \ 5

NUCLEUS SIZE

FREE ENERGY OF FORMATION

XXIT-1. Free Energy of Nucleus Formation as a
Function of Nucleus Size.
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Substitution in Equation (XXII-H) givess:

3 o 2
ATy = AF (qugy = ~(47/08,) " 88+ 60y /a5 )%y xx1I-g
AFy, = 7 /(L EV)Z XXII-10

where the coefficient B = 32 for a cube, If the nucleus were spherical
B would be equal to 16 n/3,

The value of AF which corresponds to the critical size re-
presents an energy barrier that must be overzome by a nucleus before
it is stable., The energy required can come only from momentary, local
fluctuations of both concentration and energy. The ehergy fluctuations
are statistical in nabure and are of the usual kinetic type that gives
rise to hom@gene@us.reaetionsn The concentration flucbuation reguires
transport by molecular diffusion of the requisite number of molecules
close enough to one another to form a nucleus large enough to equal or.
exceed the critical size. Beckerl‘L proposes the following equation for

nucleation rate:

%% = ce~Q/KT o -A(T) /KT XXII~11

where: dN/dt = nucleation rate, number/unit volume-unit time
Q = activation energy for diffusion

work required to form the surface of a nucleus

=
—

3

i

+
il

absolute temperature

a constant

Q
i

k

i

Boltzman constant
The work of nucleation, A(T), increases markedly with decrease in
supersaturation and is infinite at the saturation point, The term

e -Q/kT decreases with increase in supersaturation. The N versus T
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curve thus has a pronounced maximum that corresponds to a definite super-
saturation, However, theoretically if time enough is allowed, homo~
geneous nucleation will eventually occur at any supersaturation. The
pregsence of foreign particles or of seed/crystals can appreciably in-
crease the nucleation rate by’innoculationg The alteration of surface
energies, caused'fér example by the presence of trace amounts of surface
active elements, can also drastically affect the rate of nuclestion,
These effects occur because of the change ih the surface energy term
of the nucleation rate equation.

A more complete digcussion of the kinetics of phase precipi-
tation is provided in the SupplementaryRefe’renc:esggo

It may be concluded from the foregoing discussion that hetero-
geneous nucleation caused by'the presence of seed crystals or innoculat-
ing agents which promote ﬁucleati@n_will occur prior to homogeneous
nucleation., This is desirable in phase separation processes since a
rapid nucleation of the precipitating phase pfomotes the kinetics of-
phase separabion, and prevents nucleation of the precipitant from be-
coming rate limiting. In practice, it is often necessary to "seed" the
melt with foreign particles to promote heterogeneous nucleation., Agita-
tion in the form of vigorous stirring or vibrating techniques have also
been used to promote nucleation,

If growth cf the precipitate is rate limiting, the kinetics of
Phase separation may be described in terms of the rate model developed

for liquid-liquid extraction in Chapter XX.
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Recovery of silver from lead may be accomplished by cooling
the silver-containing lead bath. ‘Consider a lead-silver alloy con-
taining, 20 weight percent silver. As shown in Figure XXII-2, lead-~
silver solutions will precipitate out a solid of wvery high silver con-
tent on cooling. The composition of the liquid solution will follow
the liguidus line of the diagram if equilibrium cenditions are main-
tained, On cobling, the alloy will begin to precipitate a silver solid
solution at a temperature of SMOQCO and will conbtinue to do s0, until
the eubectic point 1s reached at 2.5 percent silver and 30400n rAt this
point, the liquid -can be filtered or the solid skimmed off (the lighter
silver floating on the ligquid bath) resulting in [(20 - 2.5)/20] x 100 =
87.5 percent recovery of the silver.

Further purification can be accomplished by the Parkes Proc-
ess in which silver is removed in a silver-zinc layer when zinc is added
to the lead. This techrnique is also a phase separation process except
that it is more accurately described in terms of precipitation reacti@ns

as described in the previous chapher,

?ine Recovery by Phase Separation

Aﬁ example of the’commercial application of phase separation
is in the recovery of zinc from the zinc-lead blast furnace operéting
at Avonmbuth, Englandloo Thié process is shownbschematicaily in
Figure XXII-3, Ores which are high in zinc are smelted in a lead blast
furnace, producing a stack gas containing up to 6% zinc, The stack
gases are passed through-a splash-condenser cgntaininé lead which

absorbs the zinc from the vapor phase. It is rep@rtéd that under
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typical conditions the gas entering the condensers contains 5.9 percent
zinc at a temperature of 1000°C., The gas leaves the condenser at a
temperature of MEOQC, and conbtains about 4 percent of the entering zinc,
The lead enters the condenser at MSOOCo_and leaves at about 56OQC° It
is saturated with zinc on entering, 2,15 weight percent. During the
condensation, the lead is heated and dissolves an additional 0,25 per-
cent zinc. The lead is then circulated through a cooling launder. The
concentration of zinc 2.4 percent, is far below the saturation point on
exiting from the condenser, 4,4 percent at 560°C. However, on cooling
esgentially pure liquid zinc begins to precipitate out from the”léad at
470000 where the solubtion becomes saturated. Cooling is continued to
MSOQC. and the additionél‘OOEB percenﬁ'absorbed in the condensers sepa~
rates out, The upper liquid layer of zinc is then separated by means of

a welr, and the underflow of lead-rich alloy is recirculated.

Engineering Design

The major considerations of a phase separation which concern
the engineer are:
1. The yield of a given product.
2. The purity of the product.
3. The energy requirements,

4, The rate of production.

Process Yield

The yield of the product may be estimated by constructing a
material balance for the system, asSuming that equilibrium conditions

prevail, This would represent the maximum yield, a quantity which is



given in pounds by: I 0
Cp - Cp

Y = W@ cI ) 11 XXII-12
2 T2

where: ‘
WO is the initial weight of the charge in pounds

C£ is the equilibrium concenbtration in weight percent of
component 2 in the parent phase at the lower temperature.

GZ 1s the concentration in Weight percent of component 2 in
the parent phase initiallyu

célis the equilibrium concentration in weight percent of

component 2 in the precipitated phase at the lower

temperature.

"lever-rule". Mole fractions

Eguation (XXII-12) is an expression of the
may be substituted for weight percentages and No’ the total number of
moles of initial solution, substituted for Wou 'The yield is then ex-
pressed in moles, and the weight may be computed from the molecular
weights of the solute and solvent and the concentrations in the product.
When the process involves a highly volatile solvent, or reac-
tions occur between the lining of the process container and the material
being processed, a correction must be made to the yield relation given

above for the lossesull

Purity of Product

The purity of the product for the equilibrium case is given
directly from the phase diagram. In practice; the adherence of -the
parent liguid to the precipitated crysta;sg or the entrainment of one
phase-within the other often decreases the purity of the recovered ma-

terial. The purity can usually be improved by repeating the phase
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geparation on the product. In the case of crystals precipitated from
agueous or organic solutions, washing with fresh solvent can greatly im-

prove the purity.

Thermal Requirements

The energy requirements for a phase separation can be calcu-
lated from a heat balance on the process. The cooling energy represents
heat which must be removed from the system and is given by the sum of
the sensible heat change in the solution, heat evolved during the separa-
tion of phases, (a quantity which may be either negative or positive, and
is often approximated by the heat of solution for dilute solutions whose
composition does not vary greatly during the operation), minus the heat
losses to the surroundings, and any other cooling effects, e.g., vapor-

ization of the solvent.

Process Kinetics

The rate at which a phase separation can be carried out may be
limited either by the kinetics of the process, or the capacities of the
equipment, or both may play a role. The kinetics of nucleation have been
briefly introduced in a previous section, and may be applied to the case
where the rate limiting step is the nucleation of the second phase. The
growth of the phase may also be rate limiting, in which case the relation-
ships of Chapter XX may be used to define the process rate.

The ability of the equipment to extract heat from the solution
at a rapid rate may be a primary factor in the rate of the process. Also
the removal of the material ffom the equipment, or the charging methods
i.e., material handling, may 1limit the operation. Consideration of these
factors are of major importance in the engineering design of phase separa-

tion processes,
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CHAPTER XXTIII

DEGASSING OPERATIONS

One of the principal quality problems that faces the metalmaker
in producing a suitable product is that of control of gases. Hydrogen is
a particularly troublesome gas causing bleeding ingots, embrittlement,
and low ductility as well as the presence of blow holes. Nitrogen is
also a gas which may have a desirable or undesirable effect on the pro-
perties of a metal, particularly steel, depending upon the composition,
gubsequent treatment, and the use of the product. Oxygen, of course, is
a principal refining agent, and, consequently, plays a role in deter-
mining the properties of metals. In addition to these simple gases, there
are also complex gases, those which contain more than one type of atom in
the molecule; principally, CO, CO,, and H0. In the design of proces-
ses to control these gases in metals, solubilities, rates of solution,
and the chemical‘reactions involved in their formation or decomposition
in the metal are required, particularly in the liquid state. Much of
this data 1s presently available, and an attenmpt will be made in this
chapter to show its appiicaﬁion in the design of degassing operations

ags a refining process..

Fundamentals of Gas-Metal Reactions

The solubility of a gas in a metal is a function of the pres-
sure of that gas above the liquid metal. The solubility of a diatomic
gas, nitrogen for example, is proportional to the square root of the
pressure of nitrogen, which is in equilibrium with the melt, This re-
lationship has come to be known as Sieverts' Law. It follows directly

from consideration of the equilibrium of the reaction:
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/2N, =N XXIIT~1

where the equilibrium constant may be expressed as:

&y
_ In(mn) XXIII-2

ZPNE) B

I_l
b
(;ﬂ
=
M=

Rewriting the expression for the equilibrium constant, and taking the acti-

vity coefficlent of nitrogen in pure liquid iron as being equal to one:

W = K NPy, XXITI-3
A similar relabionship may be written for hydrogen.

