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i n îe x i c o . . . . . . . . . .  . . . . . . .
Exterior view of the gas off-take and its 
interface with the boiler. . . . . . . . .
Detail of brickwork at reaction shaft- 
settler interface. . . . . . . . . . . . .
Top of the Hidalgo Smelter reaction shaft. 
Matte being tapped from an Outokumpu
flash furnace. ....................  . . . .
Effect of concentrate feed rate on heat 
losses expressed per tonne concentrate . .
The matrix of flash furnace equations and
inequalities . . . . . . .     .
The converter mass and heat balance 
equations and inequalities . . . . . . . .
Effect of matte grade on total furnace O2 
and furnace industrial oxygen requirements 
Effect of matte grade on volume % O2 
required to operate a flash furnace
autogenously with no air preheat...........
Effect of matte grade on the masses of 
flash furnace products. . . . . . . . . . .
Effect of matte grade on converter product
m  S S S G *5 * o 0 0  .0 o e o o o e o o o o o 0 0 o

Effect of matte grade on smelter revert 
generation and on the quantity of reverts 
which can be melted with and without oxygen 
c n r 1 c hm n "t. . ... . . . . . . . ... . . . .
Effect of matte grade on total smelter
off-gas with and without typical air 
113 f 111 r a 11 ̂3 n . . . . . . ... . . . . * . . .
Effect of matte grade on flash furnace fuel 
(residual oil) requirements. . . . . . . .

ix

16
19
21
25
26
27
28
29
30
31
32
3 3 
45 
75 
88
93

94
96
97

99

100
102



X
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

7.8 Effect of matte grade on the amount of 
enthalpy entering the flash furnace in the 
preheated air. . . . . . . . . . . . . . .  103

7.9 Effect of smelting mode on flash furnace 
off—gas mass. . . . . . . . . . . . . . . .  104

7.10 Effect of matte grade on mass of dust
recycled to the flash furnace. . . . . . .  105

8.1 Energy and cost equations and inequalities. 118
9.1 Conceptual presentation of the 

optimization model. . . . . . . . . . . .  120
9.2 Effect of matte grade on energy costs. . . 131
9.3 Effect of oxygen on energy costs

(Equation 8.14).......... .. 133
9.4 Effect of oxygen on the optimum matte

g r a d e . . . . . ... » . . . . . * . . . . 1^5
9.5 Effect of volume % O2 in converter blast

on energy costs. . . . . . . . . . . . . .  137
9.6 Effect of converter oxygen enrichment 

(expressed as kg oxygen per tonne 
concentrate) on energy costs. . . . . . . .  138

9.7 Effect of concentrate grade on energy costs
(expressed per tonne copper). . . . . . . . . 1 3 9

9.8 Effect of concentrate grade on energy costs
(expressed per tonne concentrate). . . . .  141

9.9 Effect of flash furnace heat losses on
energy costs. . . . . . . . . . .  ......... 143

9.10 Effect of converter heat losses on energy
S t S . ..  e e e ... o e o . e o e e . e . 1 4 4

9.11 Effect of revert generation on energy costs.146
9.12 Effect of revert generation on optimum

matte grade. . . . . . . . .  ...........  147
9.13 Effect of dust generation on energy cost. . 148
9.14 Effect of expensive revert melting costs 

on the optimum matte grade (for the case
of the furnace operating autogenously). . . 151

9.15 Effect of expensive revert melting costs 
on the optimum matte grade (for the case
of the furnace operating with fuel). . . .  152

9.16 Effect of electricity price on smelter
C O S t S . . e * . . . * . e . o e . .. . e • 15 4

9.17 Effect of preheat cost on total costs.. . .. 157
9.18 Effect of varying the amount of preheat

on total costs........... . . . . . . . . .  158
10.1 Effect of oxygen enrichment on the capital

costs of a smelter. . . . . .  . . . . . . . 167
10.2 Effect, of industrial oxygen on the

economics of waste heat credit............ .. 171
10.3 Effect of concentrate grade on the

economics of waste heat credit. . . . . . . 17 3



xi

Figure 10.4 Effect of smelting mode and matte grade
on flame temperature. . . . . . . . . . . . 177

Figure 12.1 Schematic view of the Hidalgo reaction
shaft and the two sample locations. . . . . 191

r



ABSTRACT

The copper smelting industry has been replacing old 
reverberatory furnaces with energy-efficient flash fur
naces „ While this in itself has been a significant move 
towards reduced energy costs, there is yet no industry 
consensus as to which mode of flash smelting is optimum.

It is possible to model copper smelting, the ensuing 
converting step, and acid production with linear equations 
and inequalities. These equations include mass and heat 
balances, and energy and cost equations. The matrix of 
equations and inequalities can be entered into a linear 
programming routine to determine minimum costs.

Such a model has been developed and .the results 
indicate that optimum smelting parameters include the 
following.

(1) The grade of matte is 65 % Cu.
(2) The flash furnace operates autogenously with no air 

preheat. The flash furnace air is oxygen enriched 
to approximately 40 volume % O2.

(3) Total energy cost (1985 dollars and prices) for 
smelting, c o n v e r t i n g , and acid production is 
approximately $10 per tonne concentrate.

xi i



xi i i
The general model employed to obtain these optimum 

conditions can be modified to represent unique smelting 
conditions. When this is done to represent the Kennecott- 
Outokumpu solid matte converting concept, the resultant 
energy costs are also in the range of $10 per tonne 
concentrate. This result indicates that the concept of 
"flash converting" may be a viable alternative to Peirce- 
Smith converters.

New smelters should examine the merit of waste heat 
recovery as an economical unit operation. The difference 
in operating, costs, with and without waste heat recovery, 
may not justify the capital expenditure required to recover 
the heat.

Samples from the Phelps Dodge Hidalgo preheated air, 
fuel-fired flash furnace, show that FegC^-FeS reactions 
occur both in suspension in the reaction shaft, and in the 
molten bath of the furnace. The data indicate that without 
oxygen enrichment, there is considerable magnetite forma
tion in the reaction shaft. To a great extent, this 
magnetite is reduced to FeO before the slag is removed from 
the flash furnace.



CHAPTER 1 

INTRODUCTION

Most greenfield or recently retrofitted copper 
smelters employ flash smelting technology. There is yet no 
general agreement, however, as to which flash smelting mode 
is optimum. Options include furnaces which use highly 
preheated air, moderately preheated oxygen-enriched air, or 
those which utilize oxygen of commercial purity. Local 
costs and special situations affect these and other 
choices.

1.1 Outline of dissertation 
The main objective of this work (Chapter 2) is to 

develop a method to optimize copper smelter design and 
operation.

The optimization model which is developed can be 
applied to any type of copper smelting. In this work it is 
assumed that flash smelting is the optimum mode for 
most applications. Hence, Chapter 3 discusses flash 
smelting raw materials, reactions, and describes typical 
industrial furnaces. It also provides a brief description 
of the smelter unit operations which are especially

1



2
sensitive to flash furnace operating mode,, the converters 
and the acid plant„

Before the equations which form the core of the 
optimization model are developed in Chapters 5 and 6, 
Chapter 4 presents the assumptions and specifications 
required to develop the model. The principal equations are 
linear mass and heat balance equations which accurately 
describe steady-state flash smelting and the ensuing 
converting step.

Chapter 7 discusses the more important physical 
relationships which exist in a copper smelter. The effect 
of matte grade on operating parameters such as off-gas 
mass, oxygen requirements, and fuel requirements is shown.

Smelter costs can be represented by linear equa
tions. Chapter 8 shows this and presents typical smelter 
costs. The merging of these equations with the mass and 
heat balance equations of Chapters 5 and 6 forms the 
final optimization model. It takes the form of a matrix of 
equalities and inequalities.

Chapter 9 shows how this matrix can be manipulated 
by a linear programming routine to determine optimum 
operating parameters for any given smelting situation. The 
chapter presents the results obtained by minimizing total 
costs as defined in the optimization model, and the results
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obtained when making systematic changes to selected 
operating parameters.

The results are discussed in Chapter 10, where the 
limitations of the model are also presented. The strength 
of this smelter optimization technique is emphasized in 
Chapter 11 where a special situation is examined. Specif
ically, the model is modified to simulate the Kennecott- 
Outokumpu solid matte converting process.

Chapter 12 digresses from the main thrust of this 
work to discuss reaction phenomena observed at the Hidalgo 
Smelter.

Chapter 13 summarizes the dissertation and. under
lines the most important conclusions which may be drawn 
from it. It also suggests future work which should be 
carried out to f u r t h e r e l u c i d a t e  and improve copper 
smelting techniques.

1.2 Disclaimer
Research at the Hidalgo Smelter of Phelps Dodge 

Corporation confirms that linear mass and heat balance 
equations accurately represent steady-state flash furnace 
operation. The cost equations presented in this disserta
tion, however, are not tailored to represent conditions 
unique at Hidalgo. The reader is warned that the costs of 
Outokumpu preheated air flash smelting presented in this 
dissertation are not the costs at the Hidalgo Smelter.



4
Hidalgo costs are proprietary information and have not been 
presented in this work.

The Hidalgo furnace, being a fuel-fired preheated 
air Outokumpu flash furnace, behaves as such metallurgic- 
ally and economically. General conclusions reached about 
this type of furnace can, therefore, be applied to the 
Hidalgo furnace and the Hidalgo Smelter.

1.3 Units
The units used in this work are based on the 

S.I. system. The few exceptions are noted below.
The atmosphere is used as the pressure unit instead 

of the pascal which has yet to be accepted with the 
enthusiasm given to most S.I. units.

Occasionally, reference is be made to previously 
published works that express relationships in British 
and/or American units. In these cases, the cited relation
ships are converted to S.I. units if their use is required 
in this work.

The unit "tonne" is used to express 1000 kg, to 
avoid any confusion with the 2000 pound "ton".

Enthalpy terms are expressed as MJ/kg. Although 
most references tabulate data in terms of Kcal/mole or 
J/mole, MJ/kg is much more convenient for the applications 
in this work. Appendix A tabulates the thermodynamic data 
used in this dissertation.
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1.4 Background to flash smelting

Flash smelting is a pyrometallurgical process for 
smelting sulfide concentrates. Its principal application 
is for copper. Nickel flash smelting is also used on an 
industrial scale and lead flash smelting has been tested 
on a pilot scale.

Flash smelting consists of feeding dry concentrate 
and a source of gaseous oxygen into a furnace. Iron and 
sulfur in the concentrate oxidize rapidly and the heat from 
these oxidation reactions can provide all of heat necessary 
to operate the furnace. The copper reports primarily to a 
molten matte phase along with unoxidized iron and sulfur.

The oxidized sulfur leaves the furnace as SO2 in 
the off-gas. The oxidized iron is the principal consti
tuent of the molten slag phase which leaves the furnace at 
1500-1550 K.

The aspect of flash smelting which makes it unique 
compared to other smelting methods is that the reactions 
occur primarily in the gas phase, i.e. above the molten 
bath. This differs from both reverberatory smelting, the 
predominant smelting process up until the 1970s, and 
more modern processes such as the Noranda and Mitsubishi 
processes.

Flash smelting was developed in the late 1940s in 
two countries from two different perspectives. Inco
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developed oxygen flash smelting in Canada and Outokumpu 
developed air-fuel flash smelting in Finland. Chapter 3 
describes both processes and presents a descriptive series 
of photographs which highlight the principal structural 
concepts of the two types of furnaces„



CHAPTER 2

OBJECTIVES

2.1 Primary objective
The primary objective of this dissertation is to 

present a method by which optimum designs can be chosen for 
specific copper smelting applications. These applications 
can be for either greenfield smelter sites or retrofit 
situations. The method also enables the optimum operating 
strategy to be chosen for existing smelters.

The method is based on the fact that all smelter 
mass and heat balances, and all cost functions, can be 
accurately represented by linear equations. This fact 
allows for optimization of total smelter costs (i.e. mini
mization) by applying the technique of linear programming.

The matrix of equations employed to model the 
smelter, is referred to as the optimization model.

2.2 Secondary objective
The secondary objective of this work is to present 

general conclusions with respect to optimum smelting 
conditions. These conclusions are reached by applying the 
optimization model to a variety of smelting scenarios. The

7



8
marginal costs and benefits of various operating parameters 
to smelting economics are determined and general conclu
sions are drawn.

2.3 Tertiary objective
The third objective is to discuss specific flash 

smelting phenomena observed at the Hidalgo smelter. Data 
from the furnace provide greater understanding of reaction 
mechanisms and kinetics. This information complements the 
work of experimentalists who postulate on reaction mechan
isms and kinetics based on laboratory scale flash smelting 
experiments.



Chapter 3
.

COPPER FLASH SMELTING

The optimization model developed in subsequent 
chapters can be applied to any kind of copper smelting but 
because this study assumes that flash smelting is the 
optimum smelting mode for most applications, this chapter 
introduces and describes:

(1) the raw materials, products, and chemistry of 
copper flash smelting;

(2) the history and development of copper flash smelting 
as a significant process;

(3) the emergence of copper flash smelting as the 
predominant copper smelting method.

3.1 Introduction
Flash smelting consists of injecting fitie, dry 

sulfide concentrate with a source of gaseous oxygen into a 
hot furnace. Concentrate reacts with oxygen exothermically 
under these conditions to produce: (i) a liquid sulfide
matte phase, (ii) a liquid oxide slag phase and ( i i i) a
gas phase with a high concentration of SO2.

9
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The matte contains most of the c o p p e r . This 

concentrating of copper values into the matte is the main 
objective of all copper smelting processes. The slag, 
which contains only a low concentration of copper, is 
discarded or it may .be processed in a separate slag 
cleaning circuit to recover most of the copper from the 
slag.

3.2 Raw materials, products, and chemistry of copper flash
smelting.

3.2.1 Raw materials
The principal raw materials required for copper 

flash smelting are (i) dry sulfide concentrate, (ii) silica 
flux and (iii) a source of gaseous oxygen. Hydrocarbon 
fuel may also be burnt to provide supplemental heat.

3.2.2 Copper concentrates and silica flux 
Approximately 90% of the copper in the earth's

crust occurs as sulfide minerals. The most common is 
chalcopyrite (CuFe S 2 ) . Chalcopyrite is easily flash 
smelted since the oxidation of the iron and sulfur is 
exothermic (Equations 3.1 and 3.2). Chalcocite (CU2S) and 
bornite (Cu^FeS^) may also occur to limited extents in ore 
bodies along with chalcopyrite. These minerals are also 
suitable for flash smelting but their oxidation reactions.
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per unit mass of copper, are less exothermic than those of 
chalcopyrite.

Copper ores are virtually always concentrated by 
froth flotation to give concentrate grades of about 
20-30 % Cu for chalcopyr i te concentrates. One fortunate 
aspect of the flotation process is that the particle size 
required for efficient beneficiation (approximately 50 urn) 
is also very suitable for rapid concentrate oxidation 
during flash smelting.

Concentrates must be dried prior to flash smelting 
to ensure good dispersion of the particles in the oxidant 
as they enter the furnace. This dispersion is necessary 
for the reactions to occur quickly and efficiently.

Silica flux (typically 80-90% Si0 2 , with the 
balance consisting of CaO, AI2O3, FegO^ and other gangue 
constituents) is usually mixed with the concentrate prior 
to drying and smelting. Its purpose is to combine with the 
iron oxides produced during the oxidation of the concen
trate to form a liquid slag phase which is fluid and 
immiscible with the sulfide matte phase.

3.2.3 The oxidant
The gaseous oxygen with which the concentrates 

reacts may be in the form of air, air mixed with com
mercially pure oxygen, or commercially pure oxygen alone. 
Oxidant temperature varies from 298 K for oxygen-rich
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oxidants to 1300 K for air. The effects of oxidant 
composition on furnace and smelter operation are discussed 
in Chapters 7 and 9.

3.2.4 Flash smelting reactions and products
The principal reactions which take place during the 

smelting of chalcopyrite concentrate in a flash furnace can 
be represented by:

CuFeS2 + 1/2.02 = 1/2 Cu2S + FeS + 1/2 S02 (3.1)
A H298 = -0.53 MJ/kg CuFeS2

FeS + 3/2 02 = FeO + S02 (3,2)
' A H°298 = -5.33 MJ/kg FeS

As can be seen, the reactions are exothermic. They 
provide much or all of the thermal energy required to heat, 
melt and superheat the flash smelting products.

Cu2S and FeS are completely miscible above 1375 K. 
They form a liquid sulfide matte phase which settles in the 
hearth of the flash f u r n a c e . Cu2S does not oxidize 
appreciably in flash furnaces because FeS oxidizes prefer
entially (Reaction 3.2). Any Cu20 which does form is
reduced by FeS back to Cu2S, except for a small fraction 
which remains as a component of the total copper losses to 
the slag.
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The extent to which Reaction 3.2 proceeds is 

limited only by the amount of oxygen which is fed to the 
furnace. Under the well mixed conditions in the flash 
furnace all of the oxygen will react with concentrate.

FeO formed in the flash furnace by Reaction 3.2 is 
fluxed with silica to form a liquid slag phase which is 
immiscible with the matte and which, being less dense, 
floats on top of the matte. Flash furnace slags typically 
contain 26-36 mass % SiOg depending upon desired slag 
characteristics. Silica content is generally minimized in 
situations where the copper is recovered from the slag by 
slow-cooling and processing in slag flotation facilities. 
Higher silica contents are required to produce slags with 
copper contents low enough to justify direct discard of the 
slag.

Flash furnace off-gases consist of (i) SOg produced 
by Reactions 3.1 and 3.2, and (ii) Ng from the oxidant. If 
supplementary fuel is burnt, the combustion products of the 
fuel (CC>2 and HgO) are also constituents of the off-gas. 
Off-gas SOg concentration is determined by the extent of 
oxygen enrichment of the oxidant and by the amount of 
hydrocarbon fuel combusted in the furnace. Industrial SOg 
concentrations range from 12-80 volume percent. These 
concentrations are considerably greater than those produced
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by reverberatory (0.5-3% SO2) and electric (4-8% SO2) 
smelting furnaces.

The temperature of flash smelting products is 
usually around 1550 K. The slag is typically 25 K cooler 
than the off-gas and the matte is typically 25-50 K cooler 
than the slag.

■ The operating parameter most significant to flash 
furnace operators is matte grade (i.e. mass % Cu in the 
matte) . This parameter quantifies the extent of concen
trate oxidation. The industrial range of matte grade 
produced by flash smelting furnaces is 40-65% Cu with 
recent trends being toward higher matte grades.

3.3 Flash furnace product destinations: converters and
acid plant

The operating parameters of the flash furnace affect 
the composition of the furnace products. This influences 
the ensuing unit operations, particularly the converters 
and acid plant.- This section provides a brief description 
of these unit operations. The converters process flash 
furnace matte, while the acid plant processes both flash 
furnace and converter off-gases.

3.3.1 Converting copper matte
i

Converters continue the oxidation of sulfur and iron 
which was commenced in the flash furnace. The reactions
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are of two general types, the oxidation of iron sulfide 
(Reaction 3.2) and the oxidation of copper sulfide:

Cu2S + 02 = 2 Cu + S02 (3.3)
A H°298 = ~1« 36 MJ/kg Cu2S

The extent to which Reaction 3.2 occurs is limited 
only by the amount of iron in the matte. This in turn is 
determined by the extent to which Reaction 3.2 occurred in 
the flash furnace. Reaction 3.3 is allowed to continue 
until the sulfur remaining in copper is approximately 1 %. 
At this point, the supply of oxygen is turned off and the 
copper is transferred to the anode furnaces for further 
refining. A more detailed description of converting 
reactions is given by Davenport, 1980.

The Peirce-Smith converter is the conventional unit 
in the copper industry. Figure 3.1 shows the geometry of 
the converter along with some typical dimensions. Its main 
features are outlined below.

(1) It operates on a batch basis. Matte is transferred 
in 20-25 tonne capacity ladles from the flash 
furnace to the converters. Air (or oxygen-enriched 
air) is injected into the bath through submerged 
tuyeres and after Reaction 3.2 is c o m p l e t e d , 
converter slag is removed. After this step, more 
air is injected into the bath and Reaction 3.3
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Figure 3.1 The Peirce-Smith converter.
The typical converter has a length of 9 m and a 
diameter of 4 m . This photograph shows matte 
being poured from a ladle into the converter. 
8-10 such ladle transfers are required for each 
converter cycle. Slag produced in the conver
ter is removed by tilting the converter so that 
the slag pours into a ladle resting on the 
gro u n d  (also shown in photograph) . The 
converter is rotated in the opposite direction 
when the converter blast is turned on. The air 
blows through the matte and off-gases leave via 
the same opening used for matte and slag 
transfers. The off-gases are captured by a 
hood which is lowered over the converter mouth.
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occurs. When almost all of the CugS is oxidized to 
Cu, the product copper is transferred to the anode 
furnaces. At this point the cycle is repeated =

(2) The batch operation precludes achieving a tight seal 
between the converter and the converter off-gas 
handling s y s t e m . As a consequence, there is 
significant dilution of converter off-gas by 
infiltration air.

3.3.2 Processing smelter off-gases
The sulfur entering the smelter in concentrate 

reports primarily to smelter off-gases. The sulfur is most 
commonly captured in acid plants. In the acid plant, the 
gases are first cooled and cleaned in wet scrubbers, and 
then moisture is removed. The SO2 in the clean, dry gas is 
then converted to SO3 by the exothermic reaction:

2 SO2 + 02 = 2 S03 (3.4)

Acid plants can be designed and operated most economically 
if the process gas entering the plant is 10-20 mass % SO2. 
A more detailed discussion of sulfur recovery from smelter 
gases is provided by Davenport, 1980.

3.4 History and development of flash smelting 
The two processes for. flash smelting date from the 

late 1940s when Inco developed the oxygen flash smelting
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process in Canada and Outokumpu simultaneously introduced 
the air flash smelting process in Finland.

3.4.1 The Inco oxygen flash smelting process
The principle of Inco oxygen flash smelting has 

remained the same since the process was conceived. Dry 
sulfide concentrate and commercially pure (approximately 
95%) oxygen are injected horizontally into a rectangular 
furnace (Figure 3.2). The concentrate reacts with the 
oxygen (Reactions 3.1-3.2) to form a flame above the 
hearth. The resultant SOg leaves via a central uptake 
while the liquid products shower onto the bath of slag and 
matte. The oxides become part of the slag while vthe 
sulfides settle through the slag and into the matte phase.

The Inco oxygen flash smelting process is signifi
cant in two important aspects.

(1) The furnace operates autogenously; no hydrocarbon 
fuel is required because the exothermic oxidation 
reactions (like Reactions 3.1 and 3.2) provide 
sufficient heat to melt the products and maintain 
furnace temperature.

(2) The SO 2 content of the off-gas is approximately 
80 volume %. This facilitates highly efficient 
fixing of the SO2 as liquid SO2 or sulfuric acid.
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off gasflux and 
concentrate

oxygen
slag
matte

Figure 3.2 The Inco oxygen flash furnace.
Oxygen, and dried concentrate and flux are 
injected horizontally through four burners. 
The resultant off-gas, about 80 volume % SO2 
leaves via the central uptake. Dimensions are 
about 24 m in length, 7 m in width, and 6 m in 
height.
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The 80 % SO 2 in the off-gas is lower than the 

95 % 0 2 content of the industrial oxygen input. The 
decrease is explained by a small amount of air entering the 
furnace with the concentrate. The nitrogen in this air 
dilutes the SO2 in the off-gas.

3.4.2 The Outokumpu flash smelting process
Outokumpu flash smelting consists of injecting dry 

concentrate and a combination of preheated air and/or 
oxygen-enriched air downwards into a furnace. Feed enters 
through the top of a reaction shaft located at one end of
the Outokumpu furnace (Figure 3.3). Here it combusts with 
the blast oxygen, reacting as in the Inco f u r n a c e . 
Off-gases leave via a vertical uptake shaft at the other 
end of the furnace.

The original Outokumpu flash furnace in Harjavalta, 
Finland, operated using air preheated to 775 K . Hydro
carbon fuel was required as a supplemental source of heat. 
Oxygen enrichment of the oxidant to approximately 40 volume 
% O2 in recent years has enabled this furnace to operate 
autogenously. Most Outokumpu type flash furnaces operate 
with preheated air or moderately oxygen-enriched air (23-25 
volume % O2) as their oxidant. Supplementary fuel is 
required for this type of operation.

The Outokumpu flash smelting process is significant
in that:
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PREHEATED AIR OR 
OXYGEN-ENRICHED AIR CONCENTRATE,FLUX, 

ft RECYCLE DUST

REACTION SHAFT GAS UPTAKE

SETTLER

Figure 3.3 The Outokumpu flash furnace.
Preheated or oxygen-enriched air and dried feed 
is injected into the reaction shaft. Spray 
water cooling on the surface of the reaction 
shaft and gas uptake, is collected in water 
troughs at the settler level. Typical hearth 
dimensions are 20 m in length, 7 m in width, 
and 5 m in height.
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(1) operation is possible within a wide range of 
oxygen enrichment, oxidant preheat, and hydro
carbon fuel combustion levels;

(2) the SO g concentration in the off-gas is typically 
10-3 0 volume % SOg, which is ideal for efficient 
conversion to sulfuric acid.

3.5 Emergence of flash smelting as a significant process 
Three-quarters of new copper smelting capacity 

commissioned in the 1970s employed flash smelting technol
ogy (Davenport, 1980). This was the result of increasing 
concerns with energy costs and the environment.

3.5.1 Energy consumption in flash smelting
. Flash furnaces require very little energy input. In 

fact, under certain conditions, flash furnaces can operate 
autogenously, i.e. without hydrocarbon fuel addition. This 
can be a big advantage over traditional reverberatory 
furnace smelting where hydrocarbon fuel must be provided 
for the bulk of the energy requirements.

The reason for this difference is that flash 
furnaces make extensive use of the heat generated by 
partially oxidizing their concentrate feed. Reverberatory 
smelting makes little use of the concentrate oxidation heat 
so that its fossil fuel requirements for smelting are
large.
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3.5.2 SO2 generation in flash smelting

Government legislation and industry concern for the 
environment has imposed strict limits regarding sulfur 
dioxide emissions. As a consequence, the SO2 generated in 
smelters must be collected and fixed. Sulfur dioxide is 
fixed mainly as sulfuric acid, with minor amounts being 
fixed as elemental sulfur, liquid SO2, and gypsum. Regard
less of the fixation process, overall cost of sulfur 
fixation is minimized if smelters generate steady, concen
trated streams of SO2.

Flash furnaces inherently produce such steady 
streams of gas due to the following reasons.

(1) Fuel consumption is low. Because little or no 
hydrocarbon fuel is consumed in flash smelting, the 
consequent dilution of the off-gas by hydrocarbon 
combustion products is minimized or eliminated.

(2) Oxygen enrichment is used extensively. This leads 
to a more concentrated stream of SO2 . in off-gases 
because there is less dilution by nitrogen.

(3) Flash furnaces are designed as sealed smelting 
units. SO2 generated in the furnace can be deliv
ered to the sulfur fixation plant with little or no
air dilution.
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3.6 Chapter summary
This chapter has described flash smelting reactions 

and flash furnaces. It has shown that flash smelting 
consists essentially of reacting dry sulfide concentrate 
particles in a particle-oxidant suspension in a hot 
hearth-type furnace. The oxidant can be air, industrial 
oxygen, or any mixture of the two.

The types of furnaces used are further elucidated by 
the next few pages which present a series of photographs of 
Inco and Outokumpu furnaces.

The optimization model developed in Chapters 5, 6, 
and 8 is based in part on the physical perception of flash 
smelting developed in this chapter. Other smelting methods 
(electric furnace smelting. Noranda Process smelting, 
Mitsubishi process smelting; Davenport, 1980) may be 
superior for specific applications. If this is suspected 
to be so, the equations developed in this work can be 
modified to represent the physical reality of other 
smelting methods.
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Figure 3.4 Interior of the Inco flash furnace.
Note the two concentrate burner ports at the 
far end . To the right of the concentrate 
burners is the op e n i n g  for converter slag 
return. Also note the brick-lined central gas 
off-take. The colors of the bricks.are simply 
manufacturer's codes and have no physical 
significance.
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Figure 3.5 Exterior of the Inco furnace.
This view shows the port through which flash 
furnace slag is removed from the furnace. The 
furnace is being heated after r e l i n i n g  with 
brick, and the slag skimming blocks (laying on 
the floor in the foreground) have not yet been 
installed. Note that the furnace is completely 
encased within a steel shell.
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Figure 3.6 Inco flash furnace concentrate burner.
The concentrate enters via the flexible steel 
feed line. The oxygen line is the blue steel 
pipe. The capped line on the right is for 
venting oxygen when the burner is not in 
operation. Note the flexible rubber hoses 
which connect to the burner housing. These are 
cooling water supply and return lines.
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Figure 3.7 Outokumpu flash furnace under construction in 
South Korea.
Both the reaction shaft (right) and gas 
off-take (left) are supported from the top. 
This is a feature common to all Outokumpu flash 
furnaces.
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Figure 3.8 Outokumpu flash furnace under construction in 
Mexico.
View of the settler and bottom of the gas 
off-take shaft. The gray-toned ring around the 
bottom of the shaft consists of copper cooling 
jackets which are necessary to prolong refrac
tory life at the shaft/settler interface.
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Figure 3.9 Exterior view of the gas off-take and its 
interface with the boiler.
This is the same furnace as that shown in 
Figure 3.8. The two inspection doors on the 
off-take shaft are intended for access to 
accretions which may build up in the transition 
area between the furnace and the boiler. This 
build-up must be removed periodically to ensure 
efficient boiler operation.
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Even though the reaction shaft is not struc
turally connected to the settler, there is an 
effective seal between the two.
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Figure 3.11 Top of the Hidalgo Smelter reaction shaft.
The four concentrate burners each have their 
own supply of preheated air (700 K). The large 
pipe in the center supplies pulverized coal and 
preheated air (355 K) to the coal burner. The 
flexible steel lines provide cooling water and 
high pressure distribution air to the burners. 
The air ductwork is considerably larger than 
that used by furnaces which employ oxygen 
enrichment.



The matte flows down launders and into ladles.



ASSUMPTIONS, CALCULATIONS, AND SPECIFICATIONS

This chapter presents the assumptions, calcula
tions, and specifications used to develop the mass, 
heat, energy, and cost equations in Chapters 5, 6, and 8. 
The casual reader may wish to proceed directly to Chap
ter 5. Readers familiar with copper smelter operations may 
also initially by-pass this chapter and use it only as a 
reference when following the logic of equation development 
in Chapters 5, 6, and 8.

The information is presented in the same general 
order as the optimization equations in the subsequent 
chapters»

Chapter 4

4.1 Feed and product specifications 
Certain assumptions regarding the composition and 

temperature of the flash furnace and converter feeds and 
products must be made before a smelter can be modelled. 
Feed (concentrate, flux, fuel, and oxidant) composition and 
temperature data are either known or can be specified for a 
particular operating furnace.

34
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■4,1.1 Concentrate mineralogy

The concentrate mineralogy assumed in this study is 
a chalcopyrite/pyrite blend. Unless specifically mentioned 
otherwise, a 25 % Cu concentrate is used in the optimiza-
tion model. The effect of concentrate grade on optimum
smelting conditions is discussed in Section 9.3.3 by
considering concentrate grades of 15-34 .6 % Cu (34.6 % Cu
corresponds to 100 % CuFeS2). The following analyses
correspond to the concentrates examined in this work:

% Cu 15 20 25 30 34.6
% CuFeS2 43.3 57.8 72.2 86.6 100.0
% FeS2 56.7 42.3 27.8 13.4 0.0
% Fe 39.6 37.2 34.9 32.6 30.4
% S 45.4 42.8 40.1 37.4 34.8
Enthalpy
(MJ/tonne)

-1261 -1205 -1148 -1092 -1040

Almost all commercial concentrates contain some 
Si02 , AI2O3 , and/or CaO (2-10% of the concentrate) along 
with undesirable impurities such as Zn, Pb, B i > and "As 
(0.25-3%). The gangue impurities tend to reduce the amount 
of flux that is required for slagmaking. The heavy metal 
impurities may place special constraints on the operation 
to ensure their effective elimination. Victorovich, Diaz, 
and Raskauskas (1980) and Jalkanen, Holappa, and MSkinen
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(1983) discuss with some detail the behaviour of impurities 
in copper smelting„

4.1.2 Flux composition
A flux composition of 100 % SiOg is assumed through

out this work. Although this is acceptable for the general 
evaluations presented here, specific studies should 
consider actual flux compositions. Flux composition, 
(and the gangue constituents in the concentrate) , has a 
significant effect on slag fluidity and to some extent it 
influences the. furnace operating temperature chosen for a 
specific operation (Chen et al, 1984).

4.1.3 Fuel composition and enthalpy
Flash furnaces which supply part of the enthalpy 

requirement with hydrocarbon fuel generally use the most 
economical fuel available. The enthalpy of fuels can be 
calculated from published heating values and fuel composi
tions. The following fuel data are from Combustion 
(Singer, 1981):
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Fuel data
No. 6 residual 

fuel oil
Colorado

bituminous
coal

High heating value (MJ/kg) ' 42.5 30.7
% C r-inCO 73.4
% H 10.5 5.2
% Ash (assumed SiC>2) 0.08 11.7
Product data per kg fuel
kg C02 1—

1

m 2.69
kg HgO 0.95 O

Enthalpy CO2 @ 298 K (MJ) H00CM1 1—
1

CM1

Enthalpy H2O (liquid @ 298 K) -15.0 -7.3
Total enthalpy (CO2 & H2O) 1—

1 

001 1—
1 

OO1

Fuel enthalpy is calculated from the above data
with the following relationship: .

Fuel enthalpy + total enthalpy = - (High heating value)

For the cases of the two example fuels, the enthalpy 
is +0.6 MJ/kg residual oil and +0.7 MJ/kg coal. In 
general, the enthalpy content of fuels ranges from -1.0 to 
+1.0 MJ/kg. The composition and enthalpy of the residual 
fuel oil cited above are used in the optimization model.

The above examples neglect the effect of sulfur in 
fuel. The oxidation of sulfur contributes to the heating 
value of the fuel. If the SO2 term is included in the



calculations, the fuel enthalpy term is adjusted accord
ingly, .

4.1.4 Product constitution and temperatures
The constitution of flash furnace products is well 

established on the basis of industrial copper smelting 
information and thermodynamic principles. The data and 
information used to define product constitution are as 
follows.

(1) The matte is described in terms of a liquid solution 
of Gu 2 S and FeS. Oxygen solubility in matte is 
represented as Fe3O4 and can be quantified as a 
percentage of matte mass. This study simplifies 
matte composition by representing matte as an ideal 
solution of CU2S and FeS.

(2) The slag phase is described in terms of a liquid
solution of FeO, Si02, Fe3041 and minor amounts of
CaO and AI2O3 . The solubilities of copper and 
sulfur can be assumed to be negligible. Si02 and 
Fe304 concentration in slag can be quantified as a 
percentage of slag mass. This study simplifies 
slag composition by representing the slag as an 
ideal solution of FeO and Si02.

(3) The product gas is SO2 and N2. CO2 and H2O are 
present in the off-gas whenever hydrocarbon fuel is

38



burnt in the furnace „ The quantities of SO3, S 2 ,

and O2 leaving industrial furnaces are negligible.

Industrial data show that matte, slag and off-gas 
temperatures are similar for all flash furnace operations 
(1475, 1525, and 1575 K +/- 50 K respectively) . These 
values can be specified as target temperatures for con
trol/optimization purposes. Of course, target temperatures 
can subsequently be altered as required.

It should be noted that furnace temperature or 
operating temperature are terms which in this dissertation 
and in most smelters are synonymous with slag temperature. 
Since matte and off-gas temperatures are closely related to 
slag temperature, changing the slag temperature invariably 
implies changing all of the product temperatures.

Unless otherwise specified, this study assumes the 
following feed and product temperatures.

39
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Material stream temperature K
concentrate 298
flux 298
recycle dust 298
matte 1500
slag 1550
off-gas 1600
dust out 1600

4.1.5 Dust Generation and Recycle
A portion of the concentrate and flux entering the 

furnace does not enter the slag and matte phases. Rather, 
it remains entrained in the off-gas and. leaves the furnace 
as a molten "dust". This dust, often quite oxidized, cools 
in the off-gas handling system where it tends to become 
sulfated by SO2 in the off-gas and O2 which enters the 
off-gas handling system via air actuated soot-blowers or 
air inleakages.

The composition of the entrained dust varies 
depending on feed composition and furnace operating 
conditions. The compositions assumed in the present work 
are shown on the following page.
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% Cu 
% Fe 
% S

dust
leaving
furnace

dust
recycled to 
furnace

50 (as CU2O) 
16 (as FegO^)

25 (as CUSO4)
8 (as Fe2 (SO4)3) 

19
. % Si02 20 10
% 0 (not as 14 38

Si02)

Actual compositions are more complex but those cited 
above show the general characteristics of dust „ The SO2 
and O2 which react with the dust in the off-gas cooling and 
cleaning system increase the mass of the dust. For the 
compositions cited above, there is a doubling of mass due 
to the sulfation reactions.

The amount of dust which is generated (and normally 
recycled) is determined by many factors, but it is most 
significantly influenced by the amount of off-gas. 
Typically, 0.1 kg dust is recycled to the flash furnace for 
every 1.0 kg off-gas. Consistent with the above-described 
doubling of dust mass during sulfation, this means that 
0.05 kg dust is generated per 1.0 kg off-gas. Unless 
specifically mentioned otherwise, this amount of dust 
generation is assumed throughout the work.
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4.2 Furnace heat losses

Furnace heat losses consist of two distinct modes 
of heat transfer. One mode is conduction through furnace 
bricks either to water flowing in cooling elements or to 
the outer surface of the furnace. Heat transferred to the 
outer surface of the furnace ultimately transfers to the 
surroundings by convection and radiation.

The second mode of heat loss is direct radiation 
from the furnace interior to the surroundings. This occurs 
principally from the gas off-take area where heat radiates 
from the furnace to the first gas cooling and cleaning 
section of the off-gas handling system.

Heat loss can be estimated by two methods.

(1) It can be calculated from measured wall temperatures 
and cooling water temperatures and flow rates.

(2) It can be determined by quantifying furnace enthalpy 
inputs (in c o n c e n t r a t e , dust, flux, fuel and 
oxidant) and enthalpy outputs (matte, slag, off-gas, 
and dust). The heat loss in this case is the 
arithmetical difference between the enthalpies of 
the inputs and the enthalpies of the products.

The first method lacks precision because assumptions 
must be made regarding brick thickness (unless the furnace 
has very recently been relined) . Additionally, the first
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method requires opacity and view factor assumptions in 
order to calculate the radiation portion of heat losses„

The second method is preferred because all of the 
required data are generally measured routinely regardless 
of any incentive to calculate heat losses„ This ensures a 
data bank available to calculate heat losses„ The preci
sion of this method can be +/- 10 % if temperatures are 
measured carefully.

Heat losses are a function of furnace temperature 
and furnace size. Industrial data suggest that furnace 
operating with oxygen enriched blast can be operated 
somewhat cooler than those which are operated with air and 
fuel. The data indicate that furnaces with oxygen enrich
ment can be constructed more compactly than furnaces with 
similar concentrate feed-rates but higher off-gas volumes. 
The net result of these factors is that furnace heat losses 
depend somewhat upon off-gas mass.

The Inco flash furnace in Sudbury reports heat 
losses of 300-350 MJ/tonne of concentrate and an off-gas 
production of 400-450 kg/tonne concentrate (Antonioni et 
al, 1979). Analogous data for the Hidalgo smelter are 
650-700 MJ/tonne concentrate and 2500-3000 kg/tonne 
concentrate. These heat loss data were calculated using 
the second method outlined on the previous page. The
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precision of these values is probably within +/- 10 %.
This information suggests the following relationship:

Heat loss, = 250 + 0.15 (off-gas, kg/tonne cone) (4.1)
MJ/tonne cone mass

The confidence level for the above function is low. 
Nevertheless, the trend between heat loss and off-gas mass 
is clear, and for the optimization model. Equation 4.1 is 
believed to be the best available representation of flash 
furnace heat losses.

It is important to note that heat losses are more 
"naturally" quoted as MJ per hour (or any other convenient 
time unit) rather than MJ/tonne concentrate. The conver
sion of units is simple:

MJ/tonne cone = MJ/hour____  (4.2)
tonne conc/hr

Figure 4.1 shows how heat loss expressed per tonne concen
trate varies with concentrate feed rate.

4.3 Blast enthalpy
A portion of the enthalpy entering the furnace can 

be as preheated air, or preheated oxygen-enriched air. The 
upper limit of preheating is determined by the equipment 
available and to some extent the ductwork which conveys the 
air from the preheater (s) to the furnace. Above 80.0 K, it 
is recommended to replace carbon steel ductwork with
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Heat losses = 50000 MJ/hour

E  1500-

5  1000-

50 75 100concentrate feed-rate, tonne/hour

Figure 4.1 The effect of concentrate feed rate on heat 
losses expressed per tonne concentrate.
Actual heat losses per hour are constant.
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stainless steel.. At 800 K , the enthalpy of oxygen and 
nitrogen is approximately 0.5 MJ/kg. This is the upper 
limit chosen for the optimization model.

4.4 Recoverable heat in off-gas
A portion of the enthalpy in the furnace off-gases 

can be recovered and used for local heating or for produc
ing high pressure steam and ultimately electricity. 
This second option is assumed for the purpose of giving an 
energy or economic value to the enthalpy which can be 
recovered from furnace off-gas.

All Outokumpu flash furnaces have a boiler attached 
to the furnace gas off-take. This boiler cools the gases 
to approximately 650 K and in doing so produces saturated 
steam with a pressure of approximately 65 atmospheres. The 
enthalpy recovered from the off-gas is hence the difference 
between the enthalpy of the off-gases as they leave the 
flash furnace (@ 1600 K) and when they leave the boiler
(@ 650 K):

Compound
Enthalpy,
MJ/kg

SO 2 n 2 c o2 h 2o

1600 K -3.6 1.5 -7.4 inoi—ii

650 K -4.4 0.4 — 8.6 -12.8
(1600-650) 0.8 1.1 1.2 2.3
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Furnaces with very large amounts of off-gas and 

hence large amounts of dust generation may require a term 
to account for the heat generated in the boiler by sulfa
tion reactions. The model does, not include a term for 
this factor.

Furnaces with excessive air infiltration in the 
boiler generate less steam than predicted from the enthalpy 
decrease of the off-gas. This occurs since the cold air 
leaking in, is heated from ambient temperature to 650 K in 
the boiler system. The model does not include a term for 
this factor either.

The heat recovered in furnace off-gas as saturated 
steam is ultimately used to generate electricity. This 
reduces the amount of electricity which must be purchased 
and hence this heat has a "negative cost" associated with 
it. This credit can be acknowledged in the model by 
reducing the. purchased electrical requirement by the amount 
of electrical energy which is generated in the waste heat 
boiler.

The conversion factor between MJ and kwh is 0.278 
kwh/MJ. Inefficiencies in steam conveying and steam 
turbines reduce the conversion to about 0.1 kwh/MJ heat 
recovered in the off-gas. This relationship is used in 
the optimization model.
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The saturated steam must first be superheated 

before, it can be admitted into a steam-driven turbine 
generator. The superheating adds approximately 0.2 MJ per 
MJ of heat recovered from the off-gases.

4.5 Converter heat losses
Converter heat losses, like flash furnace heat 

losses, are most naturally expressed in units of energy per 
unit time, for example MJ/hour. The conversion to units of 
MJ/tonne concentrate is not as straightforward as the 
conversion of flash furnace heat losses (Section 4.2).

Peirce-Smith converters have heat losses of approxi
mately 5000 MJ/hour (Landolt, 19 84) . They also exhibit 
characteristic blowing rates and "% in-stack times" 
(i.e. the percentage of time the converter is actually 
blowing). Typical values are 40,000 kg blast/hour and 60 % 
"in stack times". Converter heat losses can be expressed 
in terms of their blast rates and "in-stack times" by the 
equations

■ 1_____  • _________ 1_______
heat losses, = MJ x kg blast x % in stack time 
MJ/kg blast hour hour 100 %

(4.3)
Inserting the above-mentioned values yields heat losses of 
0.2 MJ/kg blast. This value is used to quantify converter 
heat losses in the model.
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The 0.2 coefficient would have to be adjusted in 

situations when the characteristics of the converters 
differ significantly from the numbers cited above.

4.6 Smelter reverts
A disadvantage of the conventional smelter (with a 

furnace, converters, and anode furnaces) is that transfer
ring molten material within the smelter inevitably creates 
a certain amount of solid materials which have to be 
re-melted to recover their copper. These materials, 
usually called reverts or secondaries, are a result of the 
accidental freezing of matte, converter slag, and blister 
copper while these materials are in transit in the smel
ter. Most of the freezing occurs in the ladles which are 
used to transfer the molten materials. These ladles 
develop a lining called a "ladle skull".

The extent of revert generation is related to 
the amount of matte produced in the flash furnace, since 
the number of ladle transfers from the flash furnace to the 
converters is directly related to the amount of matte 
produced. This amount of matte also determines the amount 
of slag produced by the converters and hence the number of 
converter slag ladle transfers from the converters. The 
converter slag is either poured down a launder into the 
flash furnace or processed in a separate slag cleaning
circuit.



Also, a large number of total ladle transfers in 
the smelter leads to scheduling delays. These delays 
increase the amount of freezing in the ladles,

Industry-wide data on revert generation is not 
readily available. Information gleaned from Johnson's 
converter study (1979) suggest that 0.4 tonnes reverts are 
consumed in converters per tonne of matte produced . 
Although the confidence level of this value is low, the 
optimization model uses this value, unless specifically 
mentioned otherwise.

This argument suggests that lowering the grade 
(% Cu) of matte produced by the flash furnace (hence 
increasing the tonnage of matte produced by the flash 
furnace) increases smelter revert generation. While this 
is true, lowering the matte grade also increases the 
smelter's capability to melt reverts, as the next paragraph 
demonstrates.

Reverts are melted most economically in the conver
ters where heat generated from oxidizing matte can be used 
efficiently to melt reverts. Low matte grades generate 
more heat to melt reverts than high matte grades (this is 
a result of a higher iron and sulfur content and hence 
increased oxidation heat. Reaction 3.2) . This more than 
compensates the fact that low matte grades cause more

50

reverts
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Approximately 1,0 MJ reaction heat is required to

melt 1.0 kg of reverts. The following table displays
energy required to melt reverts of varying compositions:

Energy Required to Melt Reverts
% Cu

in reverts
40 60 80

% elemental Cu - 12 32
% Cu2S 50 60 66
% FeO 20 - -
% Si02 10 • — -
% Fe304 20 28 8

Energy required to 
heat from 298 K 
solid to 1500 K 
liquid; MJ/kg

1.1 1.0 0.8

Should the smelter be operating in a mode whereby 
more reverts are generated than can be melted in the 
converter, the balance must be melted in another loca
tion, Invariably this imbalance of reverts must be melted 
at an expense much higher than if they were simply charged 
into the converter. These reverts are hence labelled as 
"expensive reverts".