The rate-limiting step for the removal of gas from a liquid
metal is generally diffusion through a boundary layer in the metal. The
rate proéess f@r the removal of a gas from a liquid metal may then be
written in terms of the diffusion model given in Chapter IV.

The reactions between gases dissolved in metals and other consti-~
tuents in solution are expressed in terms of the reactions taking place,
and equilibrium constants may be written' for them. :For example, the
equilibrium partial pressure of CO over ligquid steel is determined by the
product of the carbon and oxygen activities in the liquid metal. This may
be éeen from the expression:

¢ + 0 = CO XXITII~k4

Where the equilibrium constant may be written as:

Feo
Ky =8 + 8o XXIII-5

This expression may be rewritten in the: form:
PCO 2 K)‘{a aC,&o }CX:III"’6
which indicates that the partial pressure of CO in equilibrium with the

steel is determined by the equilibrium constant and the product of the

activities of carbon and oxygen in solution.
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One might also consider the solubility product of a compound
which contains the atomic specie of a gaseous component. For example,

the solubility product of aluminum nitride is given by the reactlons:

AIN = AL + N XXIII-T

[ — [

where the equilibrium constant may be expressed as:

aAl a 8N
K = == - XX111-8
7 aA-LN_
Combining this expression with Equation (¥X111-3), one can compube the

partial pressure of nitrogen in equilibrium with a mslt containing a
given weighbt-per cent aluminum, and in contact with aluminum nitride ab
a given astivity, provided the activity coefficients for the solubtlon

1 . ‘ .
are known, The reachtion would be expressed as:

1/2 N2  + Al = AlN XXIII-9

m—

where the eguilibrium relationship is given by:

‘ &N
K. =Ky = s 1 . )
9 K{? (Fy )2 Tar - (BA1) ¥XIII-10

The activities of constibtuents in solution are influenced by the

o

resence of obher alloving elements. The magnitude of this influence is
d .

determined by the interaction parameter {See Chapter XXI), which is defined

2
as

. dllog £,1

& (% J)

where n is the alloying element under consideration, and J is another

alloying element in solution whose presence influences the activity
coefficient of n. A complete list of the thermodynamic interaction
parameters of elements in ligquid iron has been prepared and correlated

with the periodic tableé
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Inert Flush Degassing

Inert flush degassing is a process carried out by bubbling
an inert or insoluble gas through the ligquid metal. Since the solu~
bility of the gas in the liquid metal is a functlon of the partial pres-
gsure of that component in the gas phase with which the metal is in
contact, the presence of an atmosphere which is very dilute in the dis-
solved gas dnd sufficient time, will provide a means for eliminating
the dissolwed gas. The removal of dissolved gas from liquid metal in-
volves diffusion through a boundary layer in the melt and the reaction
of evaporation from the surface, and consequently, any process which
shortens the diffusion path or provides a greater surface area should
provide a more rapid means for reducing the dissolved element. The
blowing of an inert flush gas through the ligquid metal in finely dis-

persed bubbles is such a process.

An.Equilibrium Process

The process engineer is inbterested in the rabe at which
inert flush degassing will remove a dissolved gas. £ one congiders
that the flush gas is in equilibrium with the welt when it leaves the
metal surface, that is, that the partial pressure of dissolved gas in
the exiting bubble is equal to the equilibrium partial pressure for the
concentration of dissolved gas in the melt at that instant, one may

write the following relaticpship:
P

L 4 AN G
43, = (dvp + N o

T XXITI=-11
T Pg + Pp)

wnere Ng 'is the liters of dissolved gas, NF the liters of fiushing

gas, and PG and Pp represent the respective partial pressures in the
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exiting gas bubble., Since the total pressure on the system is one atmos-

phere, PG + Pp  is equal to 1, and Equation (XXI1I-11) may be rewritten

as:
l+PG )
PG’

dNp = ~dNg ( XXIIT-12

Converting from liters of dissolved gas t0 parts per million by weight:

~,20.2WW  14Pg .
ANy = = (—5— )( P ) dCq - XXIII-13

where W is the tons of metal and M is thHe molecular weight of the
dissolved gas. For the case where the dissolved gas is diatomic: the
equilibrium pressure of dissolved gas, Py, 1is related to the concen-

tration of dissolved gas by Sieverts' Laws
' 1

1
Co = Kg (Pg) XXITI-14

where the concentration is expressed in parts per million and the pres-

sure in atmospheres. The Sieverts' Law constent is given in the units,

1
ppm./(a,tm)go The partial pressure of dissolved gas is then:

_ Cg.2 .
Pe = (K2) XXIII-15
Equation (XXIII-13) may be integrated in the form:
20.24W
d. = = (= a&
Np =) aCq + Kg© =3 XXIII-16
0 | Co ¢ Cq

The volume of flush gas in liters, V.

7o regulred to reduce the dissolved

gas content in ppm from Go. to £ is:

. 20.24 W ‘ 2 -
Vo = —— (co -C) (kg +¢C co) /C Co XXIIT-17

Boundary Layer Model
There is some evidence4 to indicate that the bubble is not

in equilibrium when 1t leaves the liquid metal. The transfer of dissolwed
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gas from the liquid melt to the inert flush bubble is controlled by dif-
fusion of the dissolved specie through a boundary layer surrounding the
bubble. Since the diffusion coefficient is finite and the residence
times for bubbles are relatively small, it is quite conceivable that

the exiting bubble would not have sufficient time to reach equilibrium,
If it is assumed that the melt remains homogeneous throughout the flush
process, and that the concentration of dissolved gas in the flush bubble
exiting from the melt is quite small, i.e., that the concentration
gradient through the boundary layer film surrounding the bubble is
essentially given by the concentration of the bulk metal divided by

the boundary layer thickness, a reasonable model may be derived., It
should be noted that this selection of the concentration gradient through
the boundary layer film assumes that the concentration in the boundary
layer at the bubble surface is zero, Under these conditions, the con-
centration gradient, approximated as Ac/Ax, 1is equal to (c - 0)/5.

The kinetics of inert flush degassing are described by the relation:

wde DA poyo oo XXIII-18
T R

where D is the diffusion coefficient of the atomic specie of the gas
in the metal, AB is the average area of a gas bubble, Vy 1is the
volume of the liquid metal phase, F 1s the flow rate of the flush
gaé, tR is the residence time of the average gas bubble, and ¢ is

the instantaneous concentration of dissolved gas in the metal,

The expression integrates to the form:

C
log(—2) = k't XXITI-19
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where k' is a conshtant which may be evaluated from the factors given
on the right-hand side of Equation (XXITI-18). In general,. these factors
may be deﬁermined from the geometry of the degassing equipment. It
should be noted that tg, the residence time, is a constant which re-
presents the time required for a gas bubble to leave the sourée which
is inJjecting the flish gas and rise to the surface of the melt,

The boundary layer model, which expresses the concentration
of dissolved gas in the melt in the generai form of Equation (XXIII-19),
is in excellent agreement with the experimental ch*esx;Ll‘stlL shown in

Figure XXIII~1,

Calculation of Residence Time

The residence time may be computed by assuming that the
bubble is a sphere and writing a force balance about the bubble. The
forces on the bubble are the bouyant force, its weight and the friction
force caused by viscous drag. Thus:

F =ma =wg - mg - Fd XXIII~20
where g is the acceleration due to gravity, w 1s the mass of fluid
displaced by the bubble, i.e., having the same volume;, and m 1s the
mass of the bubble, Hence, wg 1is the huoyant force on the bubble,
mg 1is the gravitation%l force, and Fd is the resisting force caused

by friction effects in the wviscous fliuid.

ors
v °1Pp . 3fpeny
I = ——— 8 - XXIII-21
QB hq DB

where d 1is the diameter of the bubble and Py its density, v 1s the

velocity of the bubble in the vertical direction, is the density of

P,
the liguid metal, and fD is the drag coefficient which is given as a

function of Reynolds number in Table XXIII-l.
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TABLE XXIII-1

Relationship Between Reynolds Number and Drag
Coefficient for Bubble Flow*

fa "o
107 2 x 1070
106 2 x 107
10° 1.8 x 107*
10" 1.75 x 1073
103 2 x 1072
102 1.8 x 107"
10 2.0
1 35
.2 200
.18 300
.2 350
.3 100
.9 900
2,5 2000
2.5 10,000

* Reported by David Taylor Model Basin, Department of the Navy
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If a bubble is assumed to instantaneously reach a terminal
velocity and to rise with no rapid changes in acceleration, the weloc-

ity et any point is given as:

dh [hipr-epple 4 |
v =-3t = [ ‘ XXIII=-22
301 T

Where h is depth in the melt; and the residence time, %y, 1s given

by the integral:

-
tg = L‘ H(@L_QB)Q%LJ XXIII-23
3p1fp -

where H is the depth at which the flush gas is discharged.

Equation (XXIII-23 may be evaluated in either of two ways.
First, average values for the density of the gas and the diameter of
the bubble may be selected, and the average velocity computed using a
trial and error selution involving the drag coefficient and the Reynolds
number, A more rigorous approach may be taken., The density of the gas
may be expresséd as a function of atmospheric pressure and depth in the
melt, and perhaps temperature as well, since the bubble is heated during
ig passage through the liquid metal. The diameter of the bubble is
expressed in terms of the density and mass of gasesous meterial in the
bubble, These may be substituted in £he integral of Egquation (XXIII-23)
which is then evaluated graphically. Alternatively, using these expres-
siens for bubble diameter and density, the veloecity may be determined
at several depths in the melt using Equation (XXIII-22). 'The average
of these values would‘give‘a reasonable value for the velocity up
through the melt, at least one which is of higher reliability than

one calculated using the first procedure outlined. In the event that
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the velocity remains essentially constant, the assumption of neglegible

aceeleration is valid, and the residence time is given by the expression:

tR = XXIIT~2k

<im

Vacuum Degassing

An operation which is capable of producing liquid metals
containing extremely low concentrations of dissolved gasés is thet of
vYacuum degassing. The liquid metal is held in a cleosed container under
extremely low pressures, The mechanism by which the dissolved gases are
removed is essentially the same as that previously described, diffusion
through a boundary layer-at the surface and evaporation from that surface
into the vapor space above. Since the partisl pressure of dissolved
gages above the surface of the melt is exbtremely low in the vacuum and
remains that way throughout the operation, this is a very effective way
of removing dissolved gases.