These "expensive" reverts must be crushed and 
shipped out of the smelter for custom processing, or melted 
locally if either an electric furnace is available or if 
conditions allow melting in the flash furnace. The cost
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for such processing varies significantly depending on local 
conditions. The Optimization model assumes a processing 
cost of $50.00 per tonne for these reverts. If local 
melting is possible, the actual cost would be lower; 
if shipping is necessary, the actual cost would likely be 
higher.

4.7 Acid production energy
The optimization model assumes that all SO2 gener

ated in the smelter is converted to sulfuric acid. Acid 
production energy requirements are often cited in terms of 
the concentration of % SO2 in the gas which is being 
processed and hence a few comments must be made about the 
total amount, of gas produced by the smelter and processed 
in the acid plant.

The concentration of SO2 (volume % SO2) in the gas. 
which is processed in the acid plant depends mainly on the 
composition and mass of the off-gas leaving the furnace and 
the converters. However, some air may have to be added to 
the off-gas to supply O2 for Reaction 3.4 (conversion of 
SO2 to SO3) . This air requirement also has an effect on 
the concentration of SO2 in the gas entering the acid 
plant.

In fact, air addition in .acid plants is required 
whenever the molar O2/SO2 ratio of the smelter off-gas is 
less than 1.0. This minimum ratio must be maintained to



53
ensure enough oxygen for conversion of SO2 to SO3 at a 
high efficiency,

Kellogg and Henderson (1976) suggest the following 
relationship between acid production energy requirements 
and the concentration of SO2 in the gas entering the acid 
plant: • .

Kwh/ton 100% H2SO4 = 586,75/(volume % S02) + 57.75 (4.4)

In this equation, volume % SO 2 refers to the 
concentration of SO2 entering the catalyst beds, i.e. 
including acid plant air addition. This equation requires 
some manipulation before it can be employed in a linear 
optimization matrix. Manipulation is required because:

(1) the matrix requires that everything be expressed per 
tonne of concentrate;

(2) the variable 1/ (volume % SOg) cannot be inserted 
directly into the matrix.

The following few pages describe the manipulation 
required to transform Kellogg1s equation to a form which 
can be readily inserted into the optimization matrix.

FACTS:
Molecular weight (MW) of SO2 = 64.06

MW of H2SO4 = 98.06
1.508 kg H2S04/kg S02therefore
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and 1 ton acid = 2000 lbs = 907.194 kg
and 592.65 kg SO2 required to produce 1 ton 100% H2SO4

ASSUMPTIONS:
MW of gases in off-gas (other than SO2) = 29

MANIPULATIONS:
let S = mass SO2

and let G = mass of gases in off-gas excluding SO2

, volume % SO2 = S/64 x 100 % (4.5)
S/64 + G/29

______ 1 = S/64 + G/29 (4.6)
volume % SO2 1.5625 S

tonnes of acid per tonne of concentrate = S x 98
1000 64

(4.7)
kwh/tonne acid = Equation 4.4 x 1.1025 ton

tonne (4.8)

kwh acid energy requirement = Eqn 4.7 x Eqn 4.8 
per tonne concentrate

S x 98 x 1.1025 x 586.75 x 1
1000 64 vol % S02

S x 98 x 1.1025 x 57.75 
1000 64

= 0.99 x S x 1 + 0.0975 x S (4.9)
vol % SO2

Inserting Equation 4.6 into Equation 4.9 yields:



0.1074 x S + 0.0219 x G
55

kwh acid energy req't 
per tonne concentrate

(4.10)

Equation 4.10 can be expressed in terms of mass SOg and 
mass off-gas including SOg if the following substitution 
for the term "G" is made:

G = mass total off-gas - mass SO2 (4.11)

This final substitution results in the following 
equation which represents acid energy requirements per 
tonne concentrate, with terms that are used in the optimiz
ation model:

kwh acid = 0.0219 mass off-gas + 0.085 kg SO?__
tonne cone tonne cone tonne cone

(4.12)

It is important to appreciate the preceding manipu
lation of Kellogg1s equation (Equation 4.4) to an equation 
which meets the requirements of the optimization model 
(Equation 4.12). The most legitimate critisicm of the 
model is that it requires linear equations to describe a 
real system. The equation manipulations shown on the the 
previous pages point out the fact that many apparently 
non-linear relationships can expressed as linear equations.

4.8 Flame temperature
Section 10.6 discusses some the factors which 

affect the choice of smelting mode, but are not accounted
<



for in the model. Flash smelting flame temperature is 
one of these factors. It is a representation of the 
temperature in the reaction zone of the flash furnace, It 
is calculated from the following relationships.

Enthalpy in = Enthalpy out (4.13)
where:

Enthalpy in = a known quantity, depending on
concentrate and flux feed, and 
enthalpy in preheated air.

Enthalpy out = a function of flame temperature, the
function can be represented by an 
equation of the form " A + B*Tfiame "

These relationships result in the following equation.

Tf 1ame> = Enthalpy in - A (4.14)B

The "A" and "B" terms for the products formed in the 
flash furnace are listed in Appendix A.

4.9 Chapter summary
This chapter has introduced most of the assumptions 

and calculations required to back up the equations pre
sented in the following chapters. Those assumptions which 
can be presented more concisely are discussed directly in 
Chapter 5, 6, and 8.
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REPRESENTING STEADY-STATE SMELTING BY LINEAR EQUATIONS

Steady-state smelting can be represented by a series 
of linear equations. These equations can form the core of 
a control model which indicates or makes the required 
changes to flash furnace control parameters. Such a model 
has been developed for the Phelps Dodge Hidalgo Smelter 
where it is used routinely by central control room techni
cians .

These equations can also be part of a more concep
tual model which can be used as an aid in process design by 
simulating various smelting alternatives which can then be 
compared and analyzed. This chapter begins development of 
such a model by introducing mass and heat balance equations 
for the furnace.

5.1 Fundamental equations; mass and heat balances
The fundamental equations used to develop the model

are:
(1) steady-state mass balances for elements entering and 

leaving^ the furnace;

Chapter 5
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(2) an overall steady-state enthalpy balance for the

furnace,

The reference to steady-state emphasizes that 
inputs equal outputs, i.e„ there is no accumulation in the 
furnace.

5.1.1 Mass balances
The steady-state mass balance stipulates that the 

mass of inputs entering the furnace must equal the mass of 
the products leaving the furnace:

mass in = mass out. (5.1)

This equation is a summation of the element mass 
balance equations which stipulate that the mass of each 
element entering the system must be equal to the mass of 
that element leaving the system. The most important 
element mass balance equations for copper flash smelting 
are:

mass Cu in mass Cu out (5.2)
mass 'Fe in mass Fe out (5.3)
mass S in mass S out (5.4)
mass 0 in mass 0 out (5.5)
mass N in mass N out (5.6)
mass Si02 in mass Sio2 out (5.7)
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In Equation 5.7, SiOg is assumed to behave as an element in 
the sense that the silicon-oxygen bond is not broken 
during smelting.

5.1.2 Heat balance
The steady-state enthalpy balance stipulates that 

the enthalpy entering the system must equal the enthalpy 
leaving the system, the system in this case being the flash 
furnace:

enthalpy in = enthalpy out. (5.8)

Enthalpy enters the furnace in concentrate, flux, and 
blast. Should the furnace be operated with fuel, it also 
contributes to the ingoing enthalpy.

Enthalpy leaves the furnace in matte, slag, and 
off-gas. Furnace heat losses are also a constituent of 
"enthalpy out". Heat losses depend upon (i) furnace size 
and shape, (ii) operating temperatures, and in an indirect 
manner, concentrate throughput rate (Section 4.2). Heat 
losses are usually known with reasonable accuracy by the 
smelter personnel.

5.2 Mass balance equations and inequalities
This section presents the specific mass balance 

equations and inequalities used in this work. Because the 
model utilizes the features of linear programming (Mur ty,
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1983), inequalities are handled very easily. A similar 
matrix employing only equalities can also be developed 
(Partelpoeg, 1980).

The equations presented on the following.pages have 
abbreviations for most of the terms, e.g. FFS02 represents 
the mass of SC>2 (kg/tonne concentrate) leaving the flash 
furnace. These abbreviations are the same as those 
ultimately used by the linear programming package. Each 
abbreviation is defined as it is first presented and has 
units of kg/tonne concentrate, unless specifically men
tioned otherwise.

For convenient reference, the abbreviations are 
also defined in Appendix B.

5.2.1 Copper mass balance
The copper mass balance can be expressed as: the 

copper entering the furnace in the concentrate and recycle 
dusts equals the copper leaving in matte and dust.

In equation form this is expressed as:

0.8 (CU2S) + 0.5 (DSTout) - 0.25 (DUSTin) = 250 (5.9)

where CU2S is CugS in matte;
DUSTin is recycle dust into furnace;
DSTout is dust leaving furnace;
0.8 is the mass fraction Cu in CugS;
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0.5 and 0.25 are the mass fractions of Cu in the 
generated and recycled dust, respectively (Sec
tion 4.1.5);
250 is the kg Cu per tonne of concentrate for the 
standard concentrate used in this study (Section 
4.1.1).

The amount of copper in the slag is often signifi
cant in economic terms, but is generally insignificant in 
terms of the overall copper balance. This term is not 
included in the optimization model although it cannot be 
neglected in an in-depth economic study.

5.2.2 Iron mass balance
The iron mass balance is similar to that for 

copper. It can be expressed as: the iron entering the 
furnace in the concentrate and recycle dust equals the iron 
leaving in matte? slag? and dust.

In equation form this is expressed as:

0.63 (FES) + 0.78 (FEO) + 0.16 (DSTout) - 0.08 (DUSTIN)
= 349

where FES is FeS in matte;
FEO is FeO in slag;
0.63 is the mass fraction Fe in FeS;
0.78 is the mass fraction Fe in FeO;

(5.10)
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0.16 is the mass fraction Fe in the dust generated; 
0.08 is the mass fraction Fe in the dust recycled; 
349 is kg Fe per tonne concentrate (Section 4.1.1).

A portion of the iron in slag is FegC^. As was the 
case for copper in slag, this term is not included in the 
mass balance equation. These simplifications are being 
made to keep the optimization model to a manageable 
size of approximately sixty equations and inequalities. 
Although the linear programming software can handle 510 
constraints, insignificant terms and equations only tend to 
clutter the model. These terms can always be added to 
the model if justified in special situations.

5.2.3 Sulfur mass balance
The sulfur mass balance can be expressed as: the 

sulfur entering the furnace in the concentrate and recycle 
dust equals the sulfur leaving in matte, off-gas, and dust. 

In equation form:

0.2 (CU2S) + 0.37 (FES) + 0 . 5  (FFS02.) = 401 (5.11)

where FFS02 is the SOg in flash furnace off-gas;
0.2 is the mass fraction S in CugS;
0.37 is the mass fraction S in FeS;
0.5 is the mass fraction S in SOg;
400.8 is kg S per tonne concentrate (Section 4.1.1).
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Conspicuous by its absence is the sulfur in dust 

term. The reason for this is that the dust picks up SO2 in 
the off-gas cooling system when the dust sulfates. This 
SO2 is subsequently liberated when the dust is recycled to 
the furnace. In this sense, the sulfur in the dust is 
being recycled even though there is no sulfur in the dust 
per se as it leaves the furnace. Not including the dust 
sulfur term is hence a convenient way of ensuring an 
accurate sulfur balance from the point of view of SOg sent 
to the acid plant.

Sulfur leaving in slag is generally low enough 
(approximately 1 %) to be ignored in this type of mass 
balance.

5.2.4 Oxygen mass balance
The oxygen mass balance can be stated as: the 

oxygen entering in the furnace blast and in the oxides and 
sulfates recycled in the dust, equals the oxygen leaving 
the furnace in (i) the iron oxides in the slag, (ii) the 
SO2 in the off-gas, (iii) hydrocarbon fuel products in the 
off-gas and (iv) the iron and copper oxides in the gen
erated dust.

In equation form:

0.22 (FEO) - 0.19 (DUSTin) + 0.14 (DSTout) - 1.0 (FF02)
+ 0.5 (FFS02) + 0.73 (CO 2) + 0.89 (H20) = 0 (5.12)
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where FF02 is the oxygen entering in flash furnace blast;
C02 is the CO2 in flash furnace off-gas;
H20 is the H2O in flash furnace off-gas (as hydro
carbon fuel product);
the coefficients in front of the variables are
the corresponding mass fractions of oxygen.

As mentioned in Section 5.1.1, the oxygen entering 
and leaving as SiC>2 is not included in the oxygen balance 
since the stability of the Si-0 bond is sufficient to 
ensure that inlet and outlet terms would cancel each other 
out. The same argument applies for gangue components such 
as AI2O3 and CaO.

Consistent with the argument presented with the 
sulfur balance, the oxygen recirculating in the SO2 portion 
of the sulfated dust, is not included in the oxygen 
balance. This explains the 0.19 coefficient in front of 
the "DUSTin" term, even though the total oxygen content is 
higher (Section 4.1.5).

5.2.5 Silica balance
The silica balance is stated as: the silica entering 

the furnace in flux and concentrate and recycle dust equals 
the silica leaving in slag and dust.

In equation form: '



1.0 (SISLG) - 1.0 (SIFLX) - 0.1 (DUSTin) + 0.2 (DSTout) = 0
(5.13)
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where SISLG is the Si02 in slag;
SIFLX is the Si02 in flux;
0.1 and 0.2 are the mass fractions of Si02 in 
recycled and generated dust.

For the concentrate principally used in this study 
(Section 4.1.1) , there is a zero silica content. In 
situations where concentrates with silica are studied, the 
right hand side of Equation 5.13 would be equal to the 
number of kg Si02/tonne concentrate.

5.2.6 Matte equations
The mass of matte can be expressed as: the matte 

mass equals the mass of Cu2S plus FeS.
In equation form:

1.0 (CU2S) + 1.0 (FES) - 1.0 (MATTE) = 0 (5.14)

where MATTE is the mass of matte (kg/tonne concentrate).

When justified. Equation 5.14 can also include a 
term for FegO^ in matte.

The % Cu in matte is usually given a specified range 
for a specific flash furnace operation. The optimization 
studies presented later in the dissertation allow a
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wide range of matte grades. For these cases the following 
inequalities are enforced:

0.8 (CU2S) - 0.4 (MATTE) >= 0 (5.15)
0.8 (CU2S) -0.8 (MATTE) <- 0 (5.16)

Inequality 5.15 stipulates that mass percent copper in
matte be greater than or equal to 40 % while Inequal
ity 5.16 places an 80 % upper limit on matte grade. Often 
other factors impose much tighter allowable ranges for 
matte grade (Section 9.3.1).

To specify a particular matte grade. Inequali
ties 5.15 and 5.16 can be modified so that the coefficients 
preceding the "MATTE" terms are the same specified value in 
both. This specifies that matte grade can be neither below 
or above a specified value.

5.2.7 Slag equations
Similar to the matte mass equation, the slag mass 

equation is expressed as: the mass of the slag equals the 
mass of FeO and SiOg (and any other gangue constituents in 
the feed such as AI2O3 or CaO).

In equation form:

1.0 (FEO) + 1.0 (SISLG) - 1.0 (SLAG) = 0 (5.17)

where SLAG is the mass of slag.
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Here again, terms for Fe^O^ and gangue constituents 

can be added if so desired or justified.
The desired % SiOg in slag must somehow be speci

fied. To specify 35 mass percent SiOg in slag, as used in 
the optimization model, the following equation can be used:

Many smelters now operate with SiOg concentrations of 30 % 
or less. The 35 % concentration is justified in this study 
since no provision is made for gangue constituents in 
slag. The higher silica specification somewhat compensates 
for this simplification. An alternate way to specify the 
silica in slag would be to assign the silica to be a 
certain fraction of the FeO in slag and thus assign a 
desired FeO/SiC>2 ratio.

5.2.8 Carbon and hydrogen balance and the. fuel equation
The carbon and hydrogen entering the. furnace as 

hydrocarbon fuels must balance with the carbon and hydrogen 
leaving as combustion products. The following equations 
apply to the residual oil composition cited in Sec
tion 4.1.3:

1.0 (SISLG) - 0.35 (SLAG) = 0 (5.18)

0.27 (C02) + 0.86 (FUEL) = 0 (5.19)
0.11 (H20) +0.11 (FUEL) = 0 (5.20)

where FUEL is the mass of fuel entering the furnace;
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0.27 is the mass fraction carbon in CO2;
0.86 is the mass fraction carbon in fuel (see 

Section 4.1.3 for fuel specifications);
0.11 (preceding HgO term) is the mass fraction 

hydrogen in water;
0.11 (preceding fuel term) is the mass fraction 

hydrogen in fuel.

The amount of fuel into the furnace is usually 
specified by the enthalpy balance; its range is simply 
expressed as:

1.0 (FUEL) >= 0 (5.21)

This inequality is actually redundant because the 
linear program package assumes that all values are greater 
than or equal to zero. It is included because slight 
modifications to the inequality allow for examination of 
different levels of fuel input. For example, studies of 
autogenous smelting are performed easily by the model by 
simply changing the inequality sign of Inequality 5.21 to 
an equality sign.

5.2.9 Nitrogen equations
A series of nitrogen equations are required in the

model:
(1) a nitrogen balance equation
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(2.) an inequality which restricts the upper limit of 

nitrogen to that of air, i.e. zero oxygen enrichment 
(3) an inequality which restricts the lower limit of 

nitrogen; this inequality prescribes an upper limit 
of oxygen enrichment.

The nitrogen balance equation is simply expressed as:

1.0 (FFN2in) - 1.0 (FFN2ot) = 0 (5.22)

where FFN2in is the mass of entering nitrogen;
FFN2ot is the mass of exiting nitrogen.

The inequality stating the allowable upper limit of 
nitrogen is:

3,29 (FF02) - 1.0 (FFN2in) >=0 (5.23)

where 3.29 is the N2/O2 mass ratio of air. .

The inequality stating the allowable lower limit of 
nitrogen is:

0.22 (FF02) - 1.0 (FFN2in) <= 0 (5.24)

where 0.22 is the N2/O2 ratio of the most highly oxygen 
enriched industrial furnace, (the Inco flash 
furnace) which uses commercial grade oxygen, but 
also has some air infiltration with the entering
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concentrate and at the concentrate burner/furnace 
interface (Section 3.4.1) .

5.2.10 Flash furnace off-gas
Previous sub-sections have defined all of the 

components of flash furnace off-gas. It is convenient to 
sum these components and thus determine total flash 
furnace off-gas mass:

1.0 (FFN2ot) + 1.0 (FFS02) + 1.0 (C02) + 1.0 (H20)
- 1.0 (FFOG) = 0  (5.25)

where FFOG is the mass of the flash furnace off-gas as it 
leaves the furnace.

Infiltration of air into the gas cooling and 
cleaning equipment increases the mass of gas which ulti
mately enters the acid plant. This must be accounted for:

0.25 (FFOG) - 1.0 (FFINF) = 0 (5.26)

where FFINF is the air infiltration into the flash 
furnace off-gas;
0.25 is a coefficient which sets infiltration at 
25 mass percent of flash furnace off-gas.

The amount of air infiltration into flash furnace 
off-gas systems is generally quite low; 25 % is assumed 
throughout this dissertation.
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5.2.11 Dust generation and recycle

Section 4.1.5 indicated that the mass of dust which 
unavoidedly leaves the furnace is directly related to the 
mass of off-gas leaving the furnace. It also indicated 
that the mass of dust recycled to the furnace is related to 
the mass of dust generated. Consistent with these state
ments and the numerical values in Section 4.1.5 are the 
following equations:

-1.0 (DUSTin) +2.0 (DSTout) = 0  (5.27)
-1.0 (DSTout) + 0.05 (FFOG) = 0 (5.28)

5.2.12 Industrial oxygen input
The amount of industrial oxygen which is used to

supplement the oxygen in the air entering the flash furnace 
can be represented by the following equation:

1.07 (FF02) - 0.325 (FFN2in) - 1.0 (FFIND) = 0 (5.29)

Where FFIND is the mass of industrial grade oxygen (95 
mass percent) which enters the furnace.
1.07 and 0.325 are coefficients determined by 
solving the following two simultaneous equations:

FF02 = (02 entering in air) + 0.95 (FFIND) (5.30)
FFN2 = 3.29 (02 in air) + 0.05 (FFIND) (5.31)
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5.3 Heat balance equations

The equations dealing specifically with the overall 
furnace heat balance are less numerous than those associa
ted with the mass balances. They are, however, slightly 
more complex.

5.3.1 Furnace heat losses
Consistent with the discussion of furnace heat 

losses in Section 4.2, the following heat loss equation is 
used in the optimization model:

-1.0 (FFHL) + 0.15 (FFOG) = -250 (5.33)

where FFHL is furnace heat losses, MJ/kg concentrate.

5.3.2 Blast enthalpy
The constraints to blast enthalpy as explained in 

Section 4.3 lead to the following inequality:

0.5 (FF02) + 0.5 (FFN2in) - 1.0 (HBLAST) >= 0 (5.34)

where HBLAST is the enthalpy of the incoming blast,
MJ/kg concentrate.

The inequality sign is required to allow the possibility of 
the optimum blast temperature to be below 800 K.
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5.3.3 The enthalpy balance

The furnace enthalpy balance equation contains more 
terms than any other equation in the optimization model; 
the following guidelines allow for easy understanding of 
the equation. The coefficient in front of each term 
represents the enthalpy of each product (for the tempera
tures cited in Section 4.1.4 and data in Appendix A) or 
the negative enthalpy of the term if the substance is 
entering the furnace. The right hand side of the equation 
is equal to the enthalpy of the concentrate, which as 
mentioned in Section 4.1.1 is a .25 % Cu blend of chalco- 
pyrite and pyrite. The enthalpy equation:

0.26 (CU2S) + 0.12 (FES) - 2.44 (FEO) - 13.56 (SISLG)
+ 15.12 (SIFLX) + 6.3 (DUSTin) - 3.5 (DSTout)
+ 1.48 (FFN2ot) - 3.57 (FFS02) - 7.44 (C02)
- 10.52 (H20) - 1.0 (HBLAST) + 1.0 (FFHL) - 0.6 (FUEL)

= -1148 (5.35)

5.3.4 Recoverable heat in off-gas
The heat recovered from furnace off-gases (Section 

4.4) is represented by the following equation:

1.1 (FFN2ot) + 0.8 (FFS02) + 1.2 (C02) + 2.3 (H20)
1.0 (OGHEAT) = 0 (5.36)
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where the coefficients in front of the variables repre

sent the difference between the enthalpy of the 
gases at 1600 K and at 650 K (MJ/kg, Section 4.4).

5.4 Chapter summary
This chapter has shown conceptually, and with 

specific equations, how flash furnaces can be modelled with 
a series of linear equations and inequalities. Figure 5.1 
shows this matrix of equations. The following chapter 
shows how converting can also be included in the model.
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Figure 5
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Chapter 6

EXTENSION OF THE SMELTING MODEL TO INCLUDE CONVERTING

Linear equations can represent converting of matte 
to blister copper in a manner analogous to the flash 
furnace equations shown in Chapter 4. The two sets of 
equations can then be merged to produce a model which 
incorporates both the smelting and converting steps.

6.1 Mass and heat balance, equations 
The same principles outlined in Section 5.1 apply 

to converting. The only differences are in the forms of 
the inputs and outputs.

The main input to the converters is the matte, 
produced by the flash furnace. A second input is silica 
flux, which is added to form slag. Oxygen is supplied by 
injection into the bath, either in air or slightly 
oxygen-enriched air. ■

The products of converting are (i) blister copper 
suitable for refining, (ii) converter slag which must
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somehow be treated to recover the copper that is inadvert
ently dissolved or entrained in the slag, and (iii) con
verter off-gas which contains SOg and N2 as it leaves the 
converter.

Enthalpy enters the converter in matte, flux, and 
blast. No industrial operations preheat converter blast 
and hence the enthalpy of the blast has a value of 0.0 at 
298 K.

Enthalpy leaves the converter in the blister 
copper, the converter slag, the off-gas, and as converter 
heat losses. Heat losses depend not only on converter 
size and operating temperature, but also on the efficiency 
with which the converter is operated. Section 4.5 dis
cussed these concepts in some detail.

The converter equations developed in this chapter 
are ultimately merged with the equations presented in 
Chapter 5. For this reason consistency of units is 
required. All terms are expressed "per tonne concentrate".

6.2 Mass balance equations 
6.2.1 Copper mass balance

The matte which leaves the flash furnace is trans
ferred to the converters immediately after being tapped 
into ladles. A portion may freeze in transit and become 
reverts. This affects the converter heat balance (Section 
6 =3) but not the steady-state mass balance, because this
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solidified matte is almost always collected from the ladles 
and charged to the converters.

The copper balance is therefore:

0.8 (CU2S) - 1.0 (CVCU) = 0 (6.1)

where CVCU is the copper entering and leaving the 
converter.

A term to include copper loss in the converter slag can be 
included if the application of the model requires this 
additional accuracy.

Some smelters import scrap or secondaries not 
generated directly or indirectly in the smelter. In these 
cases. Equation 6.1 would be modified to include this 
source of copper. Other smelters melt a portion of their 
reverts in the flash furnace or in fact the reverts may be 
shipped out of the smelter. These scenarios would also 
demand a somewhat modified copper balance equation.

6.2.2 Iron mass balance
Iron enters with the matte and is oxidized to a 

combination of FeO and FegO^. These are. the major constit
uents of converter slag. The optimization model simplifies 
the iron balance by assuming all the iron becomes FeO:
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0.82 (FES) - 1.0 (CVFEO) = 0 (6.2)

where CVFEO is the mass of FeO generated in the converter;
0.82 is the mass of FeO (kg) produced when 1 kg of 
FeS is oxidized to FeO.

6.2.3 Sulfur mass balance
The sulfur in the matte is oxidized to SO2. If the 

small amount of sulfur that reports to slag and blister 
copper is not included in the sulfur balance equation, the 
sulfur balance equation is:

0.4 (CU2S) + 0.74 (FES) - 1.0 (CVS02) = 0 (6.3)

where CVS02 is the mass of SO2 generated in the converter;
0.4 is the mass of SO2 (kg) produced when 1 kg of 
CU2S is oxidized to Cu and SO2;
0.74 is the mass of SO2 (kg) produced when 1 kg of 
FeS is oxidized to FeO and SO2.

6.2.4 Oxygen balance
Oxygen is injected into the converter to oxidize 

sulfur and iron. The oxygen balance may be written as 
follows:

0.2 (CU2S) + 0.55 (FES) - 1.0 (CV02) = 0 (6.4)

where CV02 is the mass of oxygen injected into the
converter;
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0.2 is the mass of O2 (kg) required to oxidize 1 kgr 
of CugS to Cu and SO2;
0.55 is the mass of O2 (kg) required to oxidize 1 kg 
of FeS to FeO and SO2.

The 0.55 coefficient would increase to 0.58 if the 
model were fine-tuned to acknowledge the fact that the iron 
in the matte oxidizes in the converter to approximately 
half FeO and half

6.2.5 Nitrogen and off-gas equations
The amount of nitrogen associated with the oxygen 

which is injected into the converter, has an upper limit 
defined by the nitrogen content of air's

3.29 (CV02) - 1.0 (CVN2) >= 0 (6.5)

where CVN2 is the mass of nitrogen in converter blast;
3.29 is the N2/O2 in air.

The lower limit of nitrogen is determined by the 
maximum degree of oxygen enrichment which is possible in 
the converter blast. This maximum degree of oxygen enrich
ment is determined by either the converter heat balance or 
problems associated with excessive refractory wear when 
employing extensive oxygen enrichment. Although various 
levels, of oxygen enrichment are investigated in Section 
9.3.2, for most cases in this work the following inequality
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is used to prescribe the lower limit of nitrogen in the 
converter blast:

2.77 (CV02) - 1.0 (CVN2) <= 0 (6.6)

where 2.77 is the N2/O2 ratio of air enriched to 24
volume percent oxygen (26.5 mass % O2).

The upper limit of 24 volume percent O2 in converter 
blast was chosen based on the information documented in 
Johnson’s 1979 converter study. The data indicate that
significantly higher levels of oxygen enrichment in 
converters have not yet been proven feasible.

In all cases, the mass of converter blast is; the sum
of the masses of O2 and N2 in the blast. This is repre
sented by the equation:

1.0 (CV02) + 1.0 (CVN2) - 1.0 (CVBLST) = 0 (6.7)

where CVBLST is the mass of converter blast.

Introduction of converter nitrogen as a variable 
enables the converter off-gas mass equation to be defined. 
It is described by the equation:

1.0 (CVS02) + 1.0 (CVN 2) - 1.0 (CVOG) = 0 (6.8)

where CVOG is the mass of converter off-gas as it leaves
the converter.
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Infiltration of air into converter off-gas is much 

more significant than is the case for flash furnace 
off-gas„ Infiltration amounts of 200 % are not uncommon. 
This amount of infiltration is described in equation form 
by:

2.0 (CVOG) - 1.0 (CVINF) = 0 (6.9)

where CVINF is the mass of air infiltrating into the
converter off-gas handling system.

6.2.6 Silica balance equations
The mass of silica flux which must be added to the 

converter is dependent on the amount of iron entering the 
converter in the flash furnace matte. It is described by 
the equation:

0.32 (FES) - 1.0 (CVSIin) = 0 (6.10)

where CVSIin is the silica mass entering the converter;
0.32 is the mass of SiOg (kg) which is required to 
produce a 28 % SiOg, 72 % FeO slag, when the FeS is 
oxidized to FeO and SO2.

The amount of silica leaving the converter is of 
course equal to the silica entering the converter. This
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statement must be included in the model because the varia
ble "silica out" must be included in the enthalpy balance 
equation (Section 6.3.3). The Si02 balance equation is:

1.0 (CVSIin) - 1.0 (CVSlot) = 0 (6.11)

where CVSIot is the mass of silica, leaving the converter.

6.2.7 Converter industrial oxygen requirement
The amount of industrial oxygen required to enrich

the converter air is defined by an equation analogous to
Equation 5.29 (flash furnace industrial oxygen require
ment) :

1.07 (CVG2) - 0.325 (CVN2) - 1.0 (CVIND) = 0 (6.12)

where CVIND is the mass of industrial grade oxygen which 
enters the converter;
1.07 and 0.325 are as determined for Equation 5.29.

It is convenient to define the total industrial 
oxygen input into the smelter as the sum of flash furnace 
and converter requirements:

1.0 (FFIND) + 1.0 (CVIND) - 1.0 (TOTIN) = 0  (6.13)

where TOTIN is the total mass of industrial oxygen used by
the smelter.
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The total mass of industrial oxygen used by the 

smelter is usually constrained by an upper limit defined by 
the size of the oxygen plant dedicated to serve the 
smelter. In most cases the optimization model does not 
impose a restriction to oxygen availability. It sets a 
maximum input as:

1.0 (TOTIN) <= 1000 (6.14)

where 1000 (kg of industrial oxygen per tonne of concen
trate) is more industrial oxygen than could ever be 
used. In model terms, it ensures that there is 
enough industrial oxygen for minimum cost smelting. 
For specific applications in this dissertation, this 
number will vary from zero to some finite value 
which represents oxygen plant capacity.

6.3 Heat balance equations
As is the case with the flash furnace, the conver

ter heat balance equations, though less numerous than 
the mass balance equations, are somewhat more, complex.

6.3.1 Converter heat losses
Converter heat losses were shown to be equal to 

approximately 0.2 MJ/kg converter blast (Section 4.5). 
This relationship yields the following equation:
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0.2 (CVBLST) - 1.0 (CVHL) = 0 (6.16)

where CVHL is the converter heat loss.

6.3.2 Smelter reverts
Revert generation in a smelter was explained in 

Section 4.6 to be a function of the mass of matte produced 
by the flash furnace. Consistent with Section 4.6 is the 
following inequality:

0.4 (MATTE) - 1.0 (REVTOT) <= 0 (6.17)

where REVTOT is the total mass of solid reverts generated 
in the smelter.

The inequality rather than equation form of Inequal
ity 6.17 is justified because, although there is a minimum 
amount of reverts which is inevitably generated, smelters 
may always choose to generate more solid reverts if their 
converters are overheating and hence they require more 
solid reverts to be added as coolant.

The amount of reverts which can be consumed in the 
converter is expressed with the following equation:

1.00 (CVMJRV) - 1.0 (CVREV) = 0 (6.18)

where CVMJRV is the amount of M J available to melt 
reverts in the converter.
CVREV is the mass of reverts melted in the
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converter =
1.00 is the coefficient indicating that 1 MJ of 
energy is required to heat and melt 1 kg of solid 
revert (Section 4.6).

Section 4.6 described a possible situation where a - 
smelter would generate more reverts than can be melted in 
the converter. These reverts must be melted at some site 
which melts reverts at a higher cost than in the conver
ter. This situation is described by the equation:

-1.0 (CVREV) - 1.0 (EXREV) + 1.0 (REVTOT) = 0 (6.19)

where EXREV is the amount of "expensive reverts" which 
cannot be melted in the converters.

With this background to smelter reverts, it is now 
possible to present the converter enthalpy balance.

6.3.3 The converter enthalpy balance
The same general guidelines which were presented 

for the furnace enthalpy balance (Section 5.3.3) are valid 
for the converter enthalpy balance.

To recapitulate, the coefficient in front of each 
term represents the enthalpy of each product or the 
negative enthalpy of the term if the substance is entering 
the converter. The model, while assuming generation of
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solid reverts, does not modify the enthalpy of the liquid 
matte to account for its cooling in the ladle.

Based on these guidelines, the converter enthalpy 
balance is:

-0.26 (CU2S) - 0.12 (FES) + 0.74 (CVCU) - 2.44 (CVFEO)
+ 15.12 (CVSIin) - 13.56 (CVSIot) - 3.57 (CVS02)
+ 1.48 (CVN2) + 1.0 (CVHL) + 1.0 (CVMJRV) = 0 (6.21)

6.4 Chapter Summary
This chapter has developed mass and heat balance 

equations which not only describe converting, but also are 
compatible with the furnace equations developed in Chap
ter 5. Figure 6.1 shows these converter equations in 
matrix form.
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Figure
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CHAPTER 7

EFFECT OF MATTE GRADE ON SMELTER OPERATING PARAMETERS

This chapter departs from the equation development 
pattern of Chapters 5 and 6 to demonstrate the results 
which can be obtained from the model, even before the 
energy and cost equations of Chapter 8 are introduced.

Much can be gleaned from knowing the matte grade of 
a smelter; the following pages examine how matte grade 
affects such parameters as:

(1) industrial oxygen requirements
(2) furnace, converter, and total off-gas amounts
(3) fuel requirements
(4) revert generation and consumption.

Some of the differences between autogenous flash smelting 
and fuel-fired flash smelting are also examined.

Readers familiar with smelter operations may wish 
to skim through this chapter, but those less familiar with 
copper smelting are encouraged to read this chapter 
carefully. A knowledge of the basic relationships which 
exist in a copper smelter is required to understand the 
optimization results presented in Chapters 9-10.
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All the graphs presented in this chapter were 

developed with the equations and inequalities presented in 
Chapters 5 and 6. Minor changes are periodically made to 
some of the equations in order to obtain the data points 
from which most of the graphs in this and subsequent 
chapters are derived. Appendix C documents the changes 
made in these instances.

7.1 Introduction
Matte grade is the concentration of copper in matte 

expressed as a percentage. This parameter indicates the 
relative amount of oxidation taking place between the two 
main unit operations in the smelter, i.e. the flash 
furnace and the converters.

The important differences between these two unit 
operations are summarized below as follows.

(1) Flash furnaces operate continuously; converters 
operate in batch cycles.

(2) Flash furnace off-gases can be easily delivered to 
the acid plant with little or no dilution. Air 
infiltration into converter off-gases cannot be 
easily maintained below 200%.

(3) Oxygen enrichment of flash furnace air has no upper 
limit. Oxygen enrichment of converter blast 
currently has a relatively low upper limit. This
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upper limit is imposed by excessive refractory wear 
near the tuyeres, as oxygen enrichment increases.

(4) Increased oxidation of concentrate results in 
mattes of higher grades. It also decreases flash 
furnace fuel and/or oxygen enrichment requirements, 
because more heat is generated from the increased 
oxidation of FeS (Reaction 3.2). High matte grades 
reduce revert melting capacity in the converter 
because less oxidation heat is generated (less FeS 
enters the converter per tonne concentrate).

The most common parameters by which smelter perform
ance is judged (such as matte grade and volume % Og in 
blast) cannot be expressed as linear equations. The linear 
results obtained from the model are therefore manipulated 
so that they can be presented in terms familiar to smelter 
operators. As a consequence, the graphical results 
presented in this and subsequent chapters, often show 
non-linear relationships.

7.2 Autogenous flash smelting 
This section examines the effects of matte grade on 

a smelter in which the flash furnace is operated autogen- 
ously (i .e. with no hydrocarbon fuel feed to the furnace) 
and with ambient temperature air blast (i.e. with no blast 
preheating).
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7.2.1 O2 requirements

Smelter Og requirements can be categorized in two 
different ways:

(1) flash furnace Og and converter O2 
and (2) O 2 supplied by air and O2 supplied by indus

trial oxygen.
Figure 7.1 shows that flash furnace O2 requirement 

increases as matte grade increases. This trend is the 
result of an increased amount of oxidation of iron and 
sulfur in the flash furnace. The figure also shows that 
converter O2 decreases as matte grade increases. This 
decrease is also due to the increased oxidation occurring 
in the flash furnace. The increased oxidation of iron and 
sulfur in the furnace (Reaction 3.2) decreases converter O2 
requirements because less Fe and S enter the converter.

Figure 7.1 also shows that the amount of industrial 
oxygen required in the flash furnace decreases somewhat 
with increasing matte grade. The reason for this trend is 
also linked to the oxidation of iron and sulfur. The 
oxidation of FeS generates heat; as a consequence, in
creased oxidation requires additional coolant to maintain 
the furnace heat balance. The nitrogen in air acts as this 
coolant.

Figure 7.2 provides another representation of the 
effect of increased reaction heat on the air/industrial
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Figure 7.1 Effect of matte grade on total furnace C>2 and 
furnace industrial oxygen requirements.
The flash furnace is operating autogenously 
with no air preheat. The total amount of Og 
required for converting is also shown.
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matte grade, mass % Cu

Figure 7.2 Effect of matte grade on volume % O2 required 
to operate a flash furnace autogenously with no 
air preheat.
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oxygen trade-off. The figure shows how volume % O2 
decreases with increasing matte grade. The extreme left 
portion of the curve closely represents the Inco flash 
smelting scenario; the matte grade is low while the 
industrial oxygen requirement is high.

7.2.2 Product masses and revert generation and consumption
Figure 7.3 shows how the increased oxidation 

associated with mattes of higher grades affects product 
masses. Matte mass decreases due to the lower iron and 
sulfur content. Slag mass increases due to the higher iron 
oxide content (which also requires additional S i O2 to 
maintain a constant % Si02 in slag) . Off-gas mass in
creases both due to increased SO2 generation and decreased 
oxygen enrichment.

Matte grade also affects converter product masses. 
Since less iron and sulfur enters the converter with mattes 
of high grade, slag and off-gas masses decrease. One 
product which is independent of matte grade is the amount 
of blister copper produced. This parameter is only 
dependent on the amount of copper entering the smelter. 
Figure 7.4 shows how converter product masses vary with 
matte grade.
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Figure 7.3 Effect of matte grade on the masses of flash 
furnace products.
The furnace is operating autogenously with no 
air preheat.
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Figure 7.4 Effect of matte grade on converter product 
masses.
The converter employs air enriched to 24 volume 
per cent oxygen.
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Section 4.6 discussed smelter revert generation and 

consumption; Figure 7.5 shows these trends for converter 
operation with and without oxygen enrichment. Note that 
with matte grades above 49 % Cu not all of the reverts can 
be melted in the converter without oxygen enrichment. The 
upper limit of matte grade for total revert consumption 
rises to 65 % Cu if converter oxygen enrichment is raised 
to 24 volume % Og.

Sections 5.2.10 and 6.2.5 explained that air 
infiltrates into both flash furnace and converter off-gas 
handling systems. Figure 7.6 shows how total off-gas 
varies with matte grade, both for the realistic scenario of 
infiltration and for the theoretical scenario of no 
infiltration. The figure shows how minimum off-gas 
production shifts from the low matte grade (if no infiltra
tion is assumed) to high matte grade (if typical infil
tration levels are assumed).

7.3 Fuel-fired flash smelting
This section examines how fuel-fired flash- furnace 

operation affects such parameters as furnace off-gas and 
dust production (other parameters such as slag and matte 
mass are independent of whether the furnace is fuel-fired 
or oxygen-enriched). The examples shown in this section 
assume maximum possible preheat of the flash furnace blast 
(preheated to 800 K, Section 4.3). Operating a fuel-fired
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reverts melted with 24X 02

C  300-

o 200-

reverts generated

reverts melted with 
no oxygen enrichment

matte grade, mass % Cu

Figure 7.5 Effect of matte grade on smelter revert 
generation and on the quantity of reverts which 
can be melted with and without oxygen enrich
ment .
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TYPICAL INFILTRATION

3000-

i 2000-

NO INFILTRATION

matte grade, mass % Cu

Figure 7.6 Effect of matte grade on total smelter off-gas 
with and without typical air infiltration.
The flash furnace is operated autogenously with 
no preheat. The no infiltration off-gas mass 
increases slightly with increasing matte grade 
because less O2 enrichment is required in the 
flash furnace when high grade is produced.
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furnace with no preheating appears to not be physically 
possible (Section 9.4.4). In any case, as Section 9.4.3 
shows, blast preheat usually lowers energy costs.

Figure 7.7 shows how matte grade affects flash 
furnace fuel requirements. The decrease in fuel require
ment with increasing matte grade is a result of an in
creased release of Fe and S oxidation heat. A secondary 
reason for the decrease in fuel is that since more oxygen 
is required to produce the higher matte g rades, more 
enthalpy enters the furnace with the preheated air. 
Figure 7.8 shows this trend.

One of the most significant differences between 
fuel-fired furnaces and oxygen-enriched autogenous furnaces 
is the amount of off-gas which is generated. Figure 7.9 
shows this relationship. This difference has a significant 
impact on dust generation and recycle (which are dependent, 
oh off-gas mass) . Figure 7.10 shows the mass of dust 
recycled for the two types of smelting.
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60matte grade, mass % Cu

Figure 7.7 Effect of matte grade on flash furnace fuel 
(residual oil) requirements.
The furnace is operated with no oxygen enrich
ment and maximum (800 K) air preheat.
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c 1150~

5  1050-

rn 1000"

60matte grade, mass % Cu

Figure 7.8 Effect of matte grade on the amount of enthalpy 
entering the flash furnace in the preheated 
air.
The furnace is operated with fuel (oil) and no 
oxygen enrichment. The preheated air enters at 
800 K. The increasing enthalpy input is due to 
larger air input when high matte grades are 
being produced.
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fuel-fired smelting 
800 K blast

2000-1

°  1600-

c5) 1200- autogenous smelting 
298 K blast

60matte grade, mass % Cu

Figure 7.9 Effect of smelting mode on flash furnace 
off-gas mass.
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300-r

fuel-fired smelting

autogenous smelting

60matte grade, mass % Cu

Figure 7.10 Effect of matte grade on mass of dust recycled 
to the flash furnace.
The large difference between fuel-fired and 
oxygen-enriched smelting is due to the differ
ence in their off-gas masses.
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7.4 Chapter Summary

This chapter has presented the general trends which 
occur when matte grade is changed in a smelter. The most 
significant trends which occur when the grade of matte 
being produced by the flash furnace is increased are listed 
below.

(1) In the flash f u r nace, the heat generated from 
reacting the concentrate to make matte increases. 
This decreases furnace fuel requirements and/or 
industrial oxygen requirements.

(2) In the converter, less heat is generated from 
oxidizing matte to blister copper. As a conse
quence, less revert material can be melted in the 
converter.

(3) Total off-gas mass decreases since the flash furnace 
off-gas/converter off-gas ratio increases, and there 
is less air infiltration into flash furnace off-gas 
than converter off-gas (Equations 5.26 and 6.9).



CHAPTER 8

SMELTER ENERGY REQUIREMENTS AND COSTS

Returning to the presentation of equations which are 
part of the optimization model , this chapter examines 
smelter energy requirements and their costs. Only the 
costs which are process dependent are studied. No attempt 
is made to quantify smelter baseline energy requirements 
which include factors such as concentrate drying and hand
ling, and anode refining and casting.

Although the costs reasonably represent mid-1985 
industry costs, the reader is warned that costs are to some 
extent site-specific. As a consequence, applying the 
costs cited in this work to specific applications may lead 
to errors. . .

The energy and cost functions of smelter unit 
operations are well documented and discussed. Many of 
these equations have been cited previously by Kellogg and 
Henderson (1976) in their study of sulfide smelting energy 
requirements. A goal of this work is to show how this 
existing data and knowledge can be incorporated into an 
optimization model. The Kellogg and Henderson study is 
used as a principal reference because, even though it dates
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to the mid 1970s, the specific energy data extracted from 
it, are still valid.

This chapter specifically discusses the energy 
requirements to:

(1) produce industrial purity oxygen
(2) compress air to convert matte
(3) clean and move furnace off-gas
(4) produce sulfuric acid„

This chapter also discusses the credit which can be 
applied to heat recovered from flash furnace off-gases.

8.1 Oxygen production energy
The energy required to produce industrial purity 

oxygen (90-98 volume % O2) is approximately 0.35 kwh/kg 
oxygen. This value is used in the optimization model in 
the following equation:

0.35 (TOTIN) - 1.0 (KWH02) = 0 (8.1)

where KWH02 is the electrical energy required to produce
industrial oxygen.