Assuming the rate controlling step to be diffusion of
atomic species of the gaseous component through a boundary layer in the
metal, the kinetics of wvacuum degassing processes may be described by

the equation:

de = - DA 4 XXIII-25
at B

where A is the area of the gas-metal interface, generally taken ag the
cross-gectional area-of the cruecible or furnace hearth, V is the volume
~ of the mzlt, and ¢ is the concentration of dissolved gas. Since the
concentration at the gas-metal interface is assumed to be in equilibrium
with the gas. phase, in this case a vacuum, the concentration gradient is

given by the ratio, c/éa If the process is carried out at reduced pres-
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sures rather than under a vacuum, the gradient is given by {(c - cg)/5,
where -Ce 1s the concentration of dissolved gas in equilibrium with
its reduced partial pressure in the preocess atmogphere.

Equation (XXIII-25) inbegrates to:

Log (%9) = z?g%g—v t XXIII-26
It should be noted that according to this model, as long as the reac-
tion taking place at the surface of the melt is much more rapid than
the rate of diffusion through the ligquid boundary layer, the degassing
rate is independent of the molecular form of the gas specie formed in
the vapor space above the melt.

Figure XXIII-2 shows the concentration of hydrogen in a
melt of steel as a function of time under vaguumsp The slope of the
curve, k', i.e,, the reaction rate constant for degassing, is given
by the coefficient of Equation (XXIII-26):

D A
k' = 2,35 ¥ XXIII~27

Assuming that D equals 6 x 10“3 cmg/ming 5 equals 0.003 cm., and

A
that F 1s 50 cm, the predicted rate consbant is:

6 x lOF3 1

k' = T2,3)(0.003(50) = 0-017 min

which is in approximate agreement with the average slope of the line
in Figure XXIII-2, about 6002 minutesmla

The desulfurization of a liquid 80% Ni-20% Co alloy6 under
a vacuum of :LO“-5 atmospheres is shown as a function of time in Fig-
ure XXIII-3. The melt was 10 centimeters deep, and 1f a diffusion

coefficient for sulfur of 3 x .ZLOm5 cm?/sec and a boundary layer thick-
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Figure XXIII-2. Vacuum Degassing of Liquid Iron in
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ness of 0.003 centimeters are selected, the estimated rate constant

iss -5
3 x 10 =l
k' = (2,3)(0.003)(10) 2_4034x 10  secs

s

An average observed value of 2,1 x lO‘-LL geconds -1 is in reasonable
agreement with the predicted result,
These exemples serve to illustrate the general validity
of the assumptipn that diffusion through a boundary layer in the melt
is the rate contrplling step in the kinetics of vacuum degassing proces-

ses at high temperatures,

Other Degassing Procesgses

Numerous vacuumvdegassing processes have been proposed which
attempt to produce a larger gas-ﬁetal surface area, and consequently, an
increased rate of degassing. This is particularly important in the
treating of liquia metals since the metal temperature decreases during
the éperati@n and a limited amount of time is a#ailable for it. One
such process is the Dortmund-Hérder process which wag described in Chap-
ter V (Figure vml)a=7’8

Recently, a new process has been developed in Germany called
the Ruhrstahl—HerausvContinu@usJVacuum Procegs., This is used exclusively
in ladle degassing. The ladle of mqlten steelbis placed in a pit in the
teeming shed, and the vacuum apparatus positioned by an over-head crane,
Tubes afe lowered into the melt while the vacuum,chamber is being pumped
out by a multiple stage pumping system., Argon is introduced into one of
the tubes, and the liqﬁid steel méves up in this tube, The metal then
splashes into the wvacuum chanber where it is degassed, The time required

to degas 100 tons of ligquid steel is 15-20 minutes, and the temperature
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drop during this peried is only about 300 C. If necessary, it is pos-
sible to heat the liquild sbteel by auxiliary equipment during the vacuum
treatment9’lo, A schematic diagram of the process is presented in
Figure XXIII-L4,

Knowing the wolume of argon introduced and the geometry of
the system, it should be possible to predict the decrease in concentra-
tion of dissolved gases in the liguid metal, providing one assumes some-
thing about the degree of degassing performed in the vacuum chamber.

Several other vacuum degassing techniques include vacuum
degassing in the ladle, a process devisgd by A. Finkl and Sons Company,
Chicagoll, Vacuum stream degassing is another method of bringing more
of the surface of theAmelt'in contact with the vacuum. In this process
a lédle of steel to be degassed is placed over a vacuum chamber and
the liquid metal is permitted to flow into the vacuum chamber. The
reduced pressure causes the gases to diffuse from the metal, which is
received in another ladle below from which it can be repoured into an
ingot mold., The thin stream of molten metal allows an‘excgllent‘chan@e
for the vacuum to degas the melt quickly and efficiently, and results
by ﬁhis method have been as low as‘two parts per miliion residual hydro-
genlgé Other vacuum.degassing techniqﬁes include the consumable elec=-
trode melting process in which an inépt of matefial is simyltaneously
melted and degassed in a vacuul.

Another effective method of controlling dissolved gases
particularly for oxygen and nitrogen is that of adding & scavenging
element such as titanium or zirconium, These elements form stable
pitrides or oxides which are inseluble in liquid metals., The princi-

ples involved here are the same as those outlined in Chapter XXI .
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Figure XXIII-4. Schematic Diagram of Vacuum-Flow
Steel Degassing Process.



-278~

Inert flush degassing may also be accomplished by placing a
volatile solid in the liquid melt which then forms purging gases that
are evolved in the bulk of the metal., An engineering analysis of the
effectiveness of such a method may be accomplished in a manner similar
to that outlined above under Inert Flush Degassing,

The high éffectiveness of the methods outlined here and the
perfection of the processes, as well as the development of economic
egquipment for accomplishing them will undoubtedly see a greabter and
greater use of degassing methods as a refining operation in the metal-

lurgical industries,

Temperature Drop of the Melt During Degasgsing

The temperature drop of the melt during degassing may be
compubed directly by a consideration of the radiation and convecﬁion
losses from the metal and its container during the degassing operation.
The principal source of heat loss especially for steels is by direct
radiation from the exposed metal surfaces. The heat effect caused by
the removal of the dissolved gas from solubion and in inert flush degas-
sing the sensible heat lost to the flush gases is also negligible in
comparison. The time availlable for the degassing operation may then
be computed directly by considering the heat losses and any energy

. 1
which may be supplied te the @p@maﬁi@no“g
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CHAPTER XXIV

ELECTRONIC COMPUTERS IN PROCESS ENGINEERING

One of the major developments in the rapid advances made in
the scientific field in the last 15 yeare has baen the perfection of the
electronic computer in both its analog and digital forms. The lwpor-
tance of electronic computers in the engineering of systems has heen
established, and they shall undoubtedly take preeminence as the major
ool of the process design engineer.

There are two basic types of large-scale caleculating machines
in use today, the analog or continuous verisble machine and the digital
or discrete verisble machine. An anaslog computer is a physical system,
mechanical, electricel or opticel, which is designed in such a way that
the varisbles of the system satisfy the same methematlical laws as do the
varigbles of the problem of interest. The physical process of computa-
tion is replaced by & measurement of the physical gquantlties correspond-
ing to the values of the unknown verisbles. Digital computers; in contrast,

perform their operations by counting in a manner similiar to a desk galou-

lator,

The Digital Computer

The large-scale digital calculator will perform only the
simplest types of operabtions. First of all, it will read; i.e., assimi-
late information which is supplied to 1t on punched cards, punched paper
tape, magﬁetic tape; or by other similar techniques., Secondly, it will
remember what it has read. The memory cells of most digital computers
consist of magnetic cores, mercury delay lines, cathede-ray-tubes,
magnetic drums, banks of relays, or electrostatic storage tubes. A
relay computer remembers informetion by heving certain relays in an

_283_
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energized condition while obhers are in the unenergized condition. In-
formation is stored in a similar yes-no manner by other basic electrical
components. Thirdly, the digital machine will perforw arithmetical
operations. Most compubers will add, subbract, mulbtiply, axd divide.
By combination of these basic operations, subroutines may be developed
to take roots, raise numbers to powers, or evaluabe other commonly used
funéti@nso Fourth, the large-scale digital computer may exercise cholce,
It is able to follow a set of logical expressions, choosing bhelween one
set of operations and another on the basis of relative magnibudes of
quantities stored within its memory. Firally, the computer can write
Baged on instructions given to it, it may record on punched cards, hape,
or other output devices, the values of guantities sbored within its
memory.

Figure XXIV-1 illustrates the performance of a digital computer.
The computer reads data and instructions which are presented t@‘it, and.
then performs the operations upon the data according te the irvstructions.
In performing these operations, the computer may use avy of the five

the

facilities which it possesses. These facilities are indicabed i
square of Figure XXIV-1 which shows the computer as a black box. A de-
tailed examination of the internsl workings of a digital computer as well

5
as references on the subject has been prepared by Goode and Machol™, The

output of the computer is then the numerical results called for by the
original machine instructions,
A simple example may serve to illustrabte the way in which a

digital computer may be used. Suppose one wishes to evaluate the poly-

nomial:

, 2 3 n
R=a  +ax + ax" + 83%X7 * ooo.ta X

bl

at each integer wvalue from O to 100.
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The overall organization of the computation is shown by a
Flow Diagram in Figure XXIV-2. The instructions and initial data are
read into the machine in Inpubt Box I. The machine has been instructed
to compute the result, R, for the present value of x which has been
initialized at zero, Box II. The machine then stores the result,
R(x), in its memory, Box III. The value of x 1s then incremented
by one and the computer is asked to exercise choice, Box IV. If the
value of x exceeds 100, the limit of the range for calculation, the
computer proceeds to print the results, Box V; if not, the loop con-
taining instructions for computation and storage II and III is repeated,
and the test at IV again imposed. When the value of x exceeds 100,
the computer will call the values of R(0) . . . R{100) from memory and
write them as Output V.