8.2 Compressed air for converting
Kellogg cites a wide industrial range of energy 

required to compress converting air: 1.04 to 2,43 kwh/1000 
standard cubic feet (the pressure of converting air is
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approximately 1.2 atmospheres, guage). This range results 
from some smelters maintaining a back-up compressor on-line 
or otherwise producing excess air. Kellogg1s choice of 1.4 
kwh/1000 scf air is also used in this study. This energy 
is expressed in terms of kwh/kg Ng in converter blast. The 
reason for choosing these units is to avoid double counting 
the energy of industrial oxygen (which is already at an 
appropriate pressure) in converter blast:

1.4 kwh / 1000 scf air 
= 1.4 kwh / 790 scf N2
= 1.4 kwh / 22370 litres Ng
= 1.4 kwh / 1000 gram-moles N2
= 1.4 kwh / 28 kg N2
= 0.05 kwh / kg N2

The following equation is used in the optimization model:

0.05 (CVN2) - 1.0 (KWHCV) = 0 (8.2)

where KWHCV is the kwh required to compress converter 
air.

8.3 Cleaning and moving off-gases 
Off-gases from furnaces and converters must be 

cleaned by electrostatic precipitators and moved through 
fans towards the acid plant. Kellogg's choice of 0.24



kwh/1000 scf gas is also used in this study to quantify the 
energy required for this task.

This energy term translates to 0.006 kwh/kg off-gas 
if a composition of 15 volume % SOg, 5 % Og, and 80 % N2 is 
assumed. It is actually more appopriate to express gas 
moving energy in units of energy per mass because fan 
electrical energy requirement is related directly to the 
mass moved, not the volume . This choice of units can 
therefore be representative for a wide range of gas 
compositions.

. The equation which describes gas cleaning and moving 
energy is hence:

0. 006 (FFOG) + 0.006 (FFINF) + 0.006 (CVOG) + 0.006 (CVINF)
- 1.0 (KWHESP) = 0 (8.3)

where KWHESP is the energy required to clean the off
gases and move them to the acid plant.

8.4 Acid Production Energy 
Section 4.7 discussed how Kellogg and Henderson 

quantify acid production energy, and how their equation can 
be manipulated to meet the requirements of this work. This 
energy depends on previously defined components of off-gas,
1. e.:

FFOG Flash furnace off-gas

110

FFINF Flash furnace infiltration
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CVOG Converter off-gas
CVINF Converter infiltration

As explained in Section 4.7, air addition is 
required if the combination of the four off-gas components 
produces an off-gas with a molar O2/SO2 ratio of less than 
1.0. This constraint introduces an equation and an 
inequality to the optimization model. The equation 
quantifies the amount of oxygen entering the acid plant; 
the inequality equation ensures there is sufficient oxygen 
to convert SO2 at a high efficiency:

0.233 (FFINF) + 0.233 (CVINF) + 0.233 (AIRADD) - 1.0 (020G)
= 0  (8.4)

0.5 (FFS02) + 0.5 (CVS02) - 1.0 (020G) <= 0 (8.5)

where AIRADD is the amount of air addition in the acid 
plant;
020G is the amount of oxygen entering the acid 
plant;
0.233 is the mass fraction of oxygen in air;
0.5 is the coefficient which ensures a minimum 1:1 
O2/SO2 molar ratio after acid plant air addition but 
before conversion of SO2 to SO3.

The total mass of gas processed in the acid plant 
is conveniently determined by the equation:
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1.0 (FFOG) + 1.0 (FFINF) + 1.0 (CVOG) + 1.0 (CVINF)

+ 1.0 (AIRADD) - 1.0 (TOTOG) = 0 (8.6)

where TOTOG is the total off-gas processed in the acid 
plant, including acid plant air addition.

Equation 4.11 can now be expressed with the variables used 
in the optimization model:

(FFS02) + 0.085 (CVS02) +0.22 (TOTOG) - 1.0 (KWHACD)
= 0  (8.7)

KWHACD is the amount of kwh required to produce 
acid from the off-gases.

8.5 Total electricity, requirements 
The previous sections' have quantified the electri

city requirements to produce oxygen, produce converter 
blast, clean and move off-gases, and produce sulfuric acid. 
These requirements are reduced by the electricity which is 
generated from the steam produced by cooling the furnace 
off-gases. This, amount of this credit is explained in 
Section 4.4 to be equal to 0.1 kwh per MJ heat recovered 
from the off-gas. The credit for internally generated 
electricity is dealt with in a subsequent equation (Equa
tion 8.14). The following equation describes total pur
chased electricity requirements (assuming no internal 
generation, for the moment) :

0.085

where
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1.0 (KWHACD) + 1.0 (KWH02) + 1.0 (KWHCV) + 1.0 (KWHESP) -

1.0 (KWHTOT) = 0 (8.8)

where KWHTOT is the total electricity (kwh) requirement.

8.6 Cost Equations
Parameters such as fuel, enthalpy in blast, recover

able heat in off-gas, expensive reverts, and electricity 
requirements share a common denominator: they all affect 
costs. This section quantifies these costs.

8.6.1 Fuel costs
The price of hydrocarbon fuel has fluctuated 

significantly in past decades. The following represent 
approximate early 1985 fuel prices, delivered to smelters 
in the south-western United States:

fuel ^/conventional unit $/kg
residual oil 28.50/barrel 0.18

coal 45.00/ton 0.05

The optimization model uses residual oil as fuel; 
the sensitivity of optimum operating conditions to fuel 
price (i.e. switching to coal) is examined in Section 9.4.4 
and discussed further in Section 10.5. The following fuel 
cost equation is employed in the optimization model:

$/MJ
0.0043
0.0016
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0.18 (FUEL) - 1.0 (CSTFUL) = 0 (8.9)

where CSTFUL is the price of fuel, $/tonne concentrate; 
0.18 is the price of residual oil, $/kg oil.

8.6.2 Cost of preheating air
The most common method of preheating air (for flash 

furnace blast) is by. using oil-fired preheaters which 
transfer heat indirectly to the air by forcing hot combus
tion gases by tubes which contain the flash furnace blast. 
The efficiency of energy transfer from oil to blast is 
approximately 75 % for such applications. The efficiency 
may ever be higher if the combustion off-gases are subse
quently used to dry concentrate. The following equation is 
used in the optimization model to express the cost of 
preheating air:

0.006 (HBLAST) - 1.0 (CSTBST) = 0  (8.10)

where CSTBST is the cost of preheating blast;
0.006 is 133 % of the price of residual oil ($/MJ).

8.6.3 Electricity costs
The total electricity cost is the sum of the cost 

of purchased electricity plus the charge for generating
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electricity from the heat recovered from off-gas (Sec
tion 4.4). The price of purchased electricity for indus
trial users is currently approximately $0.05 per kwh 
(U.S. Department of Energy, 1985) .

The credit for generated electricity is accounted 
for in Section 8.7. The equation which describes purchased 
electricity requirements (for the moment assuming no 
internal generation) is as follows:

0.05 (KWHTOT) - 1.0 (CSTKWH) = 0 (8.11)

where CSTKWH is the cost of purchased electricity;
0.05 is the unit electricity price ($/kwh) used in 
this study unless specifically mentioned otherwise.

8.6.4 "Expensive" revert melting costs
Section 4.6 introduced the concept of "expensive" 

reverts, i.e. those reverts which due to converter heat 
balance limitations cannot be melted in the converter. 
Consistent with the comments made in Section 4.6 is the 
following equation:

0.05 (EXREV) - 1.0 (CSTREV) = 0 (8.12)

where CSTREV is the cost of melting expensive reverts.

While the cost to melt these expensive reverts 
may consist of cost components which are not directly
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energy-related (such as labor required to ship the reverts 
to their destination) , this cost is classified in this 
dissertation as an energy cost.

8.7 Total costs
All cost components examined in this work have now 

been defined. The sum of all positive costs (i.e. not yet 
accounting for the credit for internally generated elec
tricity). can be expressed as:

1.0 (CSTKWH) + 1.0°(CSTFUL) + 1.0 (CSTBST) + 1.0 (CSTREV)
- 1.0 (CSTTOT) = 0  (8.13)

where CSTTOT is total energy related costs, $/tonne
concentrate.

The only cost component not included in Equa
tion 8.13 is the credit which is applied for the internally 
generated electricity.

The direct operating cost of generating electricity 
from steam is primarily the cost of superheating the 
steam. Assuming this is carried out in an oil fired 
superheater, this cost is approximately $0.01 per kwh or, 
equivalently, $0,001 per MJ heat recovered from off-gas 
(Sections 4.4 and 8.6.1). This cost can be expressed as a 
negative cost (i.e. a credit) by subtracting the price of
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electricity from the cost of generating internal elec
tricity. Consistent with the price of electricity cited in 
Section 8.6.3, this credit is $0.04 per kwh or, equiva
lently, $0,004 per MJ heat recovered from off-gas.

In most cases in this dissertation, total net costs 
are minimized; these can be represented by:

- 0.004 OGHEAT + 1.0 CSTTOT = COSTS (8.14)

8.8 Chapter Summary
This chapter has quantified the energy costs 

associated with smelting which are process dependent. 
Figure 8.1 shows these equations in matrix form. The 
following chapters present total energy costs for various 
smelting alternatives.
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Figure 8.1 Energy and cost equations and inequalities



CHAPTER 9

RESULTS

The complete optimization model has now been 
defined. It consists of the equations and inequalities 
presented in Chapters 5, 6, and 8. The model can be 
visualized as the matrix which results from merging 
Figure 5.1 with Figure 6.1 and Figure 8.1. Figure 9.1 
shows this matrix in a conceptual manner. It is difficult 
to show the final matrix more succinctly due to the number 
of equations involved and the inherent space limitations on 
a page or even a fold-out page.

All linear programming models consist of a matrix 
of equations and/or inequalities, and an objective func
tion. This objective function can then be either minimized 
or maximized by the linear programming routine.

The objective function of this work is in most 
cases Equation 8.14, i.e. the sum of total purchased energy 
costs less a credit for internally generated electricity. 
This function is minimized to determine optimum smelting 
and converting parameters.
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OBJECTIVE FUNCTION

FURNACE MASS
AND HEAT
BALANCE
EQUATIONS

CONVERTER MASS AND HEAT
BALANCE EQUATIONS

>=
<=

RIGHT
HAND
SIDE
VALUES

ENERGY AND COST EQUATIONS

Figure 9.1 Conceptual presentation of the optimization 
model.
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It should be stressed that this definition of total 

costs is a summation only of the energy-related operating 
costs which are dependent on the smelting process, This 
cost is a relatively small component of total smelter 
costs. Some of the costs which are not included in this 
term are:

(1) labor costs
(2) capital costs
(3) overhead costs and taxes
(4) operating costs which are independent of the mode of 

flash smelting (e.g. concentrate handling and 
drying, and anode refining and casting).

Optimization' models can be developed which also 
include any or all of the above costs. This study has not 
included capital costs because these costs are site- 
specific. Many subjective decisions would have to be made 
to include them in a comprehensive model which encompasses 
the extremes of flash smelting (from autogenous with high 
levels of oxygen enrichment to fuel-fired air flash 
smelting) . Similar subjective decisions would be required 
to include labor costs as a linear function of off-gas 
mass, slag mass and/or matte mass.

Overhead costs, taxes, and the operating costs which 
are independent of the mode of flash smelting could have
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been estimated objectively for the model. These costs, 
would be approximately constant, and would not meaningfully 
contribute to the results presented in this dissertation.

9.1 Chapter strategy
This chapter begins by simply presenting the results 

obtained by minimizing "COSTS" as defined by Equation 8.14 
in the optimization model. As will be seen, the optimum 
conditions prove to be autogenous flash furnace operation 
and oxygen enrichment of converter blast. After these 
optimum conditions are outlined, the optimum conditions 
for smelters with no industrial oxygen are also shown.

Subsequent sections determine the sensitivity of 
these solutions to slight changes to operating parameters. 
Parameters which are studied for sensitivity are:

(1) matte grade
(2) amount of industrial oxygen supplied to the furnace
(3) amount of oxygen enrichment of converter air
(4) concentrate grade
(5) furnace and converter heat losses
(6) revert generation
(7) dust generation
(8) unit prices and costs (e.g. $/kwh, cost to melt 

"expensive reverts").
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Many of the curves presented in this chapter are 

non-linear for reasons explained in Section 7.1. These 
curves often exhibit distinct regions on both sides of the 
minimum cost point. These regions, recognized by their 
distinct "slopes", occur because as the x-axis value is 
varied , cost components can appear or disappear. In 
general, these different "slopes" are not specifically 
discussed. Rather, discussion is concentrated on the 
optimum point.

The reason why most of the emphasis is placed on the 
optimum point, is that discussion of the different regions 
of each curve is enlightening, but to some extent unnecess
ary. The results generated from the model are "as good" as 
the equations which make up the model. For this reason, 
close attention must be given to the equations themselves 
(Chapters 5, 6, and 8). Once a high confidence level of 
the equations is obtained, the results generated by the 
linear programming software can be accepted without 
question.

9.2 Minimum cost smelting
The optimization model was entered into a linear 

programming computer software package ("LPX88", Eastern 
Software Products, 1984) and the following results were
obtained.
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Variable Value Variable Value
C02S 312.5 FES 71.9
MATTE 384.4 FEO 389.4
SISLG 20 9.7 SLAG 599.0
SIFLX 209.7 DUSTin 109.6
DSTout 54.8 FF02 384.4
FFN2in 472.2 FFN2ot 472.2
FFS02 623.8 C02 0
H20 0 FUEL 0
HBLAST 0 FFHL 414.4
FFIND 257.8 FFOG 1096.0
FFINF 274.0 OGHEAT 1018.5
CVCU 250.0 CVFEO 59.0
CVS!in 23.0 CVSlot 23.0
CV02 102.0 CVS02 178.2
CVN2 282.7 CVBLST 384.7
CVOG 460.9 CVINF 921.8
CVHL 76.9 REVTOT 153.8
CVMJRV 153.8 CVREV 153.8
EXREV 0 CVIND 17.3
TOTIN 275.2 TOTOG . 3277.9
020G 401.0 AIRADD 525.3
KWH 02 96.3 KWHCV 14.1
KWHESP 16.5 KWHACD 140.3
KWHTOT 267.2 CSTKWH 13.4
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CSTFUL 0 CSTBST 0
CSTREV 0 CSTTOT 13.4
COSTS (Eqn 8.14) = 9.3

From these "raw" answers. the following statements
can be made concerning the optimal smelting parameters.

(1) The optimum matte grade is 65 % Cu =
(2) The flash furnace operates autogenously with no air 

preheat. The flash furnace air is oxygen enriched 
to an N2/O2 ratio of 1.23, i.e. 41.6 volume % O2.

(3) Converter oxygen enrichment is the highest permitted
by the optimization model , 24 volume % O2 . All
reverts generated in the smelter are melted in the 
converters.

(4) Total energy costs are $9.30 per tonne concentrate. 
Electricity is the only cost and includes a $13.40 
charge for purchased electricity and a $4.10 credit 
for internally generated electricity. Most of the 
cost is attributed to acid production. The average 
electricity cost is $0,035 per kwh (weighted average 
based on 165.4 kwh purchased at $0.05 per kwh and 
101.9 kwh generated with a direct operating cost of 
$0.01 per kwh).

(5) Total industrial oxygen requirement is 275.2 kg per 
tonne concentrate. For the concentrate grade
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assumed in the optimization model (25 % Cu) , this
means a 550 tonne per day oxygen plant would be
required to produce copper at a 500 tonne per day
rate.

If no industrial oxygen is available, the optimum
smelting conditions require that hydrocarbon fuel be
combusted in the flash furnace. The "raw" answers that the
linear program software generates for these conditions are
listed below.

Variable Value Variable Value
CU2S 312.5 FES 196.9
MATTE ■ 509.4 FEO 288.4
SISLG 155.3 SLAG . 443.7
SIFLX 155.3 DUSTin 228.9
DSTout 114.5 FF02 468.4
FFN2in 1540.9 FFN2ot 1540.9
FFS02 531.3 C02 165.2
H20 <Tt

i—
1

LD FUEL 51.9
HBLAST 1004.7 FFHL 593.4
FFIND 0 FFOG 2289.3
FFINF 572.3 OGHEAT 2437.6
CVCU 250.0 CVFEO 161.4
CVSIin 63.0 CVSIot 63.0
CV02 170.8 CVS 02 270.7
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CVN2 561.8 CVBLST 732.6
CVOG 832.5 CVINF 1665.1
CVHL 146.5 ' REVTOT 203.7
CVMJRV 203.7 CVREV 203.7
EXREV 0 CVIND 0
TOTIN 0 TOTOG 5359.2
020G 521.3 AIRADD 0
KWH02 0 KWHCV 28.1
KWHESP 32.2 KWHACD 186.1
KWHTOT 246.5 CSTKWH 12.3
CSTFUL 9.3 CSTBST o

CSTREV 0 CSTTOT 27.7
COSTS (Eqn 8.14). = 17.9

The key operating parameters indicated by these 
results are outlined below.

(1) The optimum matte grade is 49.1 % Cu.
(4) Total energy costs are $17.9 per tonne concentrate. 

This includes $12.3 for purchased electricity, $9.3 
for flash furnace fuel and $6.0 for air preheater 
fuel. The credit for internally generated elec
tricity is $9.8 per tonne concentrate. The bulk of 
the electricity cost is associated with acid 
production.
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(3) The flash furnace requires 51.9 kg fuel per' tonne 

concentrate and maximum allowable air preheat.
(4) All reverts generated in the smelter are melted in 

the converters.

The following information provides a quick compari
son of optimum autogenous smelting with optimum fuel-fired 
smelting.

Parameter Autogenous Fuel-fired
Matte grade 65 49
total energy cost ($/tonne cone.) 9.3 17.9
% of total slag produced in furnace 88 66
dust recycled (kg) 109.6 228.9
mass % SO2 leaving furnace 56.9 23.2
volume % SO2 leaving furnace 36.6 11.9
recoverable heat from off-gas ’ (MJ) 1018 2438
total off-gas treated in acid plant 3278 5359
total electricity demand (kwh) 267 246
electricity generated (kwh) 102 244

The above information highlights the differences
both between high and low matte grades, and autogenous and 
fuel-fired smelting. The reason for the difference in 
matte grades can be traced back to Figure 7.5 which shows 
the effect of converter oxygen enrichment on revert melting



capacity. Both sets of optimum conditions have the upper 
matte grade limited by the converters' capability to melt 
the reverts generated in the smelter and thus avoiding the 
cost of "expensive reverts".

9.3 Sensitivity analysis and the effect of restrictions
Special situations in industry rarely allow as much 

freedom to the operating parameters as the optimization 
model does. This section examines how applying certain 
restrictions to the model affects costs. It also studies 
the sensitivity of the results to slight changes in the 
model.

Many of the figures shown in this section include a 
curve depicting optimum conditions for smelters that have 
industrial oxygen available and for smelters that do not. 
It is useful to examine these two scenarios to be able to 
see the complete spectrum of trade-offs between oxygen- 
enrichment and fuel firing. When only one curve is shown, 
it represents the optimum condition, which for most cases 
is autogenous operation with oxygen enrichment.

9.3.1 Varying matte grade
The model allows any matte grade between 40% Cu and 

80% Cu (as dictated by Equations 5.15 and 5.16) . For a 
variety of reasons, most smelters cannot allow such a wide 
range of matte grades. For example, the Hidalgo Smelter
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normally operates with matte grade greater than 57 % Cu but 
less than 63 % Cu»

The minimum matte grade of 57 % Cu ensures a 
sufficiently high slag/matte ratio so that the suspension 
of furnace products (after reacting in the reaction shaft) , 

when impinged onto furnace walls, creates a protective 
Fe^O^ layer on furnace refractory„ This protective layer 
prevents excessive refractory wear and decreases furnace 
heat losses somewhat„

The upper matte grade of 6 3 % Cu is imposed to 
ensure sufficient revert melting capacity in the conver
ters. #

The model can be easily modified to calculate costs 
for various matte grades. A specific matte grade can be 
obtained by inserting identical second terms into Inequal
ities 5.15 and 5.16. This was done to obtain Figure 9.2.

■ The curve labelled "autogenous smelting" exhibits 
the minimum at 65 % Cu matte grade. To the left of the 
minimum, costs increase because oxidation reaction heat 
decreases. To compensate for this, more industrial oxygen 
must be used to enrich flash furnace air. This increases 
costs due to the additional electricity required to produce 
the additional industrial oxygen. Costs also increase 
because of reduced flash furnace off-gas mass which results 
in less credit from off-gas heat recovery. Costs increase
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fuel-fired smelting

autogenous smelting

matte grade, mass % Cu

Figure 9.2 Effect of matte grade on energy costs.
Costs are defined by Equation 8.14. To the 
left of the minima, costs increase b e c a u s e  
reduced iron and sulfur oxidation heat must be 
compensated by either fuel (oil) or more 
industrial oxygen. To the right of the minima, 
costs increase because there is insufficient 
iron and sulfur oxidation heat remaining in 
matte to melt all reverts in the converters.
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to the right of the minimum due primarily to decreased 
revert melting capacity of the converters. As a conse
quence, some "expensive reverts" are created»

Referring still to Figure 9.2, but to the curve 
labelled "fuel-fired smelting", the optimum matte grade has 
decreased to 49 % C u . This shift has occurred because 
without oxygen enrichment, converter revert melting 
capacity decreases (Figure 7.5). Operation at higher matte 
grades creates "expensive reverts".

The costs are higher at lower matte grades primarily 
due to higher fuel requirements which result from the 
decrease in Fe and S oxidation heat generated at lower 
matte grades.

9.3.2 Effect of industrial oxygen on costs
Many smelters have no or only limited industrial 

oxygen available. Figure 9.3 shows the relationship 
between costs and industrial oxygen input into the flash 
furndce and converters. The optimum amount of industrial 
oxygen, input is shown to be 275 kg per tonne concentrate.

Two segments of the curve deserve special comment. 
The region from zero to approximately 20 kg industrial 
oxygen has such a steep slope because there is not suffi
cient oxygen to enrich the converter blast to the maximum 
allowed by the model. Converter oxygen enrichment in
creases revert melting capacity in the converter, and hence
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100 150 200Industrial oxygen input

Figure 9.3 Effect of oxygen on energy costs 
(Equation 8.14).
The steep initial slope is due to below-maximum 
enrichment of converter air. The high positive 
slope to the right of the minimum has in
creasing costs due to excess industrial oxygen 
consumption, which forces a lower matte grade.
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enables a higher grade matte to be processed without 
creating any "expensive reverts" (Figure 7.5). Lower costs 
occur with higher grade matte because there is more 
efficient employment of the iron and sulfur oxidation 
heat „ Beyond approximately 20 kg O2, further converter 
blast oxygen enrichment is constrained by Inequality 6.6.

The rise in costs which occurs if more than the 
optimum amount of oxygen is fed into the smelter, is caused 
by the cost to produce the extra oxygen, reduced off-gas 
heat recovery credit (due to lower off-gas mass), and 
higher converting costs. Converting costs increase because 
the high level of oxygen forces the flash furnace to 
produce a lower matte grade to maintain its heat balance. 
As a consequence, more Fe and S enter the converter per 
tonne concentrate. This results in more converter blast 
requirements and an increase in total off-gas mass (refer 
back to Figure 7.6), with corresspending off-gas cleaning 
and moving costs (Equation 8.3).