The fiow diagram includes all of the operations which the
digital computer is capable of performing, I Read, II Compute, III
Remember, IV Exercise Choice, and V Write.

The Analog Computer

A particular form of the analog compuber which is finding

wide application in engineering is the electronic analog compubter or

i
2
electronic differential analyzer ., This device uses operaticrnal ampli-~
fiers to add, integrate, change sign, and wmultiply by constants greater
than 1. Linear potentiometers are used to multiply by constants less

than one; and servo-driven potentiometers are used to multiply. Ampli-
fier-servo combinations are used to divide one variable by another, and
the device often includes special generators to provide certain types

of functions. These components are connected Lo provide an electrical

circuit with the same mathematical description as the problem to be
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solved, The circuit forms a complete loop, one wariable being solved
for in terms of the remaining variables and then fed back into itself,
Congider an elementary example, a second-order, linear, ordi-

nary differential equation of the form:

dx
Ag“g+ng+0x+Dzo XXIV-2

Using dot notation and solving for the highest derivative:

0o B, C .
X ==FX=FX = % XXIV=3

A flow diagram may be drawn indicabting the solution to Equabtion(XXIT-3),
as shown in Figure XXIV-3, If % is known, X and x may be Found by in-
tegration., By performing the appropriate additions and multiplications
indicated by the right hand side of Equabtion (XXIV-2), g is obtained and
fed back into the input. This type of feedback loop is basic to solu-
tions of equations on analog computers. The initial conditions place
consbraints on the voltages in the loop in order of satisfy the condi-
tions of the problem, and the results are obbtained by output volbages

in the circuit.

Applications of Electronic Compubers

The applications of analog and digital compubers have, in
general, been in keeping with the characteristics of the two types of
3

machines The analog machine is more suited to performing dynamic

simulation of processes, particularly systems which are described in
terms of differential relationships with respect to time. Consequently,
applications of analog compubers in process desigr have been primarily

in process simulation , and in the solufion of problems involving rate

eguati@nsS’é’Tu
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The digital computer is more sulted to algebraic or logistic
problems, as well as to data reduction and processing. Applications in-
clude the solution of linear programming models {Chapter XXV1), stabis-
tical anslyses, and process simulations which are too large or complex
for the analog machim@S, Several applications of a small electronic
digital computer to problems in metallurgical research have recently
been n@ted9,

Avset of 45 problems with detailed solutions by digital and
analog computers has been prepared by a Ford Foundation Project at the

0

University of Michigan™”,

Comparison of Analog and Digital Machines

The question as to whether analog or digital techniques shoul
be employed to obtain a given problem solution often arises. The deci-
sion is not an easy one, since the advantages of oﬁé over the other may
be essentially lost in practice. The decision should be based on effec-
tiveness and cost, but other factors such as flexibility for use in obther
potential applications, ease of procurement, and consideratiens which are
relative to the implementation of the machine should be weighed.,

In general, the analog machine is less expensive. Bubt whereas
both computers can solve any soluble mathematical problem, the digital
machine is more suitable for problems which involve logic or massive
sets of data. The relative desirability of analog or digital machines
for use in solving particular classes of mathematical problems has been

111,12

discussed in some detai Table XXIlel3 presents a comparison of

the two technigues for application to process design problems.
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TABLE XXIV-1

IF you are thinking of using analog computers for process simulations-
Here are the advantages relative to digital compubters...

Analog Computer

Simulates behavior of any system by
action of eagily manipulabed and
measured variables

Simulation is continuous, permits
inclusion of concepts such as dis-
tance, velocity, acceleration

Resulte presented as family of graphs
of variation of dependent variable
(same data obtained with recorder con-
nected to process)

Speed of problem solving is direct
function of actusl speed of physical
system, is independent of size or
complexity of system

Progremmed so that parameter magni-
tudes are entered as sebitings on

variable potentiometers; parameter
vélues can be changed st will

BUT there are disadvantages, t00 .s000

Analog Computer

Size of computer (number of compubting
compenents) determines size of problem

which can be solved; simplifying assump-

tions often made to reduce complexiby

Specifically designed for solution of
ordinary differential equatiens; other
problems-~e.g., solution of simulta-

neous algebraic equation--made by trail

and error. lLess complex partial dif-

ferential equations solved if converted

to ordinary differential egquations and

one variable assumed constant; family of

solutions for different values of wvar-
igble results

Digital Computer

Performs arithmetic operations
with numbers

Operates discontinuously; can
only approximate highet order
effects

Results presented as tables of
numbers; must be plotted

Speed is direct funchtion of
problem complexity and size,
relatively independent of
operating speed of process

Flexibility not present with-
out special programming precau-
tions

Problem size refiected in com-
puting time; no limit to size of
problem if time is available

Useful in neariy all types of
problems. Complex partial dif-
ferential equations more amena-
ble to solubtion by digital equip-
ment
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NOW---if you think the advantages outweigh the disadventages, here are
some of the things that analog computers can do for you as compared
to digital compubers..coos

Equipment and
plant design

Instrumentation
and data reduc—
tion

Process centrol
Simulations (re-
search)

Chemical plant
applications

Research in basic
processes

Research in unit
operations

Plant operations
and. management
technique studies

Analog

Show great promise for work-
ing out relative sizes of
plant equipment by solving
dynamic equations of plant
performaence

Small, specilal purpose ana-

logs important in converting
and plotting single variable
and directly correlated mul-
tiple variable data in form

ef graphs

Best tool in existence for
studying resulting phenomenon;
limitation on system compiex-~
ity imposed by computer size

Definite promise as final con-
trol elements for units of
highly automated chemical
plants

Well suited to simulabtion of
chemical reaction kinetics
involved in chemical process
development

Well suited for study of
transient state such as heat
transfer, distillation

Digital

Superior for detalls
of mechanical design--
e.g8., stresses, sizing
of members, costg=--
which are trial and
error srithmetical
problems

Flexibility and accu
racy of digital com=
puters better for con-
trol of whole plants

Better for determina
tion of kinetic parame-
ters by statistical
data reduction where
necessary

Better suited for
steady~-state studies
which are usually
arithmetical or sta~
tistical

Better here because
statistics and arith-
metical operations
predominate



-292~

REFERENCES

1. Goode, H. H. and Machol, R. E. System Engineering, Control Systems
Engineering Series, New York: McGraw-Hill Book Company, Inc., 1957,
Part 4.

2, Philbrick, G, A, A Palimpsest on the Electronic Analog Art, Paynter,
H. M., (ed.), Boston, 1955.

3. Williams, T. J. Systems Engineering for the Process Industries.
Fourth E. P. Schoch Lecture at the University of Texas, Austin,
Texas, October 16 and 17, 1959.

L, Meyer, H., W., Simcic, N. F., Ceckler, W. H., and Lander, H, N.
"Blast Furnace Stove Analysis Using Special Temperabure Measure-
ments, " AIME Blast, Furnace, Coke Oven and Raw Materials Conference,
Chicago, April L4-6, 1960,

5., Howe, R, M., Application of Difference Technique to Heat Flow Prob-
lems Using the Electronic Differential Analyzer. Enginéering Re-
search Institute, University of Michigan, Ann Arbor, May 1950,

6. Chien, K. L., Hrones, J. A., and Reswick, J., B. "On the Automatic
Control of Generalized Passive Systems." Trans, A.S.M.E., T4,

(1952), 175,

T. Acrivos A, and Amundson, N. R. "Solution of Transient Stagewise
Operations on an Analog Computer."” Industrial and Engineering

Chemistry, 45, (1953), L46T.

8. Hodge, A. L. '"Predicting Effects of Oxygen, Moisture, and Fuel
Additions on Blast Furnace Operations with a Computer," AIME Fall
Meeting, New York, October 17-20, 1960,

9, Leary, R. J., Smith, R, W., Jr. and Mitchel, B. J. "Applications
of a Small Electronic Digital Computer to Pyrometallurgical Research, "
Bureau of Mines Information Circular 7959, U. S, Department of the
Interior, 1960,

10. '"Electronic Computers in Engineering Education." First Annual Re-

port ofialFord Foundabion Projectiin the. College of Engineering,
The University of Michigan, August 26, 1960,

11. Rubinoff, M. "Analog vs Digital Computers - A Comparison,” Proc.
IRE, 41, 1953, 125k,

12, Forrester, J. and Vance, A. Institute of Radio Engineers Meeting,
New York, 1951.

13, Williams, T, J. "Analog Computing in the Chemical and Petroleum
Industries.” Industrial and Engineering Chemistry, 50,(1958), 1632,




CHAPTER XXV

MATERTAL HANDLING-A QUEUEING THECRY APFROACH

Although material handling is not a unit process in the
strict sense, it nevertheless plays an important role in the inter-
relationships of these processes. The transport of materials to and
from unit processes particularly when the path is between two inte-
grated processes plays a direct and important role in determining the
overall behavior of the integrated operation. Consequently, the dy-
namic behavior of integrated processes is not thoroughly described
without a knowledge of th@ handling system which takes care of the
transport of materials throughout the integrated operation. The impor-
tance of meterial handling is born out by the fact that the rate of
production of many integrated operations is truly limited by the trans-
portation of materials to, from and within the system,

The following discussion is presented as an introduction to
some of the theoretical approaches taken regarding the movement of items
within a system. The presented materisl is not intended to be complete
but only to lay a foundation for the metallurgical engineer, and putline
some Of the methods and procedures which are available to him when con-
sidering the design of systems which involve the transport of materials.
Discussion of the types of equipment employed, the procedures and economics
involved in material handling in metallurgical plents, and the design engi-
neering of such equipment is emitted. A sound approach to plant design
engineeringl and a discussion of some of the details involved in material
handling2 are readily available in the literature. The present purpose
is to encoursige the metallurgical process engineer to think of a metal-~

Jurgical plant, as highly complex as it may be, as a system made up of

4293~
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individual units, and stimulate his interest and engineering approach to
metallurgical process design from the standpoint of system engineering.

Queueing Theory

Queueing theory is used to describe the mathematical approaches
to problems arising whenever delays occur or priorities must be arranged
regarding the sequence of a given operstion. The mathematical models and
solutions of the problems are the same whether the individuals or things
are waiting or whether a gate is moving around to the waiting persons or
objects. Applications of queueing theory have been made to a large num-
ber of.problems in which waiting time is involved, including the landing
of aifcraft, the loading and unloading of ore ships, the design of auto-
mobile parking, waiting and traffic facilities, the passage of travelers
through customs, pedestrisn movements, servicing and machine breakdowns,
etc.s’u.

In the development of a queveing model one must provide fors:

1. Gate or service points

2. An inpubt process

3. Some queue discipline

4, Some sgervice mechanism
The model then describes the situation ir which customers arrive at a
gate of service point, aré serviced, and then leave the service area.
The arrival of customers is the input process, and may be described in
terms of the distribution of arrivals at the service point, As‘the prod-
uct of the input process arrives at the service point and joins a queue,
it is termed a customer. The behavior of the customer is described in
terms of a queue discipline which determines how the customer reacts to

the existing condition of the queue. If the queue is too long, the
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customer may leave the service area and be lost to the system. In the
case of a multiple channel servicing system, the customer may join the
queue of shortest length. Or the customer may benrequired to remain in
the queue, irregardless of the apparent waiting time. The service mech-
anism is a description of the service provided in terms of the service
time involved, which may be a constant or may deerease slightly with in-
crease in queue length, or even be distribubted in some manner.
The elements of interest in an analysis of the queueing
problem are:s
1, Waiting times for the customers
2. The number of customers in the gqueue
3, The ratio of waiting time to service time
The purpose of seeking a model which describes the queueing
problem is to provide for the servicing of as many customers with as few
facilities as possible. Generally, one optimizes the ec@n@mics of the
situation by g@eking the minimum cost involved for some balance of waib-
ing time between servicing unit and customer,

Single Station Queueing Problem

let us consider the problem of determining the probability of
‘a given queue length and the expected queue length for the case of a single
station for which both input and oubput are assumed to be random. The
gueue disciplime is assumed to be thatb each arriving unit takes the last
position in the queue and that the units which make up the line are
serviced in order of appearance in the line. It may be 5hown5 that the
probability of a waiting line of length n units, P, 1s given by:

P, = (3/w) (@-2/p) XLT-1.
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if k/u is less than one, where ) 1is the mean arrival rate, and p
the mean service rate. The ratio, x/u, is sometimes called "traffic
intensity" and is the average number of arrivals per unit of service,

The mean length of a walting line is given by the expression:

n = [l~%xj“§[2 if A/p 1is less than one. XXT-2

The expected waiting time of arrivals at a single station with
random input can be formulated as follows:

Let;%% = expected waiting time and %é =.expected time. spent in
service; then 78 + Ty = total expected time consumed in both waiting and
service. When the mean arrival rate 1is A\

=2 (t, + tg), XXV-3
from which

t, =n/n - %, XXV

It can be shown thatbs

""E_S = l/p.. XXV-5

By substitution in a previous expression, Equation (XXV&.-E)y we obtain:

T, = [/ ()] - 1/p xXV-6

as an equation for expected waiting time at a single station.

In order that the real life sibuation be more closely approached
by the queuveing model, specific distfibutions for the probability of arriv-
al have often been substituted in the model. Data taken under actual
operating conditions for a sufficiently large sample have been shown to
be very closely approximated by exponential or P@issgn distributions in

several cases.
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Example of Single Station Model

Consider the case of a heat treating section consisting of a
single furnace which provides serviece for the many areas of a manufac-
turing plant. The Jjob requirements vary in a random manner as do the
arrivals of parts for heat treating. The section is operated as a closed
system and parts arriving remain until they are treated. It is further
assumed that each job is handled in the order in which it arrives. This
idealized situation corresponds very closely with the queueing model
derived above,

If the mean arrival rate A is 5 jobs per day and the mean
service rate p is 10 jobs per day, the traffic intensity A/p = 5/10 = 2.

The probability of a walting line of given length, n, is:

. n
P,o=(3)7{1 -

)=

) XXT-7
and the average number jobs waiting is:

n=71-% =1 XXV-8

If the traffic intensity A/u increases, the average gueue
lengbh increases, becoming infinite as the service time approaches the
arrival time, i.e., (1. - A/p) —=0.

The analysis above is important to the menagement of the manu-
facturing firm in determining the optimum,heab treating facilities for
handling a given distribution of job requests., In the simplified case
above, an increase in the arrival rate to a level approaching 10 jobs
per day would require that either the service times be decreased or that
a multiple station arrangement be substituﬁed, i.e., that the céapacity

of the facilities be increased.
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Multistation Queueing Problem

Consider the case in which customers arrive at a service station
and receive service from several units, S, under the assumptions made
for the single station model. The probabilitj of having to wait in line
which is the sum of all probabilities that all service facilities are

being used or that @& or more customers are in line is given by the ex-

pression:
(v] S Po
W=y B o= 3 (1 - ) XXV-9
ng K : U]

where W 1is the probability that all service facilities are being used
and PO is the probability that zero customers are being served. The
gverage walting time for the case of multichannel servicing facilities

1s: N g
- Po A
t o= w)

W i s(ss)[lu(h/us)]E XXv-10

and it also may be shown that the probability of no customers being

served, Po, is given by the expression:

1
P =
(o] S“’-l

2 Qa0 fsr - )1 XAT-11
n=o .

Example of Multistabion Model

The crane facilities provided in an open-hearth shop for tap=-
ping, teeming, and other pouring floor service requirements may be opbi-
mized by application of the multistation queueing model derived sabove.

While strictly speaking, the behaviof of the handling system
in a steelmaking plant does not follow the assumption of random input and
output, (in fact in most plants a large staff of people are engaged in

preventing it from becoming so!f!), the model permits some examination
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of the problem and represents a situation more extreme than normal. It
may be assumed that the facilities, one, two, three, or more cranes, are
the service gates which provide service to the customers (the furnaces),
and do so on a basis which permits any free crane to handle the service
requirements of a furnace, the furnaces queueing until service may be
provided. This last assumption is also not accurate since the cranes
usually operate on the same track and are not free to move around each
other to change their relative positiong The assumption may beljustifiedg
on the basis that a créne which has received a ladle of metal may trans-
fer that ladle to the next crane and then proceed to provide service to
a furnace further down in the shop.

Consider an open hearth shop consisting of Lwelve 200 ton
furnaces which average 10 hours per heat. The service times for tapping,
pouring, and removing the slag ladles average 1.0 hours. per tap.

The average time between arrivals is 0.833 hours since in a
10 hour period, an average of 12 heats would require servicing. In a
24 hour period, an average of 28.8 arrivals would occur, requiring a
total of 28.8 hours of service. Thié service requirement dictates that
at least two cranes ére necesgsary.

Evaluating the expected waiting times for the furnaceg for two
cranes may be done as follows. From Equation (XXV-11), where the traffic

intensity, 3/p = 1/0.833f1/1.0 = 1.2 heats per average service times

By = Jtmr— L = | XX7-12
Y (L.2)®/my + [(L.2)=/201-(1.2/,)]]

n=0

= 1 =
[ERE W R WAL o) R

T = 0.250 2 (1.2)? = 0.561

(1) (2) (2) [1 ~ (loa/g\?] XX¥-13
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One may thus prepare a table indicating the waiting times for the furnaces
in average service time units as shown in Table XXV-1,

The average waiting times of the furnaces are given in Table XXV-1,
The total waiting time of the furnaces is given by the average waiting
time per heat times the number of heats per day, 28.8. The total waiting
time of the cranes is given by the available hours, 24 times the number
of cranes, minus the required hours of service, 28.8.