It is interesting to note how matte grade varies 
with these changes to industrial oxygen supply. Figure 9.4 
shows this relationship. As explained above, higher than 
optimum oxygen enrichment demands a lower matte grade to 
satisfy the furnace heat balance. Low levels of oxygen 
require a low matte grade to ensure that there is enough
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100 150 200Industrial oxygen input

Figure 9.4 Effect of oxygen on the optimum matte grade.
The low initial matte grades are required to 
ensure melting of all reverts in the con
verter. The low final matte grade is 
required to satisfy the furnace heat balance. 
65 % Cu matte is the optimum grade for the
conditions as defined by the model.
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reaction heat in the converting operation to melt all 
reverts»

Figure 9.3 suggests that converter oxygen enrichment 
can decrease total costs„ This is examined further in 
Figure 9.5 which plots the effect of converter oxygen 
enrichment on costs. The figure shows two curves; one 
represents autogenous flash furnace conditions, the other 
examines the effect of converter oxygen enrichment in a 
smelter with no flash furnace oxygen enrichment. Both 
curves show the same general trends; converter oxygen 
enrichment significantly decreases total energy costs.

Figure 9.6 displays the result of Figure 9.5 with a 
slightly different x-axis, kilograms industrial oxygen 
fed to the converters. The latter more clearly demon
strates the cost benefit of converter oxygen enrichment; 
Section 10.1 analyzes the economics.

9.3.3 Effect of concentrate grade on costs
Until now, the only concentrate grade considered has 

been a 25% Cu blend of chalcopyr i te and pyrite. This 
section examines the effect of varying concentrate grade 
from a 15% Cu blend of CuFeS 2 and FeSg to pure CuFeS2, 
34.6 % Cu.

Figure 9.7 shows how costs per tonne concentrate are 
affected by concentrate grade, with costs expressed per 
tonne copper produced by the smelter. The lower cost
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fuel-fired

autogenous

volume % o2 in converter blast

Figure 9.5 Effect of volume % O2 in converter blast on 
energy costs.
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fuel-fired

autogenous

5 10 15 20 2kg industrial oxygen in converter blast

Figure 9.6 Effect of converter oxygen enrichment
(expressed as kg oxygen per tonne concentrate) 
on energy costs.
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Figure 9.7 Effect of concentrate grade on energy costs 
(expressed per tonne copper).
Except for this figure and the following 
figure, a 25 % Cu concentrate is assumed
throughout the dissertation.



140
associated with the higher grade concentrate is linked to 
lower sulfur input to the smelter, and hence lower acid 
production costs, per tonne copper.

Figure 9.8 expresses the same costs, but expressed 
per tonne concentrate„ This figure suggests costs decrease 
if concentrate grade increases. Figure 9.7 is more 
meaningful than Figure 9.8 because most operations must 
report costs per unit copper produced, not per unit 
material processed.

9.3.4 Effect of heat losses on costs
The model assumes, furnace heat losses to be a 

specific linear function of off-gas mass (Section 4.2) 
while setting converter heat losses to be dependent on 
converter blast mass (Section 4.5). These relationships 
are the best available representations of heat losses for 
such a comprehensive model. Nevertheless, actual heat 
losses may deviate somewhat from these functions. They 
may, for example, deviate due to fluctuations in feed-rates 
(Figure 4.1) or excessive brick erosion towards the end of 
a furnace campaign.

The effects of varying flash furnace heat losses 
(while maintaining converter heat losses as defined in the 
model) are shown in Figure 9.9. The figure demonstrates 
that while costs are proportional to heat losses, the 
optimum matte grade is not affected.
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fuel-fired smelting

autogenous smelting

% Cu in concentrate

Figure 9.8 Effect of concentrate grade on energy costs 
(expressed per tonne concentrate) .
Except for this figure and the preceding 
figure, a 25 % Cu concentrate is assumed
throughout the dissertation.
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Converter heat losses affect costs in a somewhat 
more complex manner„ Figure 9.10 shows the relationships 
and indicates that increasing converter heat losses 
decrease the optimum matte grade.

This is explained by the relationship between 
matte grade and the amount of reverts which can be melted 
in the converter. As matte grade decreases, more reverts 
can be melted; however if heat losses increase, less 
reverts can be melted. Increased heat losses must there
fore be offset by a decreased matte grade in order to 
maintain revert melting capability.

The merging of the three lines at the lower matte 
grades in Figure 9.10 is also explained by the relationship 
between matte grade and revert melting capacity. At the 
low matte grades, there is excess revert melting capacity 
and hence the higher heat losses do not affect the optimum 
smelting costs.

9.3.5 Effects of revert generation
The previous discussion suggests that the amount of 

revert generation affects optimum smelting conditions in a 
manner analogous to that displayed by converter heat
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o Heat losses as per Eqn 5.33 
50 X higher than Eqn 5.33 

□ 50% lower than Eqn 5.33

matte grade, mass % Cu

Figure 9.9 Effect of flash furnace heat losses on energy 
costs.
Converter heat losses are unchanged as defined 
in Section 4.5, and the furnace is operated 
autogenously. Note that variations in furnace 
heat losses do not affect the optimum matte 
grade.
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o  heat losses as in Eqn 6.16 
^  50 X higher heat losses 
□ 50% lower heat losses

matte grade, mass % Cu

Figure 9.10 Effect of converter heat losses on energy 
costs.
Flash furnace heat losses are constant as 
defined in Section 4.2; the flash furnace is 
operated autogenous1y . Note how the optimum 
matte grade is affected; this is because of the 
need to melt all reverts in the converter to 
minimize costs.
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losses „ This is in fact so, and Figures 9.11 and 9.12 
show these trends. Figure 9.11 shows that low revert 
generation results in lower costs; Figure 9.12 shows how 
optimum matte grade is affected by revert generation. 
Lower revert generation allows higher matte grades because 
less reverts must be melted in the converter and thus less 
heat from the oxidation of Fe and S is required in the 
converters.

9.3.6 Effect of dust generation on costs
The model "generates" 0.05 kg dust per kg off-gas 

(Section 4.1.5). Actual dust generation may vary from this 
value. The sensitivity of dust generation to costs has 
been examined; the results are depicted in Figure 9.13. 
The figure shows one line for autogenous smelting and 
another for fuel-fired smelting.

As can be seen, fuel-fired smelting is much more 
sensitive to changes in dust generation. This is explained 
by the amount of off-gas associated with the two smelting 
modes and how the two smelting modes respond to increases 
in dust generation. As a reference. Figure 7.9 shows the 
difference between off-gas generation in fuel-fired and 
autogenous smelting.
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revert factor (factor x matte = reverts)

Figure 9.11 Effect of revert generation on energy costs.
The revert factor , multiplied by the mass of 
matte, equals the mass of reverts generated. 
Except for this figure, a value of 0.4 is used 
throughout this dissertation (Section 4.6).
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optimum matte grade, mass X  Cu

Figure 9.12 Effect of revert generation on optimum matte 
grade.
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fuel-fired smelting

autogenous smelting

dust factor (factor x off-gas = dust generation)

Figure 9.13 Effect of dust generation on energy cost.
The dust factor , multiplied by the mass of 
off-gas leaving the flash furnace, equals the 
mass of dust generated. The reason for the 
much higher sensitivity of costs to dust 
generation for fuel-fired smelting is due to 
the large off-gas mass generated when operating 
fuel-fired furnaces. The dust factor used 
throughout the dissertation is 0.05 kg dust per 
kg flash furnace off-gas.
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Also, fuel-fired smelting responds 'differently to an 

increased generation of dust per kg of off-gas. It 
responds with an increase in fuel to satisfy the heat 
balance. This results in yet a larger mass of off-gas, and 
hence more dust. By comparison, if dust loading increases 
(per kg off-gas) in autogenous furnaces, oxygen enrichment 
must increase to satisfy the furnace heat balance. This 
decreases off-gas mass and hence somewhat tempers the 
increased dust generation per unit off-gas.

9.4 Effects of unit energy prices on smelter energy costs 
The model has assumed unit energy prices which are 

realistic in mid-1985. Nevertheless, site specific special 
circumstances may result in large deviations from these 
costs. It is important, therefore, to quantify the 
sensitivity of the model to changes in unit energy prices.

9.4.1 Effect of expensive revert melting costs
Many of the optimum smelting conditions discussed in 

the previous section hinged on the converters' ability to 
melt all reverts. The model has assumed a $50.00 per tonne 
cost to melt reverts which cannot be melted in the conver
ters due to heat balance considerations. This cost is 
believed to be representative of actual industry costs in 
mid-1985. Costs are actually lower at smelters that have
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the capability to melt reverts locally, without expensive 
shipping or toll melting charges.

Figure 9.14 shows the effect of lower revert melting 
costs on optimum matte grade with the flash furnace 
operating autogenously. The figure demonstrates that the 
melting cost could be as low as $14 per tonne before the 
optimum matte grade would change. This means that it is 
more economical to remain at 65 % Cu matte and melt all 
reverts in the converter unless the expensive melting cost 
is $14 per tonne or less. It is unlikely that even a 
melting facility within the smelter could melt reverts for 
such a low cost.

Smelters with fuel-fired flash furnaces exhibit 
three optimum matte grades along the same range of revert 
melting costs. Figure 9.15 depicts this. In this case, 
matte grade shifts at a much higher revert melting cost, 
approximately $37 per tonne. With this cost, or any cost 
between $37 and $28 dollars per tonne, the optimum matte 
grade increases to 62 % C u , and consequently expensive 
reverts must be melted because at this matte grade and 
without oxygen enrichment, the converter cannot melt all 
reverts generated in the smelter (Figure 7.5). The revert 
melting cost is outweighed by the savings realized from 
less flash furnace fuel consumption (due to more Fe and S 
oxidation heat released in the furnace)' and from less total
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optimum matte grade, mass % Cu

Figure 9.14 Effect of expensive revert melting costs on the 
optimum matte grade (for the case of the 
furnace operating autogenously).
It is unlikely that reverts could be melted for 
less than $14 per tonne.
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Figure 9.15 Effect of expensive revert melting costs on the 
optimum matte grade (for the case of the 
furnace operating with fuel).
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smelter off-gas (refer to Figure 7.6). Additionally, flash 
furnace off-gas increases with the increase in matte grade 
(Figure 7.9); this is a credit since more electricity can 
be generated from the heat recovered from furnace off-gas.

Below a revert melting cost of $28 per tonne the 
matte grade shifts even higher, to 77 % Cu. This shift 
occurs for the same general reasons outlined in the 
previous paragraph.

9.4.2 Effect of purchased electricity price
Since total energy costs (with the flash furnace 

operating autogenously) consist primarily of electricity 
costs, it is imperative to examine the sensitivity of 
optimum smelting conditions to the cost of electricity. 
The model assumes $0.05 per kwh; the range of $0.02 to 
$0.10 per kwh has been investigated. Figure 9.16 shows 
that the cost of electricity significantly affects the 
autogenously operating furnace. In fact, beyond $0.08 per 
kwh, the electricity costs are so high that the flash 
furnace switches from autogenous operation to fuel-fired 
operation. This switch-over causes a large increase of 
flash furnace off-gas and hence a large increase in heat 
recovered from flash furnace off-gas. The negative slope 
at prices greater than $0.08 per kwh is explained by a 
surplus of generated electricity which is "sold" to unit 
operations in the smelter which are not included in the
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fuel-fired

autogenous smelting until 
$0.08/kwh; then fuel-fired 
with converter oxygen 
enrichment

.06electricity cost, $/kwh

Figure 9.16 Effect of electricity price on smelter costs.
Autogenous smelting costs are very sensitive to 
the price of electricity. Beyond $0.08/kwh, 
the autogenous conditions switch to fuel-fired 
smelting (while maintaining converter oxygen 
enrichment) and costs actually decrease because 
the electricity generated from flash furnace 
waste heat, exceeds the furnace/converter/acid 
plant requirements. The surplus can be "sold" 
to other unit operations within the smelter.
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model (for example, anode casting, fugitive gas control, 
lighting). Most smelters designed for autogenous operation 
could not make this switch-over to fuel-firing because the 
off-gas cooling and handling equipment would not be sized 
to accommodate the large increase of off-gas mass.

The smelter operating with a fuel-fired furnace is 
not significantly affected by the cost of electricity 
(Figure 9.16) primarily because a much greater percentage 
of total electricity is generated from flash furnace waste 
heat.

Both curves in Figure 9.16 depict fuel-fired flash 
smelting at electricity prices greater than $0.08/kwh. The 
reason for the difference in costs is that the curve 
labelled "autogenous smelting" has industrial oxygen 
available, and it is employed in the converters (refer back 
to Figure 9.5).

9.4.3 Effect of preheat on operating costs
Optimization of the model generally chooses zero 

air preheat for autogenous smelting scenarios while 
choosing maximum preheat for the cases of fuel-fired 
smelting. This section examines the costs of applying 
preheat unnecessarily when smelting autogenously, and the 
costs of insufficient preheat when smelting with fuel. 
Also examined is the effect of the cost of preheat to 
optimum smelting conditions.
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The model has assumed that air preheating is 

accomplished by an oil fired preheater. It is, however, 
possible to do some or all of the preheating with the steam 
generated from the cooling of flash furnace gases. Thus it 
is possible to have unit preheating costs significantly 
lower than those used in the model.

Figure 9.17 shows the effect of preheating costs on 
optimum smelting conditions. Note that it has no effect on 
smelters with autogenously operating furnaces until the 
cost drops to below $0,004 per MJ. This is because until 
this price is reached, it is more economical to operate 
with zero preheat, hence preheat cost is not a factor. 
This compares to fuel-fired smelting which benefits from 
lower costs over the whole range. This results from the 
fact that preheat is beneficial at all reasonable preheat 
costs. At costs greater than $0,012 per MJ preheat, the 
fuel-fired flash furnace operates more economically with no 
preheat. There is operational evidence, however, that even 
if preheat costs were to rise to such levels, it would not 
be physically possible to operate fuel-fired flash furnaces 
without either oxygen-enrichment or air preheat (Section 
9.4.4) .

Figure 9.18 shows the effect of various levels of 
preheat on both autogenous and fuel-fired smelting scena
rios. The figure demonstrates how costs increase with
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fuel-fired smelting

autogenous smelting

.004 .006preheating costs, $/MJ preheat

Figure 9.17 Effect of preheat cost on total costs.
Except for this figure, a cost of $0.0 0 6/M J 
preheat is assumed throughout the dissertation.
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fuel-fire

autogenous smelting

preheat, MJ/kg blast

Figure 9.18 Effect of varying the amount of preheat on 
total costs.
Note that more preheat increases the cost of 
autogenous smelting while decreasing the cost 
of fuel-fired smelting.
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increasing preheat when smelting autogenously „ The 
opposite trend is exhibited with fuel-fired furnaces.

9.4.4 Effect of fuel cost
The model has assumed residual oil as furnace fuel, 

with a price of $0.18/kg. The price of coal is $0.05/kg 
(Section 8.6.1). To examine the effect of coal, a few 
minor adjustments to the model are required in addition to 
the change in fuel price.

Modifications are required to Equations 5.13, 5.19, 
and 5.20. Equation 5.13 (the silica balance) must include 
a term for the Si02 in the coal ash. Equations 5.19 and 
5.20 are the fuel equations, and must include the coal 
composition instead of the oil composition (Section 4.1.3).

When the fuel is changed from oil to coal, the 
optimum smelting conditions change dramatically. No longer 
does the model suggest oxygen-enriched autogenous Smelting; 
the optimum conditions are fuel-fired with no air preheat. 
As mentioned in the previous section, this mode of flash 
smelting, i.e. operating without oxygen enrichment or air 
preheat, is not physically possible.

This evidence was obtained recently when the Hidalgo 
flash furnace operated for a short period (a few hours) 
while two air preheaters were undergoing required mainte
nance. During this period, process air temperature dropped 
to 450 K, and samples taken 5 meters below the concentrate
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entry point in the reaction shaft showed that the smelting 
reactions were only partially complete„

The model could be modified to prevent such an 
unrealistic solution by inserting an inequality which links 
enthalpy in blast to industrial oxygen. This inequality 
could ensure a minimum amount of preheat if there is no 
industrial oxygen input to the flash furnace. Alterna
tively , the inequality could ensure a minimum amount of 
industrial oxygen input if there is no preheat.

For the purpose of evaluating the realisic effect of 
coal, Inequality 5.34 is changed to an equality, thereby 
enforcing a preheat temperature of 800 K. If this is done, 
the optimum conditions remain autogenous flash furnace 
operation (Section 9.2).

Section 9.2 examined the cost of smelting if no 
industrial oxygen is available and the flash furnace is 
force to operate with residual oil as fuel. If instead, 
coal is used as fuel, the cost of fuel-fired smelting is 
nearly equal to autogenous smelting, and slight price 
fluctuations of electricity and/or coal may likely favor
coal-firing as the optimum smelting mode (based on the

: • v  ■ X

guidelines established in the optimization model).
Economic reasons not included in the model, suggest 

that autogenous operations has benefits which would 
overwhelm any slight cost benefit that coal firing may
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offer. Section 10.5 discusses how other factors must be 
considered when interpreting the results of the model.

9.5 Chapter Summary
The model as defined in Chapters 5, 6, and 8

indicates that the following conditions are optimum.

(1) The matte grade is 65% Cu.
(2) The furnace operates autogenously with no air 

preheat.
(3) The converters melt all reverts generated in the 

smelter.

Trends indicated by the figures presented in this 
chapter include the following.

(1) Increasing or decreasing oxygen enrichment level in 
the converter blast has a marked effect on total 
costs.

(2) Increasing concentrate grade significantly reduces 
costs per mass copper output.

(3) Changes to furnace heat losses do not affect the 
optimum matte grade, they only shift the cost 
curves.

(4) Variations in converter heat loss change the optimum 
matte grade so as to ensure all smelter reverts are 
melted in the converter.
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(5) The amount (kg per kg off-gas) of dust generated in 

the flash furnace has a greater effect on fuel-fired 
furnaces than autogenous furnaces.

(6) The price of electricity affects smelters with 
autogenous flash furnaces more strongly than those 
with fuel-fired furnaces.

(7) Preheating reduces costs in fuel-fired furnaces, 
while slightly increasing costs in oxygen-enriched 
furnaces.

The following chapter discusses how these results 
can be interpreted when deciding whether to pursue improve
ments to a given smelter operation.



CHAPTER 10 

DISCUSSION

This chapter has two objectives:

(1) to show how the results of Chapter 9 can be inter
preted

(2) to emphasize the limitations of the model.

The costs determined by the model are expressed per 
tonne of concentrate; when comparing the cost of a non
optimum condition to an optimum condition, the difference 
in costs is also per tonne concentrate. A more convenient 
cost term is costs per year. This unit can be obtained by 
multiplying the cost/tonne concentrate by the smelter's 
annual concentrate throughput. An annual throughput of 
660,000 tonnes concentrate is assumed (2000 tpd concen
trate, 330 days per year operation) throughout this 
chapter.

Potential cost savings which can be obtained by 
moving from non-optimum operating conditions to optimum 
operating conditions must be sufficient to pay for the 
capital cost difference between the two smelting modes. 
This chapter examines how much can a smelter justify to pay

163
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for modifications while obtaining a 25 % return on invest
ment. The calculations shown in this chapter assume 
a fifteen year project life, a zero tax rate, and zero 
depreciation for the required investments.

To determine how much can be justified for a capital 
expenditure in a smelter, the yearly saving must be 
multiplied by 3.86. This term is determined by applying 
the following formula (Thuesen, Fabrycky, and Thuesen, 
1977) for the equal-payment-series present-worth factor:

[ (1 + i) n _ i] / i (1 + i) n (10.1)

Where i is the discount rate (25 %)
n is the life of the project expressed in years 

(15 years for the examples in this chapter).

Operating parameters which are examined in this 
chapter with respect to economic justification, include 
industrial oxygen, reduced revert and dust generation, 
waste heat credit, and the use of coal.

10.1 Oxygen enrichment
Figure 9.3 shows two distinct regions of savings 

'' associated with introducing industrial oxygen to a smel
ter .

The first region represents saving associated with 
converter oxygen enrichment. This region is highlighted
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in Figure 9.6. The slopes of the lines shown on Fig
ure 9.6 suggest a saving of approximately $4.00 per tonne 
concentrate when 25 kg of industrial oxygen (per tonne 
concentrate) are used to enrich converter air. Note that 
this level of oxygen enrichment is higher than that allowed 
by the model; industry has not yet moved to this level of 
oxygen enrichment.

The above mentioned saving of $4 per tonne of 
concentrate amounts to $8000 per day for the 50 tonnes of 
industrial oxygen used to enrich the converter blast, 
(0.025 tonnes of industrial oxygen/tonne of concentrate x 
2000 tonnes of concentrate/day). The corresponding saving 
expressed per year is $2.64 million; expressed per tonne 
oxygen the saving is $160. Based on the calculations 
outlined on the previous page, $10.2 million can be spent 
on a 50 tonne per day oxygen plant to obtain a 25 % return 
on investment. Recent information from a vendor of oxygen 
plants indicates that a 50 tonne per day plant can be 
purchased for approximately $2.5 million.

Referring back to Figure 9.3, the saving associated 
with oxygen enrichment of the smelter from zero to 275 kg 
oxygen/tonne concentrate (550 tonne/day), is approximately
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$7.50 per tonne concentrate. Applying the same calcula
tions to this saving, shows that a capital investment of 
$19.1 million can be justified for the 550' tonne per day 
oxygen plant. This compares to actual costs of approxi
mately $13 million.

The above two examples suggest that both converter 
oxygen enrichment a1one, and oxygen enrichment of both 
converters and flash furnace, are economically warranted.

At this point it is important to point out other 
potential savings and benefits of oxygen enrichment. These 
potential savings are applicable primarily for the case of 
building a new smelter, not necessarily for retrofit 
situations.

Oxygen enrichment results in decreased off-gas 
mass, decreased dust generation, decreased recoverable heat 
in off-gas, and the possibility of constructing a smaller 
furnace with smaller heat losses. All of these factors 
affect operating costs and have been accounted for in the 
model. In addition, these factors have an impact on 
capital costs; fans, dust conveying equipment, and struc
tural steel are all reduced in size. Figure 10.1 shows how 
oxygen enrichment affects the size of a smelter. The 
saving which can be realized by building a more compact 
smelter can provide a much greater incentive for oxygen 
enrichment than the operating cost saving.
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Figure 10.1 Effect of oxygen enrichment on the capital 
costs of a smelter.
The figure shows the outline of the flash 
furnace, waste heat boiler, and electrostatic 
precipitators for a smelter operating auto- 
genously with oxygen enrichment (dark profile), 
and a smelter operating with fuel. The capital 
cost of the smelter is of course linked to the 
size of the equipment.



Another reason why the. use of oxygen is favored is 
linked to metallurgical reasons, not direct economical 
incentives. Specifically, oxygen enrichment increases 
flash smelting flame temperature = This decreases magnetite 
formation and results in smoother furnace operation. The 
concept of flash smelting flame temperature is discussed 
further in Section 10.6.

10.2 Revert generation
Chapter 9 describe the relationship between revert

melting in the converters and the optimum smelting condi-
■ - . - ' ■ . .tions = Figure 9.11 shows the affect of revert generation

on costs. The curve suggests that approximately $1.25 per 
tonne concentrate ($0.8 million/year) can be saved if 
revert generation is reduced from 0.6 to 0.4 times the 
amount of matte generated. The saving is diminished to 
$0.9 per tonne concentrate ($0.6 million/year) if revert 
generation factor is reduced from 0.4 to 0.2.

The amount of capital investment which can be 
justified to reach these goals are $3.2 million and $2.3 
million for the two cases discussed above. This capital 
expenditure can be, for example, for such items as ladle 
heaters.

Non-c apital-intensive efforts towards improved 
smelter coordination (to minimize revert generation) are

168
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clearly justified based on the saving suggested by Figure 
9.11.