Assuming an operating cost of $300 per hour for the furnaces
and $50 per houf for the cranes, the total cost of idle time may be
computed as shown in Table XXV¥2. The optimum.sérvice facilities are
indicated by the minimum cost and in this case are shown to be 3 cranes,
a result in keeping with practice in the industry,

Other Approaches to Queueing Problems

The analytical methods presented above are relatively straight-
forward and the examples used to illustrate them have been greatly sim-
plified. Only a restricted number of cases can be validly treated by
these methods. There are however, techniques for determining the
characteristics of a queueing system when the arrival and service dis-~
tributiens are not conveniently expresses matheméticallya These methods
are described in the literature under several headings which includes:

1. Monte Cario,ﬁechniques
2. Theory of Games
3. Stochastic Processes

The problems involved in analyzing queueing situations which

arise in actual integrated plant operations are extremely complex and

often prohibitivelybdifficult. However, advances are coming rapidly and
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TABLE XXV-1
Summery of Calculations for Multistation Queueing Example

Average Furnace Waiting

- Time
Arrivals per Service No, of Ave. Ser.

gervice Ltime time Cranes Time Units Hours
S . P
o}

1.2 1.0 2 0.250 0.561 0,561

1.2 1.0 3 0,294 0.078 0,078

1.2 1.0 L 0.300 0.013 0,013

TABLE XXV-2

Cost Analysis for Service Facilities in Open Hearth Shop

No, of Idle hr. Cost of Idle hr. Cost of Total Cost
Cranes Cranes Cranes Furnaces Furnaces per 24 hr,
2 19.2 $960 16.2 $L860 $5820
3 h3.2 2160 2,25 675 2835

Ly 67.2 3360 0.38 11k 347h
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new applicdtions are being\generated at a high rate. Consideration of
these concepts ig inherent to the system approach in metallurgical proc-
ess design, and greater emphésis will undoubtedly be placed on the

queueing theory approach to 'material transportation problems,
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CHAPTER XXVI

Linear Programming is a mathematical procedure usged for solv-
ing a general class of optimization problems which involve a combination
of a number of interacting factors to produce a maximum or minimum re-
sult. In order to apply linear programming, the following criteria must
be met: 1) There is some function that is to be made a maximum or
minimum. 2) There is a variety of solutions, each of which is subject
‘t0 a set of well defined restrictions which may be expressed as equal-
ities or inequalities. 3) Among the variables of the problem, the
relationship between any two may be represented by a straight line or
linear relatibnship at least to an acceptable degree of approximation.

The use of the linear programming model may be illustrated
by the following example. Consider avmetallurgieal firm which wishes

to produce an alloy steel of the following specifications:

Venadium - 0.8% Minimum
Chromium - 1.8% Minimum
Manganese - 0.6% Minimum

In addition, the firm possesses a supply of two alloying materials of

the following compositions:

Alloy 1 Alloy 2
% v L0% 10%
% Cr 40% 30%
% Mn 10% 30%
% Fe Balance Balance

where Alloy 1 costs $4 per pound and Alloy 2 costs $2 per pound.
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On the basis of the production of one hundred pounds of the
desired alloy steel, let Xy equal the number of pounds of Alloyl used
and x, equal the number of pounds of Alloy2 used.,

A combination of Xy and X5 will produce a solution to the
problem if and only if that combination satisfies the specifications

for the alloy steel. This may be expressed as:

O.h % +0.1x, 0.8 XXVI-1

0.h 3, + 0.3 %5~ 1.8 XXVI-2

0.1 x4 + 0.3 %5 >0.6 XXVI-3

Where: Xq >0 XXVI-k
Xp >0 XXVI-5

It is possible to show graphically the feasible solutions
which satisfy the set of inequalities presented above. The shaded region
of Figure XXVI-1 contains all the allowable solutions.

The solubtion to the problem is found in the optimum combination
of alloying additions which minimize the cost function:

C = 4xl + ax, XXVI-6

The cost function may be plotted as a family of parallel lines whose
parameter is total cost. The family of parallel lines may‘be super-
imposed on the graph as shown in Figure XXVI-1 from which it may be con-
cluded that the optimum alloying addition.will‘occur at the vertex of
the line béunded region of feasibie additions. Since the firm seeks the
lowest cost, the optimum alloying addition occurs at the point (0.75,5)
indicating that the optimum addition consists of:

3/4 1b. of Alloy 1

-} per 100 1lb., of steel
5 1b. of Alloy 2.

at a cost of: (3/4) 4+ (5) 2 = $13 /100 1b. of steel
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o/ \\
\

Figure XXVI-1. Graphical Solution of Two-Dimensional Linear
Programming Problem.



-3o8=

The linear programming model in three dimensions is illustrated
by the following problem, A metallurgical firm is considering the pro-

duction of three high speed tool steels:

Tool Steel %2 B % 84 % C,. % v % w % Cq
VD1 0.8 0,20 0.25 4,00 2,00 15.0 5,0
VDR 0.8 0.20 0.25 4,00 2,00 18.0 9.0
DL 0.80 0.30 0,25 4,00 2,00 20,0 12.0

Under a government rationing plan the "critical® alloying materials
tungsten and cobal®t are availableltq the firm in the amounts of:
1000 1b. Tungsten
}, per month
500 1lb, Cobalt
The return to. the company on the three products indicated above is:
VDL - $1.00/1b
D3 - $1.20/1b
VDk - $1.50/1b

These conditions may be summarized in the following equations:

0.15 x5 + 0.18 Xy F OOQ‘XQ < 1000 XXTL-7
0.05 %y + 0.09xy + 0.12x3 < 500 XXVI-8

where X,, X5, and X4 are the pounds of VD1, VD3, and VDU, to be produced,
regpectively. The profit function which . is to be maximized is:

Profit :.xl + 1.2 xg

+ 1,5 x_ = Max IXGL-9
3
In this case, the region of feasible solubtions is found in three dimen-
sions and is represented by a polygon bounded by the planes corresponding
to the equations above,
As in the two-dimensional case, the opbimum solubion will

occur at a verhtex of the polyhedron. In this case, the cost function

will define a family of planes. It is obvious that as ths mumber of
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variables increases, the geometry of this method becomes more and more
complex. As a result, it is necessary to turn at this point to an alge-
braic approach which may be applied to any number of variables, the
Simplex techniquela

The Simplex Technique

The general maximization problem may be stated as:

n
C =) ciXy XXVI-10
i=l

where C is the function which must be maximized, subject to the restric-

tions:
n
Z aj_J'Xi 2 bi XXVIi-11
1=l
and
Xy >0 KVI-12

A parallel set of equations may be written for the general minimization
problem, and it may be shown that the solution to every maximization
problem is equal to the solution of the dual minimization problem, and
that the converse is also true.

The problem above is phrased in the form given in Equabion
(XX7I-9), with the restrictions to the problem being given by Equations

(XX¥I-7 and -8), and:

X, >0 XXTI-13
X, >0 XXVI-1k
X3 20 XXVI-15

The restrictions of Equations (XXVI-13, -14, and -15) simply state that
a negative quantity of high-speed steel cannot be produced, whereas those

of Equations (XXVI-7 and -8) state that the amount of alloying materials
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used to manufacture the alloy products must not exceed the total amount
-available to the firm.

To proceed toward a solution by the Simplex method, the system
of inequations ié reduced to an equivalent system of equations by intro-

ducing new non-negative variables, x) and X5, 80 that:

0.15 x; + 0.18 x, + 0.20 %q + x) = 1000 XXVI-16
0.05 Xq:+ 0.09 X5 F 0.12 X3 + X5 = 500 XXVI-17
These new variables, x), and XS are called "slack variables"”. In this

problem it can be seen that the positive values of these slack variables
represent the émount of alloying element which is available to the firm
but which is not consumed. The profit function which is to be maximized
is thus Equation (XXVI-9), the profits associated with Xh and x5 being
Zero.

The equations are now set up in the form of a matrix or table,
as shown in Table XXVI~1l, where the coefficients of Xyeoe Xg, i.e. the
a; ;'s of Equation (XXVI-11), and of x_, the b;'s of Equation (XXVI-11),

J

are listed.

TABLE XXVI-1
X X X X X X
1 2 3 L 5 o
0.15 0.18 0.20 1.0 0 1000
0.05 0.09 0.12 0 1.0 500

The Simplex method of caleulation is based on this matrix,
arranged as shown in Table XXVI-2, A column labeled "Basis" is placed
to the left of the X column in which the basis vectors are listed, in

this case, the slack vectors. A row of Pj"S are added above, where these
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TABLE XXVI - 2

P, L L2 L5
Basis Pij :c; Xq X5 X3
), 0 1000 .15 .18 o2
« Xg 0 500 -05 .09 .12
Kj 0 0 0 0 0
Kijj -1 ~1.2 -1,5%
TABLE XXVI - 3
Xy 0 166,7 0667 .03 0
- Xg 1.5 INRCy ,4167 -« 75 1
Kj 6500 .625 1,125 1.5
K4-P; -.375% =-.075 0
TABLE XXVI = L
=» Xy 1 2500 1 45 0
Xy 1.5 3125 0 «5625 1
ks 7187.5 1 1,29k 1.5
K.-P, 0 0,094 0

@]

N

15

=625
5,625
5,625

167
81133
12,5

12,5

.u25
18.75
3.125

3+125
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are the coefficients of the corresponding xj's in Equation (XXVI-9), the
profit function. A column of Pi‘s are added, corresponding to the Pj‘s
but being subscripted with an i to indicate row instead of column.
The profit function is then:
. 2
Profit =K =% P.x. XXVI-18

. Jd

J=1
Next, a row of numbers, indicated by'Kj, is entered where J refers to
the appropriate column. The coefficients of the xij's, the element in

the ith row and Jjth column, are used to compute Kj as the sum:

K, =) P.x,. XXVI-19

A row lsbled K, - P is added to the table, a value which is determined
J J
for each column.
This listing constitutes an initial feasible solution which

is given by the column vector x. in terms of the basis vectors,

O

x) = 1000 X5 = 500 XXVI-20

The initial feasible solution thus consists of doing nothing, i.e., use
none of the available materials, which results in a profit of K = O.

Criteria for Optimization

The problem, ‘once having obtained a feasible solution, is to
determine whether or not a more profitable solution exists. This may
be decided on the basis of the following possibilities:

A. The maximum profit is infinite and has been obtained by

the present program. This is true if all Xij’are less
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than or equal to zero in a column where Kj - Pj is

negative,

B. The maximum profit is finite and has been obtained by
means‘of the present program. Thié*c@ndition may be
recognized when all ‘KJ - Py are positive or zero,

An optimal program has not yet been found, i.e., larger

2

values of XK exist. This case requires further calcula-

tion and is identified if some x5y are positive when

Kj - Pj is negative.

Procedure for Calculation

When situation C exists, choose the most negative KJ - Pj“
In the present example, this is K3 - P3 = 1.5, as indicated by the
asterisk in Table:XXVIHZo This détermines which of the xj”s Will be
entered into the Basis column in‘Tablg XXVI-3Q To detéermine which wvector
will be replaced, divide each of:?he pbsitive xij”s appearing in the
selected column into the correépéndi@g 'Xid which appears in the same
row under XO' Theismal;est ofyﬁﬁese ratios then determines the vector
to be replaced. In.the presénﬁ'example, the ratios XlO/Xl3 = 1000/0.2
and‘xéo/x23 = 500/0.12 are considered;;thé}seeond being theysmailer and
indicating ﬁhat thé sec@nd’f@w,'véctbﬁ x5 ”isjthe one:to be replaced.
This 1s indicated by the arrow in Tgble XXVI-2, and a new basis is formed
consisting o:&"x.4 and xsa

The eleéments of'the row to be entered are calculated by dividing
each element of the row being rembved By the element in the selected col-
uﬁﬁu» Thus as shown in Table XXVI-3, ‘XS’ the row corresponding to xS,
has been formed by dividing eéch element of ‘XS' by x23 of Table X¥VI-2,

0.12 in the present case,



The remainder of the table is formed in the following manner,
Select a constant which when multiplied by the element of the row to be
removed in the selected column gives the negative of the element in
another row of that same column. Multiply each element of the row to
be removed byithat same constant and add the element to the element in
the other row. Repeat this procedure until all rows have been thus
modified, the result being that the selected column will consist of
zeroes except for a one in the row which was entered as shown in Table

XXVI-3 for column x In the problem under consideration, each element

3°
in row 2 of Table XXVI-2 was multiplied by -1.667 and added to the cor-
regponding element in row 1, thus generating row 1 of Table XXVI-3. 1In
the general case; this procedure would be carried out for all of the
several rows which might be present.

The Kj's are then computed by Equation XXVI-19, and the
values of KJ - Pj' determingdq The procedure is then repeated until
either situation A or B exists. In the present case, the solution is
obtained after two iterations. The optimal solution 1s presented in
termé of the pouﬁdg of alloys produced, pounds of materials used, and
the profits in Table XXVI-B.

The‘example'selected has been intentionally simple in order
to present the basic procedures involved in the Simpiex technique., In
general, applications of the linear programming model involve very high
order matrices which are treated by the iterative procedure indicated
abdve° Such a situation immediately brings to mind the use of a large
scale digital computer. And in fact, digital computers have been used

to great advantage in the solution of Several linear programming problems.



Alloy

VD3

VD

Total
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TABLE XXVI-5

Optimum Program for Alloy Preduction

lb, produced 1b, W
2500 375
0 0
3125 625
1000

1b Co

125

375

500

This table indicates that the optimum profit

'ig obtained when only alloys VDL and VDL are

produced in the amounts of 2500 and 3125 1lb.,
respectively. The entire allotment of tungsten
and cobalt is used in the production of these

two alloys, to the exclusion of alloy VD3,

Profit

$2500.00
0

4687.50

$7187.50
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Applications of Linear Programming

Linear programming has found considerable application in the
field of business planning and operation. Problems which have been
solved by linear programming techniques include personnel assignments,
the blending of aviation gasesE, contract awards6, allocation of manu-
factured products7:8, and the long-range planning of coke-oven replace-
mentsg, as a few examples.

The use of linear programming for control of technical proc-
esses has been developing rapidly in all fields of science, particularly
in the chemical industrieslOs 1L, lgo Fabian®3 has proposed the use of
linear programming to determine the least cost rate of input of materials
into an integrated steel mill, Although Fabian's treatment of the prob-
lem is relatively limited, it clearly illustrates the potential of the
method and represents an excellent approach to a very difficult problem.
Hilty le;.<':LJ_.lLL have used linear programming to predict the minimum mate-
rials cost for stainless steels.

It should be noted that the foregoing discussion is by no means
complete, In addition to the Simplex technique which was introduced in
this chapter, a very powerful and simple approach t0o the problem termed
the transportation techniéue ig desirable for use whenever possgible for
large-scale problems since it‘involves the simplest arithmetic operations. .
The transportation ﬁechnique will not, however, handle the general class
of linear optimization problems as will the Simplex techniquels, The use
of linear programming, particularly in conjunction with large-scale digi-~
tal computers, should offer an excellent means of utilizing the vast
amount of fundamental data that is being produced in various areas of

process metallurgical engineering. By combining these data with the
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available operating and economic data in the form of linear programming
modelsg, many problems both economic and operative which face the metal-
lurgical process engineer may be greatly clarified and suitable solutions

worked out using this technique.
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CHAPTER XXVII

Process Simulation

One of the principal applications of computers to process
metallurgical engineering is in the area of process simulation. A
detailed computer simulation of a process to determine the effect of
all process parameters on yields and on by-product formation requires
the derivation of a complete reaction model. An accurate simulation
of a process permits optimum processing conditions to be specified be-
fore any final plant design or plant tests are made, thereby elimi-
nating many of the difficulties of scale-up and the requirement of
pilot plant tests.

The derivation of an accurate dynamic model is often not an
easy task, and one is faced with the alternatives outlined in Chapter V:

1. A description of the dynamics of the process in terms of a
series of differential equations which describe the mass
and energy transfer processes which occur in the reactor.

2., A description of the process dynamics in terms of the oper-
ating results of similar reactors which are already in
commercial use. A detailed description of the change in
chemical concentrations, temperatures, flow rates, etc.,
as funcﬁions of time may be reduced to descriptive func-
tions by numerical analysis with the assistance of a digital
computer, or by trial and error techniques using an analog
computer.

3. The system may be described in terms of the average oper-

ating characteristics for the particular type of reactor
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based on the observations made on commercial-sized units.
The particular reactor may present a characteristic con-
centration-time relationship, or may involve temperature
dependences which are easily observable. In this case,
the average operating results may be applied to the system
which'is in the design stage. This model is not entirely
a dynamic one, but is certainly highly descriptive of the
process and may be used to some sdvantage.

4, In the case of metallurgical reactors in which the mechanisms
of the processes being carried out are not at all understood,
one may neglect the process dynamics and select a process time
for a batch unit or a suitable flow rate for a continuous unit
on the basis of either previous experience or good engineering
Judgement. Although this final choice 1s far from a satis-
factory one, the reduction of the process model to a mass and
energy ba;ance does permit the evaluation of many of the proc-
ess variables and furnishes a basis on which the dynamics of
the process may be either estimated or evaluated after con-
struction of the pilot plant or commercial-sized unit.

The set of simultane@us equétions degcribing the process system

includes one for each separate chemical species formed or utilized in
the chemical reactiong comprising the process. The mass and energy

balances for each chemical species are interrelated in the form:

49 _ Ly & Ay XXVII-1
at at

where V 1is a factor which converts concentration to weight units,

Osig dhe concentiration of ‘the product, A is the change in thermal
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energy during the reaction for each weight unit formed, and %% is, the
rate of heat gain to the complete reactor r system. As outlined in Chap-
ter II, heat transfer equations may then be set up to include:
1. The energy manifested as a temperature change in the reac-
tion mass.
2, The energy representing that appearing as a temperabure
change in the reaction wvessel.
3s The energy transferred to or from the surroundings.
Having expressed the process variables in such a set of simultaneous
differential equations, the dynamics of the system may be included in
the process model iﬁ the form of a differential equation involving the
changes in concenbration with regpect to time as functions of process
geometry and chemical driving forces,
Congider for example the reaction which takes place when a
reactive gas ig contacted with a liquid metal. The differential equa~
tion describing the solution of gas in liquid metal has been presented

in Chapter IV and may be expressed as:

de o DA (5.-c) XXVIT-2
it 8§ 7

If the particular gas under consideration is nitrogen, and the melt is
pure liquid iron, the mags and heab balances may be‘iﬁterrelated by the

relationships

aQ _ _ldec| W 860 X
at [EE] 100 1k 11-3
dQ de
wheres It 1s energy transferred to the system in cal/sec, 3t 1s the

rate of change of concentration in wt, %/secy W 1is the weigh%t of the

melt in grams, (860/14) is the heat of solution in cal/gm.
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The dynamics of the process may then be expressed in terms of equations
*XXVII—z and XXVII-3. These equations, when coupled with the mass and
energy balances may then form a process model suitable for simulation.
The dynamics of this simple process are very well understood, and the
computer simulation of such a process would yield highly accurate re-
sults. This particular model would correspond %o the dynamic process,
Model 1 indicated above.

Process model 2 would involve the observation of the behavior
of the system with respect to mass changes; that is, gas going into
solution in the metal and temperature changes along with the variation
in those quantities entering into the mass and energy balances, Such
data could then be reduced on a computer to a dynamic model which would
yield a highly accurate simulation of the process, accuracy of course,
depending upon the relisbility and extensiveness of the data taken.
Process model 3 would involwve the. averaging of data observed on many
systems involving gas~-metal equilibria, and the application of such
generalized gas-metal behavior to the system under consideration. One
might assume, for example, that the gas content of the metal wvaries
linearly with time and that.the average time_of solution is given by a
certain number of minutes. éuch a‘model,vof céurse, is not highly ac-
curate, but does permit a reasonable prediction of the behavior of such
a -gas-metal equilibration process.

The final dynamic model, which was essentially to ignore the
variations in ﬁrocess variables with respect to time and merely examine
the overall results, can also be applied to this particular process.

If the equilibrium state of the system is known, and one hag reason to
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believe that sufficient time will be allowed to approach this equilib-
rium condition, the mass and energy balances of the system may be written
on this basis.