10.3 Dust generation
Figure 9.13 shows that dust generation has a greater 

impact on fuel-fired flash furnaces than autogenous oxygen- 
enriched furnaces. The saving obtained by reducing the 
dust factor from 0.05 to 0.04 equals $1.68 for the case of 
fuel-fired smelting, and $0.39 for the case of autogenous 
smelting. The corresponding annual savings are $1.1 mil
lion and $0.26 million. Of course the best method avail
able to reduce dust generation in fuel-fired furnaces 
is to introduce oxygen enrichment.

It is unlikely that furnace modifications can 
significantly impact dust generation. This is concluded 
from recent operating performance at the Hidalgo smelter. 
After major modifications to the reaction shaft height, the 
shape of the uptake, and the design of the concentrate 
burners, there was no significant change to the amount of 
dust generation, per unit mass off-gas. This behavior 
confirms the observation that off-gas mass is the most 
important parameter affecting dust generation.

10.4 Waste heat credit
The model applies a waste heat credit to the 

recoverable heat from the furnace off-gas. The amount of
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this credit is determined by the amount of internally 
generated electricity which can be produced from the heat 
in the off-gas (Section 4.4). While all Outokumpu flash 
furnaces employ this feature, the Inco flash furnaces do 
not. The reason why Inco has opted for not including waste 
heat recovery is that their studies suggest that the 
capital cost is not justified for their furnace. This is 
due to the low amount of recoverable heat in the small mass 
off-gas produced by their highly-oxygen-enriched flash 
furnace.

Figure 10.2 shows two lines; one is the same line 
depicted by Figure 9.3, the other shows the costs when no 
waste heat credit is obtained. The figure shows that the 
minimum saving obtained from waste heat credit is obtained 
in the region where the Inco furnace is operated (approxi
mately 290 kg industrial oxygen). This is consistent with 
Inco's philosophy.

The saving from waste heat credit at the optimum 
oxygen level is $4.08 per tonne concentrate ($2.7 million 
per year) ; this means that $10.4 million can economically 
be justified for the capital costs of the power plant. 
Accurate estimates for the power plant capital costs are 
not available, order-of-magnitude estimates are:
12 + 0.6 x (MW installed capacity), (8-35 MW, million 
$1985, Hoffman, 1985). Based on this formula,



171

no waste heat credit

with waste heat credit

50 100 150 200 25Industrial oxygen input, kg/tonne cone

Figure 10.2 Effect of industrial oxygen on the economics of 
waste heat credit.
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the capital cost is $17 million; considerably higher than 
the $10i4 million which can economically be justified for 
the power plant.

Figure 10.3 shows how concentrate grade affects the 
relative economics of waste heat credit. The lower line is 
the same curve depicted by Figure 9.8 for the case of 
autogenous smelting. It is interesting to note that at 
high concentrate grades, there is less potential saving 
available from waste heat credit. This trend is also 
consistent with Inco's operation, since Inco concentrate is 
higher grade than the industry average. The data shown 
below, are calculated from Figure 10.3, with the guidelines 
established in the beginning of this chapter.

Concentrate grade

$ Saving per tonne Cu
$ 106 saving per year 
(@ 165,000 tpy Cu)
$ 10-6 justifiable capital 
cost of waste heat credit

15 25 34.6
39.1 16.3 6.7
6.5 2.7 1.1

25.1 10.4 4.2

Note that the above values are calculated based on constant 
copper production of 165,000 tonnes per year (the tonnage 
obtained by smelting 25 % Cu at a rate of 2000 tpd, 330 
days per year).
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no waste heat credit

with waste heat credit

25% Cu in concentrate

Figure 10.3 Effect of concentrate grade on the economics of 
waste heat credit.
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Section 9.4.4 discussed the fact that if coal is 
employed as fuel instead of oil, the model suggests fuel- 
fired smelting has very similar operating costs as oxygen- 
enriched autogenous smelting. Some of the differences 
(expressed per tonne concentrate) between coal-fired and 
autogenous smelting are outlined below.

Coal-fired Autogenous
cost, as defined by Eqn 8.14 $9.74 $9.29
furnace off-gas mass, kg 2415 1096
dust recycle to furnace, kg 242 110

The difference in cost, $0.45 per tonne concentrate 
($0.3 million per year) in favor of autogenous smelting, is 
not by itself an overwhelming reason to choose oxygen 
enrichment. The benefits outlined in Section 10.1 do, 
however, strongly favor autogenous operation.

Furnaces which already are sized for fuel-fired 
operation, can however, most likely justify conversion from 
oil to coal, more easily than the conversion from oil to 
oxygen. The reason for this is that the capital has 
already been invested to handle the large off-gas mass and 
the conversion to coal-firing is much less expensive than 
building an oxygen plant.
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A coal-fired flash furnace can probably justify 

oxygen enrichment only if an increase in production is 
required. Oxygen enrichment decreases off-gas mass per 
tonne concentrate and if the gas handling equipment is a 
production bottleneck, oxygen enrichment is a viable method 
by which to increase production.

10.6 Metallurgical factors affecting optimum conditions
No model that encompasses the complete spectrum of 

smelting conditions (from fuel-fired to Inco autogenous) 
can hope to represent every factor affecting the choice of 
smelting parameters. One such factor is impurity levels in 
concentrate, which may impose an upper limit on matte 
grade. Bismuth in the concentrate feed may, for example, 
concentrate in the blister copper unless the matte grade is 
low enough to ensure effective oxidation from the matte 
during a long converting period.

10.6.1 Flash smelting flame temperature
Section 10.1 alluded to the effect of oxygen 

enrichment on the flash smelting flame temperature. This 
flame temperature is analogous to the adiabatic flame 
temperature often cited for hydrocarbon fuels. It is 
defined as the temperature at which the enthalpy of the 
products equals the enthalpy of the reactants, and it can 
be determined by solving the equation:
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Enthalpy of reactants = Enthalpy of products (4.13).

The enthalpy of the reactants is simply the enthalpy 
of the concentrate plus the enthalpy of the silica flux 
plus the enthalpy of the blast. The enthalpy of the 
products in the flash smelting "flame" is a function of the 
flame temperature. Section 4.8 shows specifically how 
flame temperature is calculated.

Figure 10.4 shows how flame temperature is affected 
by matte grade and smelting mode. Oxygen-enrichment has a 
significant effect on flame temperature; matte grade has 
less of an effect.

A high flame temperature is preferred because this 
lowers the tendency to form undesirable oxides such as 
magnetite and copper oxide.

10.6.2 Slag losses
Until this point, no mention has been made to the 

effect of copper losses in the ^smelter slag on optimum 
smelting conditions. Most smelters employ some method of 
slag cleaning. However it is possible to design a smelter 
which produces a discard slag. This feature has been one 
of the selling points of Inco flash furnace technology as 
compared to Outokumpu technology. The inco furnace 
operates at a matte grade lower than the optimum suggested 
by this dissertation. Inco argues that the capital savings
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2700-
autogenous smelting2600-1
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2100- fuel-fired smelting
2000-

matte grade, mass % Cu

Figure 10.4 Effect of smelting mode and matte grade on 
flame temperature.
The decrease of flame temperature with increas
ing matte grade, for the case of autogenous 
operation, is due to decreased oxygen enrich
ment required as iron and sulfur oxidation heat 
increases (Figure 7.2). The decrease of flame 
temperature with increasing matte grade, for 
the case of fuel-fired smelting, is due to 
decreased fuel input (Figure 7.7).
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associated with no slag cleaning and no waste heat recov
ery, exceed the operating costs associated with the lower 
grade matte.

There have been occurrences in this dissertation 
(Figures 9 1 4  and 9.15) where the optimum matte grade is 
greater than 75 % Cu. Smelter operators presently avoid 
such a high matte grade primarily due to high concentration 
of Cu in slag associated with the very high matte grades.

10.7 Chapter summary
This chapter has demonstrated that the results of 

Chapter 9 can be easily interpreted to determine whether a 
non-optimum smelter can justify the capital cost required 
to improve its operation. The chapter has shown that for 
the 25 % return on investment criterion described on page 
164, oxygen enrichment is justified, while internally 
generated electricity is not.

The chapter has also emphasized that the optimiza
tion model, while a powerful tool, is only one of many 
tools which the smelter operator or designer must use to 
determine the optimum smelting condition for his particular
situation.



CHAPTER 11

OPTIMIZATION OF SOLID MATTE CONVERTING

The model developed and employed in previous 
chapters is very general and covers the complete spectrum 
of flash smelting. Minor adjustments to the equations can 
fine-tune the model to more accurately represent a specific 
smelting scenario. Such applications are useful if a 
smelter, already tied to existing capital equipment, wishes 
to optimize its operation.

This chapter makes minor adjustments to the model so 
that it represents the smelting-conver ting scenario 
suggested by Kennecott and Outokumpu. Their idea is to 
produce matte in a flash furnace; then granulate and 
grind that matte and feed it into a second flash furnace 
where it is "flash converted" to blister copper (Asteljoki 
and Kyto, 1985) .

The primary advantage of this concept is that the 
conventional batch converting operation is eliminated from 
the smelter flowsheet. As a consequence, there is less air 
infiltration into the off-gas system and off-gas moving and 
cleaning costs are lowered. It is anticipated that a 
smelter operating with a "flash converter" could control
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low level fugitive emissions at a cost lower than those in 
a smelter with a conventional converter aisle.

11.1 Modifications to the model 
The principal modifications which must be made to 

the model before it can represent a flash smelting/solid 
matte converting smelter are listed below.

(1) No longer is the converting step limited to only 
minor levels of oxygen enrichment. In fact, a 
relatively extensive use of oxygen enrichment is 
probably required to ensure efficient "flash 
converting".

(2) Reverts are no longer generated; all the matte is 
purposely solidified as primary feed to the con
verting furnace.

(3) The provision for fuel combustion in the "flash 
converter" must be made in case there is insuffi
cient reaction heat available to satisfy all heat 
demands.

(4) Heat from flash converter off-gas can be recovered 
in a waste heat boiler because the flash converter 
operates continuously.

The specific changes made to model this process are 
documented in the following pages.
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11.1.1 Converter fuel

Feeding of solidified matte to a flash converter 
does not guarantee a fuel-free operation. As a conse
quence , provision is made to allow for the input of fuel 
into the flash converter. This is accomplished by insert
ing three new equations into the optimization model:

1.0 (CVFUEL) >= 0 (11.1)
-0.27 (CVC02) + 0.86 (CVFUEL) = 0 (11.2)
-0.11 (CVH20) + 0.11 (CVFUEL) = 0 (11.3)

•where CVFUEL is kg fuel into the converting flash
furnace;
CVC02 is the mass, of COg (fuel combustion 
product) leaving the converter;
CVH20 is the mass of H2O (fuel combustion 
product) leaving the converter.

The coefficients in these equations are exactly the same as 
those explained in Section 5.2.8 for the concentrate 
smelting furnace.

The fuel cost equation is also modified to include
converter fuel.



182
11.1.2 Recoverable heat in off-gas

Equation 5.36 is modified to include heat recovered 
from the converter off-gases. The modified equation 
includes the following additional terms:

0.8 (CVS02) + 1.1 (CVN2) + 1.2 (CVC02) + 2.3 (CVH20)

where the numerical terms are explained in Sec
tion 4.4.

11.1.3 Nitrogen and off-gas equations
A rather strict upper limit of oxygen enrichment is 

imposed on Peirce-Smith converter blast by Equation 6.6. 
This is required due to the refractory wear at the tuyere 
area of the conventional Peirce-Smith converter. This wear 
is aggravated by high temperatures which are obtained when 
extensive oxygen enrichment is practiced. Flash converting 
of matte eliminates this constraint and hence the lower 
limit of nitrogen can be the same as that imposed on the 
concentrate smelting flash furnace. This is achieved by 
replacing the 2.77 coefficient of Equation 6.6 by the value 
of 0.22 (from Equation 5.24).

It is prudent to set a minimum level of oxygen 
enrichment to ensure a high flame temperature which helps 
minimize the formation of FegC^ and CugO (Section 10.5). 
A minimum of 40 volume % Og can be guaranteed by replacing 
the 3.29 coefficient of Equation 6.5 by 1.31.
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Converter off-gas infiltration is no longer in the 

200 % range; it is more likely to be similar to flash
furnace off-gas infiltration. Equation 6.9 is modified by 
replacing the 2.0 coefficient by the 0.25 of Equation 5.26.

11.1.4 Converter heat losses '
The arguments which led to Equation 6.16 no longer 

apply for a flash furnace which converts matte. Instead, 
the parameters of flash furnace heat losses. Equation 5.33 
are applied as a replacement for Equation 6.16.

11.1.5 Smelter reverts
Since all the matte is purposely solidified and the 

converter aisle is eliminated, the revert generation 
problem is eliminatedi While some reverts would continue 
to be produced by blister copper in transit to the anode 
furnaces, and anode scrap would still be created, the 
amount of reverts generated would be substantially re
duced. For purposes of this initial examination of 
the Kennecott-Outokumpu process, the amount of revert 
generation is assumed to be zero. This is accomplished by 
changing the 0.4 coefficient of Equation 6.17 to zero.

11.1.6 Converter flash furnace enthalpy balance
The converter enthalpy balance must be adjusted when 

matte is converted in a flash furnace. The matte no longer
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enters molten, rather it enters solid at 298 K . Addi
tionally, the enthalpy of the hydrocarbon fuel, if em
ployed , must be taken into account = It is assumed here 
that the converter blast is not preheated. The modified 
converter enthalpy balance is shown below.

0.5 (GU2S) +1.14 (FES) + 0.74 (CVCU) - 2.44 (CVFEO) +
15.12 (CVSIin) - 13.56 (CVSIot) - 3.57 (CVS02) +
1.48 (CVN2) +1.0 (CVHL) - 7.44 (CVC02) - 10.52 (CVH20) -

0.6 (CVFUEL) = 0 (11.4)

This concludes the modifications required to 
represent converting in a flash furnace.

11.2 Results
The results generated by the modified model are 

shown below.

Variable Value Variable Value
CU.2S 312.5 FES 0
MATTE 312.5 FED ■ 447.7
SISLG 241.1 SLAG 688.8
SIFLX 241.1 DUSTin 127.3
DSTout 63.6 FF02 421.5
FFN2in 596.2 FFN2ot 596.2
FFS02 676.6 C02 0
H20 0 FUEL 0
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HBLAST 0 FFHL 440.9
FFIND 257.2 FFOG 1272.8
FFINF 318.2 OGHEAT 1422.9
GVCU 250 CVFEO 0
CVSIin 0 CVSlot 0
CV02 62.5 CVS 02 125
CVN2 13.8 CVBLST 76.3
CVOG 138.8 CVINF 34.7
CVHL 270.8 REVTOT 0
CVMJRV 0 CVREV o
EXREV 0 CVIND 62.4
TOTIN 319.7 TOTOG 3131.8
020G 400.8 AIRADD 1367.3
KWH 02 111.9 KWHCV 0.7
KWHESP 10.6 KWHACD 137.0
KWHTOT 260.2 CSTKWH 13.0
CSTFUL 1.0 CSTBST 0
CSTREV 0 CSTTOT 14.0
CVC02 17.0 CVH20 ■ 5.3
CVFUEL 5.3
COSTS as defined by Equation 8.14 = $8.3

From these raw answers, the following key operating
parameters should be noted
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(1) The flash furnace autogenously produces a 80 % Cu 

matte.
(2) The converting furnace operates at maximum oxygen 

enrichment, but still requires 5.3 kg supplemental 
fuel.

(3) Total costs as defined in the model are $8.28 per
tonne concentrate. No provision for the energy
costs associated with handling and grinding of 
granulated matte has been included; this may add an 
additional $1 per tonne concentrate to increase 
costs to a total of approximately $9.30 per tonne 
concentrate.

In practice, the concentrate smelting furnace may 
have operational problems with an 80 % Cu target matte
grade. Slag losses may be excessive, even with a slag 
cleaning circuit, and the high melting point Cu2S may 
freeze too much before it can be granulated. This may be 
the reason why Outokumpu/Kennecott suggest a target 
matte grade of about 70 % Cu (Asteljoki and KytO, . 1985) . 
The key operating parameters predicted by the model if 70% 
Cu is established as the matte grade are listed below.

(1) Costs per tonne concentrate ar $8.40; if the $1.00 
matte handling charge is added, this raises total 
costs to $9.40 per tonne concentrate. Note that
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costs increase only $0.1 per tonne concentrate if 
the grade of matte is reduced from the optimum of 
80 % Cu to a more manageable 70 % Cu. This suggests 
that even lower grades of matte can be processed in 
a flash converter without significantly higher 
costs.

(2) The flash furnace operates autogenously with no
, preheat; the converting furnace operates with

maximum oxygen enrichment and 1.9 kg fuel per tonne 
concentrate.

(3) The off-gas mass entering the acid plants (i.e. be
fore air addition) is 1340 kg/tonne concentrate. 
This is 14 % lower than the corresponding off-gas
for the optimal condition which employs conven
tional converting.

These results indicate that flash converting 
is indeed a promising concept. The costs are competitive 
and the elimination of a batch process may provide savings 
which are not quantified by the model. The costs to 
process fugitive gases may decrease, labor costs may 
decrease somewhat, and if necessary, it may be easier to 
recover a greater percentage of the sulfur input to the
smelter.
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11.3 Chapter summary

This chapter has served two purposes s it has 
demonstrated how the model can be easily modified to 
represent a more specialized smelting scenario, and it has 
confirmed the Outokumpu/Kennecott conclusion that flash 
converting deserves a close look.



CHAPTER 12

FLASH SMELTING REACTION PHENOMENA

Much research and effort has been directed towards 
understanding flash smelting reaction phenomena. Jorgensen 
and co-workers have studied flash smelting of copper, 
nickel, lead, and zinc (1977, 1978, 1979, 1980, 1981, 1982, 
and 1983) . More recently there has been a contribution 
from Themelis, MSkinen, and Munroe (1985).

Jorgensen's contributions are the results of experi
ments conducted on a laboratory scale furnace. Themelis 
and co-workers discuss rate phenomena based on pilot plant 
data and a model developed from first principles.

This chapter presents the results of an investiga
tion at the Hidalgo smelter which provides further insight 
on flash smelting reaction phenomena.

This chapter is not directly linked to the main 
objectives of this work. The reader concerned only with 
flash smelting optimization may proceed directly to the 
summary, and conclusions presented in Chapter 13. This 
chapter is included primarily because it is believed that 
the reaction data and information gathered at the Hidalgo
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Smelter are interesting, and that the dissertation provides 
a useful forum for its presentation.

The data presented in the following pages can be 
linked to copper smelting optimization because they 
indicate that without oxygen enrichment, there is consider
able magnetite formation in the reaction shaft. Analogous 
samples from an oxygen-enriched flash furnace should be 
taken to show conclusively the effect of oxygen enrichment 
on magnetite formation.

12.1 Concentrate samples in the reaction shaft
In an effort to understand reaction phenomena 

occurring at the Hidalgo Smelter, sampling of the smelting 
products in the reaction shaft was commenced in 1984. 
Samples were taken from two locations under the reaction 
shaft. The upper location is approximately 3.0 meters 
above the water trough of the reaction shaft (refer to 
Figure 3.3) . The lower location is approximately 2.0 
meters above the slag surface.

Samples were obtained both before and after a recent 
re-building of the Hidalgo Smelter. During this mainte
nance period the height of the reaction shaft was lowered 
3.0 meters. With respect to the top of the reaction shaft, 
therefore, samples were taken which are representative of 
four distances from the concentrate burners. Figure 12.1 
clarifies this point.
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Figure 12.1 Schematic view of the Hidalgo reaction shaft 
and the two sample locations.
Each sample location provided samples before 
and after lowering of the reaction shaft. Data 
are available, therefore, from four different 
distances from the top of the concentrate 
burners.
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Samples were obtained by inserting a three meter 

length of angle iron into the furnace and capturing the 
falling material in the crotch of the angle. The sampling 
device was maintained in the furnace for approximately ten 
seconds, after which it was quickly removed. The material 
which had collected in the crotch of the angle iron was 
then allowed to air-cool before analysis.

12.2 Sample analysis and data analysis 
All samples were sent to the Phelps Dodge (Hidalgo) 

analytical laboratory where routine methods were used to 
determine their copper, total iron, sulfur, silica, and 
magnetite contents. With these assays, it is possible to 
calculate the approximate proportions of "matte" and "slag" 
components in the sample.. The calculations are based on 
the guidelines established for matte and slag composition 
in Section 4.1.4.

The calculations in this chapter cannot neglect the 
presence of magnetite both in matte and slag. The amount 
of magnetite in matte is related to the total amount of 
iron in the matte. The balance of the magnetite is assumed 
to be in the slag phase. It is also possible to calculate 
the matte grade of the sample, and the % SiC>2 and % FegC^ 
in the slag. These calculations are performed by solving 
the following simultaneous equations.
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Left hand CugS

side matte
FeS

matte
FG3O4
matte Si02slag

FegO^
slag

FeO Matte Slag 
slag

Cu assay = .8
S assay = .2 .365

0.0 — © 2 1
SiOg assay = 1
FegO^ assay = 1 1
Fe assay = .635 .724 . .724 .777

o o II H 1 1 ' -1

O O II 1 1 1 -1

These eight equations and eight unknowns, when
solved, yield a calculated matte mass and slag mass for any 
furnace sample. The equations make a few simplifications. 
It is assumed, for example, that there is no copper in the 
slag phase. Nevertheless, the method provides a useful 
characterization of samples taken from the reaction shaft.

Once the equations are solved, the % Cu in matte can 
be calculated by dividing the copper assay by the matte 
mass. Similar calculations determine % Si02 and % Fe^O^ in 
slag.

Sample analysis and calculated matte and slag data 
are presented on the following pages.

Each sample set consists of an upper and lower 
sample. The following data and results were obtained 
before the reaction shaft height was lowered. The upper
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sample in this case is 8.0 m below the concentrate burners; 
the lower sample is 14.0 m below the burners.