The example system selected above was a highly simplified one.
In the general case, there are a large number of concentration varia-
bles as well as many ill-defined thermal and geometrical paraﬁeters
involved. In most metallurgical process operations, one is faced with
the.relatively difficult task of not only evaluating each of these
variables, but also attempting to write a descriptive model which in-
volves their interactions as well, Much of this data has become avail-
éble in the lagt few years and conéiderable work is presently being
expended in this direction. It is thus expected that approach 1 will
become more and more important as metallurgical process operatlons are
better‘understoodo In the present situation, the availability of high-
speed computing equipment as well as the installation of better instru-
mentabion and control systems in>metallurgical plants should permit very
advantageous use to be made of approach 2. The development of data
processing techniques and the success %ith which simulation of proc-
esses has been used, particularly in the éhemical industries, should
be an indiecation to ﬁhe practicing meﬁ@llurgist that considerable
clarification may be brought to bear on the operation of metallurgical
processing plants.

In attempting to write descriptive models for the purpose of
process simulation, oﬁé should bear in mind some of the basic elements
of process dynamiés. It may be noted that the dynamic behavior of a

chemical process depénds upon the kinetics of the reactions involved,
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upon the manner in which the environment variables change with time,
and upon the geometry of the system., To relate these factors quanti-
tatively requires that differential equations be formed to express the
interrelation which exists between physical wvariables. As indicated
above, these data are generally not available; or if available, are
not easily solved by means of arithmetical methods because they are
non-linear equations, However, it i1s often unnecessary to make a
precise study of the dynamics of the process in order to sufficientl
approximate the reactor dynamics to a degree that may be useful in ob-
taining engineering results,

The rates of metallurgical reactions may range from very
slow to very rapid. The relative speed of the reaction with respect
to the residence time in the system determines whether the chemical
reaction process or the material handling process has the dominant role
in the process kinetics. When mixing lags are small and reaction rates
are slow, the dynamic behavior of the system may be determined largely
by the chemical kinetics.

However, when reaction rates are high and material handling
lags large, the situation reverses. Instantaneous conversion of
charge material into product can be assumed and the kinetics of the
process treated on the basis of the material handling dynamics of the
product emerging from the system. If material handling is the rate
controlling step, static maberial balance equations may be used to
describe the conversion of raw material into product in an "ideal system",
These equations can be then modified'by the appropriate functions to de-

scribe mixing and transportation of material,
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In addition to the above concepts, a number of assumptions
are often made to facilitate the formulation of a descriptive process
mode. Batch and continuous stirred systems are generally considered
to be perfectly mixed, that is, there are no temperature or concentra-
tion gradients existing in the reacting materials. The heat transfer
coefficients throughout the system are c@nsidered to be constant at the
ambient operating temperatures of the system, The heat transfer coef-
ficients used, although assumed constant, would be characteristic of
the particular media involved. That is, the heat transfer coefficient
between the charged material and the reactor walls and the heat trans-
fer coefficient between the system walls and the surrounding are dssumed
to be congtant although most probably of a different magnitude. The
temperabures within the system are assumed to be constant although
possibly different in different areas, or different media within the
system. The use of these assumptions of course involves their Justi-
fication in the application for which they are used, and in this regard,
one must often rely on engineering judgement, particularly in the case

where previous experience in the area is not available,
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CHAPTER XXVIII

SYSTEM ENGINEERING

The goal of this text ko the present point has been to provide
a basic understanding and an engineering approach to the unit processes
involved in metallurgical process engineering. This is the foundation
of metallurgical process engineering. Bubt, as a goal itself, it is
inadequate. In recent years, the processing industries have come to
realize more and more that they may no longer think of their plants as
an assemblage of unit processes interconnected by material handling and
mass transport systems. The individual components of a metallurgical
plant should not be designed for a specific operation in wview of the
fact that each of the separate units in such a plant influences the
others in subtle as well as direct ways. In the face of such a situa-
tion, the engineer»is forced to view the metallurgical plant and each
of its component unit processes as an integrated syshtem. The system
viewpoint or approach to engineering design is rapidly being demon-
strated to be vastly superior to an approach which evaluates each unit
process on its own merits and then attempts to connect the several "best"
processes into an integrated operation. It is alsoc becoming apparent
that control instruments need to be specified with the process as a
whole in mind rather than merely the specific processing unit alone on
which the instruments are to be installed.

System engineering may be defined in terms of the engineering
approach to plant and process design which it involves:

1. Consideration 1s made of all aspects of the design of the

proposed plant as a single unit including kinetics, heat and
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mass balances, and process dynamics as well as instrumentation

and automatic control.

2. Recognition is made of the fact that the relationships which
are involved in such a comprehensive spproach may be numer-
ous and complex and with this in mind the use of electronic
computers, both analog and diéital, is.given full considera-
tion.

3. The assistance of basic and spplied research organizations
are sought to provide the greater amounts of basic data which
are necessary for such an approach to design of process opera-
tions.

4, The inclusion of automatic control concepts in the integrated
system design is considered to be almost a necessity in order
ﬁo provide optimum operation of the system as a whole.

Any processing system for the handling of chemical or mineral
raw materials may be deseribed as a network of alternating reaction and
separation Zonés° Raw materials and energy are supplied to a reactor
from which flows the product in the form of a mixture of desirable and
undesiréble materials. The products leaving the reaction zone are usually
hot and must be cooled down before they can enter succeeding oi)erationso
From the product stream, energy is extracted., This operation may occur
before or after therséparation operation in which the desired préducts
are removed from the product stream of the reactor. In view of these
considerations, the system engineer would favor reaction systems which
provide a means for“exchanging energy between the cooling down of the

product stream and the heating up of the input feed stream. Certain
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types of metallurgical process systems possess distinct advantages
on this basis alone,

In addition to the specific reaction vessels which make up
the system, the process metallurgical engineer must consider waste
removal and material handling problems, and should evaluate the reactor
type and the particular components of the system as part of an orderly
system design study. One must also consider factors which are exterior
to the system design. Such problems would include the choice of raw
materials and the ability of the system to handle the wide wvariation
in raw material properties, which the feed might possess. Waste dis-
posal problems are also a factor which must be considered with the
view of the entire system in mind. ZEconomic factors such as deprecia-
tion procedures, tax situations, public relations, and other forces which
bear upon the business decisions the management of the firm may make must
also become an integral part of the system design.

In order to accomplish this large and formidable task of pro-
viding an adequate system design, the process metallurgical engineer
will be required to draw upon basic sclentific information relating to
the process under consideration, to the use of analog and digital com-
puters, as well as to the use of advanced mathematical techniques in
order to evaluate and describe the numerous and complex relationships
which exist between the components of a system. The engineer must be
well founded or at leagt familiar to the point that he is able to make
use of the rapidly-developing techniques of operations research in order
that he might provide for an orderly flow of materials, equipment, and
labor to produce the maximum product at the minimum cost. Having devel-

oped relationships regarding the influence of the components of the



-332-

system on one another, the system engineer may provide an adequate de-
scription of the system in terms of the integrated models for each of
its components. The techniques of linear programming will be of con-
siderable advantage in seeking the solution to such a problem.

System engineering is a rapidly dewveloping and highly advanced
approach to process design: It 1s expected that in the future by system:
procedures, processes may be designed from fundamental kinetic data with
the design yielding specifications for optimum operating conditions.
Based of course on the accuracy of the models derived, it is expected
that economic evaluations can be made with confidence, and cost may be
predicted more accurately than at the present time. If proved, system
design based on a knowledge of process dynamics can trim down the de-
sign of particular units and yield a legs expensive but improved system
which is able to operate at optimum‘coﬁditions under the guidance of
improved control systems. Capital investment could then be reduyced
and maximum production obtained from any given equipment with improved
quality as a result of improved control., Compubter simulation of proc-
esses has beeﬁ demonstrated to be feasible and to be economically advan-
tageous, Research into process system behavior and the mathematical
representation thereof have resulted in improved control systems, as
for example, in the petroleum industry’s computer conbrolled plants.

The process metallurgical engineer is presently placed in a
position which requires that he be familiar with the techniques of
system engineering, for just as it is possible £0 design and build a
computer controlled plant with highly complex but very effective con-

trol, it is Jjust as easy to design a system involving extensive and
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costly control systems which are computer oriented but are not
a;@n@mically justifiable. The computer might be over-taxed as a
control element and essentially become an expensive data recorder, or
be required to carry out duties which could be just as easily handled
by much simpler and cheaper sténdard controllers. The metallurgical
process engineer engaged in such system.désign'has a great respon-

gibility in seeing that proper installations are specified.
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TABLE OF PHYSICO-CHEMICAL CONSTANTS

Acceleration of gravity, standerd 32,17 ft, sec™?

Atmosphere, standard 760 mm Hg
14,7 psi
Avogadro's number, N 6.02 x 1023 mole-l
Boltzmenn constant, R/N, k 1.38 x 10”16 erg degree‘l
British Thermal Unit 252 g-calories
778 £t-1b
Calorie, gram 4,183 int joules
Coulomb 1 ampere-sec
Electronic charge, e 4,80 x 10710 esu
1.6 x 10719 abs coulomb
Electronic Mass, M 9.106 x 10-28 gram
Faraday, F 96,496 abs coulomb equiv’t
23,060 cal volt~l equiv-l
Gas constant, R 0,730 cu ft-atm °R™1 1b,-mole-1

1,987 cal °K~lg-mole-l
8.31k x 107 erg °K-1 g-mole-1

Horsepower, 1 hp 33,000 ft=-1b min=1
Ice point, 0°C 273.16 °K
32°F, 491.7 °R
Kilowatt, kw 1.341 hp
Neutron mess 1.6745 x 10'24 gram
Planck's constant, h 6.62 x 10727 erg sec,
Protron mass 1.6723 x 10-2k4 gram
Stefan-Boltzmann constant, o 5.672 x 1072 erg em=2  sec™t dLegr’ee""LL
0.173 x 1070 Btu £t-2 hr-1 °g-4
Velocity of Light in Vacuum 2,998 x 1010 m sect
Volume of ideal gas, STP 22,41k liter g-mole~Ll

359 cu ft 1b-mole™L
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