Data obtained before lowering height of reaction shaft

Sample
number

%Cu %Fe %s %Si02 %Fe304

1 upper 25.7 32.8 13.8 13.0 18.0
lower 26.1 30.1 12.6 16.1 12.6

2 upper 25.9 32.6 15.2 12.7 15.5
lower 30.1 29.7 14.0 12.5 11.4'

3 upper 24.4 38.8 8.7 10.1 37.9
lower 22.7 39.4 7.3 11.9 33.0

4 upper 23.4 39.9 11.4 10.2 26.6
lower 23.0 38.9 10.3 10.7 26.2

5 upper 23.2 34.8 14.7 13.2 17.8
lower 22.7 34.7 12.5 14.6 15.3

6 upper 22.3 35.2 14.4 13.5 16.7
lower 23.3 34.3 14.0 14.2 13.4

7 upper 23.0 34.5 16.2 12.7 17.2
lower 19.3 32.8 12.8 19.2 12.5

8 upper 21.7 34.0 14.5 15.6 16.2
lower 18.1 32.1 10.5 22.7 12.6

9 upper 21.5 35.7 14.0 14.8 17.5 .
lower 19.5 37.4 10.3 16.4 19.6
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Sample %Gu %Fe %S
number %Fe304

10 upper 21.1 36.3 14.4 14.5 17.2
lower 19.1 36.6 11.6 17.2 18.1

11 upper 21.3 35.1 16.0 14.5 16,3
lower 21.6 33.5 12.8 16.9 15.7

average upper 23.0 35.4 13.9 13.2 19.7
average lower 22.3 34.5 11.7 15.7 17.3
stdcdev. upper 1.7 2.2 2.1 1.8 6.7
std.dev. lower 3.5 3.3 2.0 3.4 6.7

The following information was obtained from these
data o

Data analysis
Sample
number

% Matte % Slag % Cu 
matte

% Si02 
slag

%Fe304
slag

1 upper 61.1 38.9 45.6 36.2 38.9
lower 57.6 42.4 49.6 41.5 23.9

2 upper 66.0 34.0 42.4 40.4 34.1
1 ower 63.8 36.2 51.1 37.4 23.5

3 upper 41.4 58.6 62.5 18.2 65.9
lower 35.9 64.1 67.3 19.7 53.2

4 upper 49.8 50.2 49.3 21.3 49.2
lower 46.7 53.3 52.6 21.5 47,5

5 upper 62.9 37.1 39.8 38.4 37.6
lower 55.2 44.8 • 44.7 35.4 28.0



Sample
number

% Matte % Slag % Cu 
matte

% Si02 
slag

iFegOA
slag

6 upper 59.9 40.1 39.2 38.2 33.6
lower 60.6 39.4 41.6

36.5
39.0 24.5

7 upper 68.4 31.6 43.5 39.4
lower 55.7 44.3 38.4 47.9 20.3

8 upper 61.8 38.2 38.0 44.4 31.9
lower 46.7 53.3 42.8 ' 47.1 19.3

9 upper 59.3 40.7 38.9 39.1 33.7
lower 54.6 45.4 46.2 32.3 32.8

10 upper 60.4 39.6 37.4 39.2 33.0
lower 49.9 50.1 41.3 37.0 30.9

11 upper 66.6 33.4 34.4 46.8 33.7
lower 55.9 44.1 42.1 41.7 28.8

average upper 59.8 40.2 42.2 36.9 39.2
average lower 53.0 47.0 47.1 36.4 30.2
std.dev. upper 7.8 7.8 8.0 9.0 10.1
std.dev. lower 7.7 7.7 8.1 9.1 10.8

The only data obtained, but not presented, are three 
. sets of data where the matte grade decreased from the upper 
level to the lower level. This phenomenon can only be 
linked to either Sampling error or an upset in furnace 
conditions which occurred during the 5-10 minute lag 
between the times when the two samples of the set were
obtained
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The following data were obtained after the height of 

the reaction shaft was lowered. The upper sample in this 
case is 5 m from the concentrate burners while the lower 
sample is 11 m from the burners.

Data obtained after lowering height of reaction shaft

Sample
number

%Cu %Fe %S %Si02 %Fe304

. I lower 23.7 35.4 10.8 15.3 27.6
II 1 o we f 17.6 36.9 8.0 18.9 22.1

III upper 22.6 28.2 17.7 16.8 13.8
. IV upper 22.7 27.3 17.9 16.3 13.1

V upper 30.0 26.9 20.2 8.8 8.9
V lower 27.0 32.5 11.7 12.6 21.5

VI upper 31.1 27.5 18.8 9.4 13.8
VI lower 32.7 28.3 15.8 9.7 17.5

average upper 26.6 27.5 18.7 12.8 12.4
average lower 25.3 33,3 11.6 14.1 22.2

The following information was obtained from these
data.

Data analysis
Sample
number

% Matte % Slag % Cu 
matte

% Si02 
slag

%Fe304
slag

I lower 48.2 51.8 51.9 31.1 50.7
II lower 36.9 63.1 52.0 32.7 34.8



198
Sample % Matte % Slag % Cu % Si02 %Fe3C>4number matte slag slag
III upper no feasible solution
IV upper no feasible solution
V upper no feasible solution
V lower 54.3 45.7 54.0 29.9 44.6

VI upper no feasible solution
VI lower 71.7 28.3 49.6 37.2 51.1

averagef lower 52.8 47.2 51.9 32.7 45.3

12.3 Discussion

Before the preceding data are discussed, it is 
important to point out the following facts.

(1) The grade of matte tapped from the flash furnace 
was, in all cases, in the range of 58-62 mass % Cu.

(2) The magnetite content in the flash furnace slag 
skimmed from the flash furnace was in the range of 
10-15 mass % FegO^.

The above data and data manipulation lead to the 
following conclusions.

(1) The magnetite content of the slag is higher while in 
suspension, than when it is skimmed from the flash 
furnace. This leads to the conclusion that there is
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a significant amount of matte/slag/gas phase 
reaction occurring in the flash furnace settler.

(2) Before the reaction shaft height was lowered, the 
magnetite content of the slag at the higher sample 
point is higher than the magnetite content of the 
slag at the lower point„ This suggests that some 
reduction of magnetite occurs in suspension„

The following reaction is suggested as the mechanism 
by which the magnetite content is reduced while the 
slag/matte mixture travels from the "upper" sample location 
to the "lower" sample location:

FeS + 3 Fe304 = 10 FeO + S02 (12.1)
(liquid) (solid) (solid) (gas)

^ G 1500 K = -0.054 MJ/kg FeS

The same reaction is believed to occur in the 
settler level of the furnace, at the slag/matte interface. 
The reduction of magnetite in the bottom portion of the 
reaction shaft is believed to the principal source of 
oxygen which oxidizes the FeS. Note that for the reduction 
of magnetite as shown by Equation 12.1, each kg of S in FeS 
reduces 21.7 kg FegC^.

Themelis and co-workers (1985) suggest that reaction 
rates in the reaction shaft are first controlled by mass 
transfer of oxygen through the gas film surrounding the
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concentrate particle« In lower regions of the reaction 
shaft, they assume that the rate of oxidation is controlled 
by mass transfer of oxygen through the reacted layer, to 
the unreacted core.

The Hidalgo data suggest that the outer layer of the 
concentrate particles actually "over-react" as they first 
enter the reaction shaft. In lower regions/ the reaction 
shifts from C>2-FeS to FegC^-FeS. The FeS could be either 
solid or liquid, depending on its location in the reaction 
shaft and heat transfer rates.

This theory is further substantiated if the relative
volumes of FeS and FegO^ are examined. If product FegO^
does indeed form a layer around the unreacted core of FeS,
there is a decrease in volume of the product FegO^ compared 

■ 'to FeS. Hence the product Fe 3O4 cannot be the rate
controlling barrier for gaseous oxygen. The decrease of 
volume which occurs when FeS oxidizes to FegO^ is sub
stantiated by the following.

The density of FeS is 4.74 grams per cubic centi
meter; the density of Fe 3O4 is 5.18 grams per cubic 
centimeter (CRC,1982). Three moles of FeS are required to 
produce one mole of FegC^. Three moles of FeS have a mass 
of 263.7 grams and a volume of 55.6 cubic centimeters. One 
mole of Fe3O4 has a mass of 231.5 grams and a volume of 
44.7 cubic centimeters.
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The upper level samples taken after the reaction 

shaft was lowered have "no feasible solution" when their 
assays are entered into the matrix shown in Section 12.2 
(page 193) . The reason why no solution is obtained is 
that there is still FeS2 in the sample. Solution of the 
matrix forces the sulfur which is not combined with 
copper, to be combined with iron as FeS. Since some of the 
sulfur in the sample is actually combined with iron as 
F e S 2 f the matrix cannot be used to represent these sam
ples.

The data from before and after the height of the 
reaction shaft was lowered cannot be merged into one set. 
without first pointing out that other changes also occurred 
when the reaction shaft was lowered. The design of the 
concentrate burners was changed, and the reaction shaft was 
re-bricked. These modifications, and the relatively small 
amount of data points presently available, make it diffi
cult to ascribe a high level of confidence to any conclu
sions which may be obtained by merging the two sets of 
data.

Nevertheless, it is interesting to speculate on the 
general trends which are exhibited when the results from 
the two data sets are merged.
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Sample location Distance from

concentrate 
burner 
(meters)

% S in 
sample

%Feg04
in

sample
% FegO^ 
in slag

upper, 
shaft

after reaction 
was lowered

5.0 18.7 12 not
applicable

upper, 
shaft

before reaction 
was lowered

8.0 13.9 20 39

lower, 
shaft

after reaction 
was lowered

11.0 . 11.6 22 45

lower, 
shaft

before reaction 
was lowered

14.0 11.7 17 30

This combination of data suggests that the magnetite 
content of slag reaches a maximum of 45 % approximately 
11 meters from the concentrate burners„ After this peak is 
reached, the magnetite content decreases while the reacted 
particles are still in suspension. While most of the 
sulfur oxidation occurs in the first 11 meters of the 
reaction shaft, the lower zone is important because in it, 
the magnetite level of the slag decreases, and hence less 
magnetite enters the bath of the furnace. Lower magnetite 
levels in the bath improve the fluidity of the slag and may 
allow for cooler furnace operation, which results in 
decreased energy costs and extended furnace life.

The reason why the above data do not show a 
decrease of sulfur content in the lower portion of the 
reaction shaft is because there was an interval of approxi
mately one year between the times when the two sample sets
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were obtained. Minor changes to concentrate composition 
can explain this anomaly,

12,4 Chapter summary
The data and results presented in this chapter offer 

strong evidence that particles in the reaction shaft first 
over-react by producing a layer of magnetite around a core 
of FeS. The magnetite reacts with the FeS while it is in 
suspension in the reaction shaft, and while in the molten 
bath in the furnace settler.

Similar sampling from other flash furnaces should be 
encouraged to further complement the efforts of researchers 
and experimentalists,



CHAPTER 13

SUMMARY, FUTURE WORK, AMD CONCLUSIONS

This work has demonstrated that linear equations 
can be used to describe copper flash smelting, copper matte 
converting, and the energy and cost functions of a smel
ter. This feature enables the equations to be entered into 
a linear programming routine to determine minimum costs. 
It has also been shown that the smelter model can easily be 
modified to represent special situations like the Ken- 
necott/Outokumpu solid matte flash converting concept.

13.1 Future work
The model developed in this work can be fine-tuned 

to represent the mass and heat balances and costs unique to 
a specific location or operating smelter. If this is done, 
studies similar to those done in Chapter 9 can be performed 
to determine how best to improve an operating smelter.

It may be also possible to link optimization models 
of mine, mill, and smelter to determine the overall optimum 
operating mode.

Certain special situations exist in the copper 
industry which might also profit from linear programming. 
For example if a company operates two mines and two

204
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smelters, it might be possible to optimize the mix of 
concentrate shipped to the smelters„

As a specific example of this, if a company were to
(i) produce both a high grade copper concentrate and a low 
grade concentrate, and (ii) operate both a fuel-fired flash 
furnace with waste heat recovery and a flash furnace 
operating autogenously without waste heat recovery, the 
results shown by Figure 10 = 3 indicate that the high grade 
concentrate should be smelted by the furnace with no waste 
heat recovery.

13.2 Conclusions
This work has led to the following conclusions:

(1) Copper smelters can be modelled by linear equations; 
this feature allows minimization of costs by means 
of linear programming algorithms. It is also 
possible to minimize or maximize any process 
variable (e.g. total off-gas mass).

(2) The operating, parameters and prices of the- smelter 
modelled in this work result in an optimum matte 
grade of 65% Cu. The furnace operates autogenously 
with oxygen-enriched air that is not preheated. The 
converters use the maximum level of oxygen enrich
ment allowed in the model, 24 volume % O2. The
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energy cost of operating the flash furnace, conver
ters, and acid plant in the optimum mode, is 
approximately $10 per tonne concentrate. Total 
smelter costs have not been estimated in this study, 
but would include energy costs of concentrate drying 
and anode refining, labor costs, general supplies, 
depreciation, overhead, and taxes.

(3) The energy costs associated with coal-fired smelting 
are also approximately $10 tonne concentrate. Coal
firing is an attractive option for oil-fired 
furnaces which already are sized for the large off
gas mass produced by fuel-fired flash furnaces. A 
new furnace installation would realize capital cost 
savings by operating with oxygen enrichment and 
should, therefore, opt for oxygen-enriched smelting 
rather than coal-firing.

(4) The Kennecott/Outokumpu proposal to replace Peirce- 
Smith converters with a flash furnace that flash 
converts solid matte is very attractive. Operating 
costs are very similar to conventional smelters, and 
the potential for further savings not quantified by 
this work is possible. These benefits include lower 
labor costs, improved productivity, lower capital 
costs, and more cost effective pollution control.
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(5) Oxygen enrichment of converter blast can greatly 

reduce costs for high matte grade smelters. The net 
savings per tonne industrial oxygen is approximately 
$160. This provides incentive for industry to 
investigate methods how to increase converter oxygen 
enrichment.

(6) Optimum operating parameters are linked to the 
smelter's capability to melt all reverts in the 
converters.

(7) The Inco philosophy of not recovering heat from off
gas has considerable economic merit in situations 
where purchased electricity prices are not exorbi
tant. The loss of waste heat credit is in many 
cases off-set by capital cost savings.

(8) Samples taken from the Phelps Dodge Hidalgo Smelter 
show that in fuel-fired flash furnaces with no 
oxygen enrichment, there is high magnetite formation 
in the reaction shaft. Some of this magnetite can 
react with FeS while still in suspension in the 
reaction shaft. Much of the magnetite is reduced by 
FeS in the furnace bath.



a p p e n d i x a

THERMODYNAMIC DATA

Most of the thermodynamic data used in the model is 
from Barin and Khacke (1973) or from Sarin, Knacke, 
and Kubaschewski (1977) . The following pages document the 
thermodynamic data used in the dissertation. All compounds 
(or elements) that are potential furnace products have data 
for 298 K, 1400 K, 1500 K, 1600 K. These compounds also 
have two terms presented which represent the linear 
equation "A + B*T" for the product temperature range.

Data for compounds which are reactants only, are re
stricted to 298 K. Additionally, gases which can enter 
the furnace at intermediate temperatures in the range 
of 400-800 K, have data provided in. this range.

The data immediately below are in two temperature 
ranges: 298 K, and 1400-1600 K. The "A + B*T" function is 
accurate in the upper range. The subscripts shown follow
ing the substance refer to the state of the substance at 
the two temperature ranges (s = solid, 1 = liquid, 
g = gas). All data are in units of MJ/kg.
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Substance Temperature A + B * T

298 1400 1500 1600 A B

co2 (9,9) -8.94 -7.70 -7.57 -7.44 -9.56 0.0013
Cu (s,l) 0.0 0.69 0.74 0.79 -0.01 0.0005
CuFeS2 (s) — 10 0 4
Cu20 (s,l) -1.19 -0.17 — 0.10 -0.03 -1.15 0.0007
Cu2S (s,l) — 0 0 50 0.20 0.26 0.32 -0.60 0.0006
CUSO4 (s) — 4.82
FeO (s,l) -3.79 -2.57 • -2.48 -2.40 -3.82 0.0009
Fe304 (s,l) -4.83 -3.26 -3.17 -3.09 -4.46 0.0009
Fe304 (s,s) — 4.83 — 3.86 -3.77 — 3.68 -5.08 0.0009
FeS (s,l) -1.14 -0.02 0.05 0.13 -1.10 0.0008
FeS2 (s) -1.43
Fe2(SO4)3 (s) -6.46
h 2q (g,g) -13.43 -11.04 —10.78 —10.52 -14.68 0.0026

N2 (9,9) 0.0 1.24 1.36 1.48 -0.48 0.0012
Si02 (s,l) -15.12 -13.74 -13.62 -13.50 -15.42 0.0012

" Si02 (s,s) -15.12 -13.90 1 H 00 1 13.66 -15.58 0.0012
S02 (g,g) -4.63 -3.76 -3.66 -3.57 -5.06 0.0009
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Intermediate temperature range for gases A + B*T
400 600 800 A B

C02 -8.85 -8.64 -8.42 -9.42 0.0014
h 20 -13.24 -12.85 -12.43 -14.06 0.0020
n 2 0.11 0.32 0.54 -0.32 0.0011
02 0.10 0.29 0.50 — 0 o 3 0 0.0010
S02 -4.56 -4.42 -4.26 — 4 o 8 6 0.0008



APPENDIX B

VARIABLES USED IN OPTIMIZATION MODEL

The variables used in the optimzation model are 
defined as they are first introduced in the dissertation« 
Their definitions are repeated here in alphabetical order ? 
all units are "per tonne concentrate".

Variable
AIRADD

C02

CSTBST
CSTFUL
CSTKWH

CSTREV
CSTTOT

CU2S
CVBLST

Definition
kg air added to off-gases . in acid plant to 
ensure an O2/SO2 ratio of 1.0 
kg CO2 leaving furnace (fuel combustion 
product)
$ cost to preheat furnace process air 
$ cost for furnace fuel
$■ cost for purchased electricity without 
including any credit for internally 
generated electricity 
$ cost for melting expensive reverts 
$ total cost before applying credit for 
internally generated electricity 
kg CU2S in matte leaving flash furnace 
kg converter blast (N2 and O2, including 
industrial oxygen when appropriate)
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CVC02 kg CO2 in converter off-gas
CVCU kg copper produced in converters
CVFEG kg FeO generated in converters
CVFUEL kg fuel into converters
CVHL MJ converter heat losses
CVH20 kg H2O in converter off-gas
CVIND kg industrial oxygen to converters
CVINF •. kg air infiltration in to converter

off-gas
CVMJRV MJ heat generated in converters and

available to melt reverts
CVN2 kg nitrogen entering and leaving conver-

ters
CV02 kg oxygen entering converters
CVOG kg off-gas leaving converters
GVREV kg reverts melted in converters
CVSIin kg SiC>2 flux entering converters
CVSIot kg SiO2 leaving converters in converter

slag
CVS02 kg SO2 generated in converters
DSTout kg dust leaving furnace
DUST in kg dust recycled into furnace
EXREV kg expensive reverts
FeO kg FeO in slag
FES kg FeS in matteFES
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FFHL MJ flash furnace heat losses
FFIND kg industrial oxygen input- to flash

furnace
FFINF kg air infiltration into furnace off-gas
FFN2in kg nitrogen entering furnace
FFN2ot kg nitrogen leaving furnace
FF02 kg total O2 entering furnace, i.e . includ-

ing both oxygen in air and oxygen in
industrial oxygen

FFOG kg flash furnace off-gas
FFS02 kg SO2 leaving flash furnace
FUEL kg fuel entering flash furnace
HBLAST MJ enthalpy entering flash furnace with

preheated air/oxygen-enriched air
H20 kg H2O leaving furnace (fuel combustion

product)
KWHACD kwh required to produce acid
KWHCV kwh required to produce converter air
KWHESP kwh required to clean off-gases and move

them to the acid plant
KWH 02 kwh required to produce industrial oxygen
KWHTOT kwh purchased electricity without applying

any credit for internally generated
electricity

MATTE kg matte produced in flash furnace



OGHEAT

020G
EEVTOT
SIFLX
SISLG
SLAG
TOTIN
TOTOG

M J heat recovered from flash furnace 
off-gases (and converter flash furnace 
off-gases for the special situation 
examined in Chapter 11) 
kg oxygen in off-gas 
kg reverts generated in smelter 
kg SiC>2 entering flash furnace as flux 
kg Si02 in slag
kg slag produced in flash furnace 
kg total industrial oxygen into smelter 
kg total off-gas in smelter, including all 
infiltration and acid plant air addition
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APPENDIX C

MODIFICATIONS MADE TO MODEL TO DEVELOP FIGURES

Most of the figures displayed in the dissertation 
were generated from the optimization model. However, the 
optimization model only generates one set of optimum 
operating conditions. Modifications to the model are 
required to generate the spectrum of data points used to 
generate the figures. The following pages outline the 
changes made to the model for each figure developed from 
the model.

Figure

7.1

7.2

Changes

The coefficients in front of the term "MATTE" 
in both Inequality 5.15 and 5.16 are varied in 
unison from 0.4 to 0 i 8 in 0.05 increments to 
obtain the data points for the curves. The 
sign of Inequality 5.21 is changed from ">=" to 
" = ". The coefficients in front of the terms 
"FF02" and "FFN2in" in Equation 5.34 are set to 
zero.
The figure is calculated from the same data 
base generated for Figure 7.1.
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7.3
7.4

7.5

7.6

7.7

7.8
7.9

7.10

As Figure 7.2.
As Figure 7.3 with the exception that the 
coefficient in front of "CV02" in Inequal
ity 6.5 is changed to 2.77.
Data points for "reverts generated" line are 
from the data bank used for Figure 7.1. Data 
points for "reverts melted with 24% O2" line 
are from data bank used for Figure 7.4. Data 
points for "reverts melted with no oxygen 
enrichment" line were obtained by varying matte 
grade as in Figure 7.1 with the exception that 
the 2.77 term in Inequality 6.6 is replaced 
with 3.29.
Data obtained from data bank used to generate 
Figure 7.4.
The 0.22 coefficient of Inequality 5.24 is 
changed to 3.29. The sign of Inequality 5.34 
is changed to "=". Matte grade is varied as in 
Figure 7.1.
Curve generated from Figure 7.7 data bank. 
Curves generated from the data used to create 
Figure 7.1 and 7.7.
As in Figure 7.9.
Autogenous smelting curve generated as Fig
ure 7.1. Fuel-fired smelting curve generated

9.2
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9.3

9.4

9.5

9.6
9.7

9.8

9.9

by changing the 0.22 coefficient of Inequal
ity 5.24 to 3.29.
The sign of Inequality 6.14 is changed to an 
" = " sign. The right hand side is varied in 
increments to develop the data points.
Curve obtained from data bank used in Fig
ure 9.3.
For both curves, the coefficients in front of 
the "CV02" terms of Inequalities 6.5 and 6.6 
are varied in unison from 3.29 to 2.04. The 
fuel-fired curve is generated by changing the 
0.22 coefficient of Inequality 5.24 to 3.29.
As in Equation 9.5.
The right hand sides of Equations 5.9, 5.10,
5.11, and 5.35 are changed to be consistent 
with the data presented in Section 4.1.1.
Curve generated from same data bank as Fig
ure 9.7.
The higher heat loss curve generated as the 
autogenous curve of Figure 9.2 with the 
exception that" the -1.0 coefficient of Equa
tion 5.33 is changed to -0.6667. The lower 
heat loss curve is obtained in an analagous 
manner, except the -1.0 coefficient of Equation 
5.33 curve is changed to -2.0.
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9.10

9.11

9.12
9.13

9.14

9.15

9.16

9.17

9.18

As in Figure 9.9 except the changes are made to 
Equation 6.16.
Data points are obtained by changing the coeff
icient in front of the "MATTE" term in Equa
tion 6.17 from 0.2 to 0.6.
Line generated from Figure 9.11 data bank.
The dust factor is the coefficient in front of 
the "FFOG" term in Equation 5.28. It is varied 
0.0 to 0.08.
The 0.05 coefficient in front of "EXREV" of 
Equation 8.12 is reduced in increments to zero. 
As in Figure 9.14 with the exception of fuel- 
fired smelting (determined as in other fig
ures) .
The coefficient in front of "KWHTOT" in 
Equation 8.11 is varied for 0.0 to 0.10.
The coefficient in front of "HBLAST" in 
Equation 8.10 is varied from 0.0 to 0=010.
The inequality sign of Inequality .5.34 is 
changed to an equality sign. The 0.5 coeffi
cients of the same equation is varied from 0.5 
to zero.
Costs are determined after changing the -0.004 
term of Equation 8.14 to zero.
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10.4

Costs determined as in Figure 10.2, with the 
changes of Figure 9.7 also made.
Flame temperatures are calculated as described 
in Section 4.8.
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