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ABSTRACT. 

A computer model is developed to simulate the -

steady-state operation of flash furnaces. Tbe model can be 

used as the core ~f a'real-time furnace control system, or as 

in this thesis, -as a tool ta aid in comparing different fl.ash 
• 

smelting operating modes. 

The model shows that rhe optimum flash smelting mode 

is autogenous, Le •• with no hydrocarbon fuel additions. 

Futtherrnore, flash' furnaces should operate with oxygen-enriched 

air, and should endeavour to carry out as much~ oxidation as 

possible in the furnace itself, and thus minimize €he amount of 

conve~ting required. This mode of operation minimizes the 
if 

volume of of~-gases generated in the smelter in aIl cases and 

minimizes the energy. requirements in-most. cases. 
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RESUME 

Un modèle mathématique est developpé dàns cette thèse 

pour simuler le fonctionnement' des fours flash à l'état de 

fÎ régime. On peut utiliser ce modèle conune l'élément fondamental 

du système de contrôle du four- en temps réel ou, ainsi que dans 
"-

cette thèse, comme un outil servant 
Il 

à comparer les différents 
, . 

modes opératoires d~ ces fours. 

Ce modèle démontre que le fonctionnement optimal des fours 

flash est autogène, c'est-à-dire sans addition de carburant. 

( 
De plus, ces fours devraiènt être utili~és avec de l'air 

riche en oxygène et devraient permettre la plus grande oxydation 

possible pour _minimiser ainsi les transformations requises p~r 

la suite pour la production de cuire brut. Cette façon d • opérer 

minimise les volumes de gas ~ejetés da la fonderie dans tous 
1 

les cas, et minimise la quantité d'énergie nécessaire dans la 
'/ 

plupart des cq.s. 
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CHAPTER 1. l' 
- p • 

OBJECTIVES 

-' , 

Flash smelting emerged in the 1970' s as the most 

-,.-- s ~gnif ican-t eopper smel ting process in terms of . new instllled 

smelting c_i!pacity. It did so because,\compared to alternative 

copper smelting processes, flash _smelting reduces energy 

consumption and facilitates handling and treatm~\t of effluent 

off-gases. 

/ The objective!? of this_ thesis are to present a 

fundameJ;ltal model of steady-state flash smelting. The model 

:.' 
( 

dev.eloped in this thesis i5 based upo'n element mass balance \S 

equations and heat balance equations. These equations are 

solved simultaneous.ly to determine the'" steady-state operat.ing 

ode of a flash furnace. 

o 
The mode! 1 is used (j.) to dernonstrate -the pr inciples 

\ 
of flash osmelting oon1;rol and opt"imization and (ii) to 

determine the optimum smelting 

reoovery considera ons. 
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1 , ••• J ;1 a n 1 nt .r ., 

mode based 
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on energy 
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CHAPTER 2 

FLASH SMELTING 

2.Q INTRODUCTION 

Flash smel.ting consists of 

• 

" 

t 

\ 

, 
l' 

injecting fine, dry 

sulphide concenttate with a source of gaseous oxygen into a hot 

furnace. Concentrat~ reacts with oXYgen excithermically under 

these conditions to produce: (i) a ~iquid sulphide 'matte' 

pha~e, (il) a liquid oxide '~lag' phase and (iii) a gas phase 

w,ith a high concentrat~on of S02. 

The matte contains most of" the pr imary metal values 
. 

(qopper, nickel, colialt) whil~, the sla9 i5 dilute in these. 

/ . This concentration'" of pr imary metaJ., values into the matte i5 

the main objectiqe of 'all smelting processes. 

\ ' 

'~ 
1 

) 

Flash smelting is most cornmonly used for' smelting 

copper concentrates and as a result, this work:'f.eals with 

copper flaS? smelting exclusively. 

âescribes: , 
"f,t" .. . , 

- 2 

This chaPt,r introduces and' 
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(a) the r aw mater ials 1 products, and chem~stry of copper 

flash smelting7 

(b) the history and development of copper flash smeltin91 

(c) the emergence of copper flash smelting as a significant 

processi 
\ 

(d) the importance of steady-state furnace operation. 

AND CHEMISTRY OF COPPER FLASH 

SMELTING 

2.1.1' RAW MA TERIALS 

. 
The principal raw' mater ials reguired for copper flash 

smelting are' (i) dry sulphide concentrate, (ii) silica flux and 

( iLi) a source of gaseous o~Ygen. Hydrocarbon fuel rnay also be 

necessary to provide supplemental heat. 

" 
2.l.2 COPPER CONCENTRATES AND SILICA FLUX 

Approximately-90% of the copper in the earth's crust 

oceurs as sulphide minerals of which the Imost common ls 

chalcopyrite - {CuFeS2) • 
G 

Chalcopyr ite ,is e_~sily f.J.ash smelted 

since the oxidation of the iron and sulphur is exothermic 

(page 5) • Chalcoci te (Cu2S) and borni te (Cu5FeS4) may also .. 
occur' to limi ted extents in ~rebodies along wi th chalcopyr i te. 

.....r - 3 -
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T These minerals are suJtable for flash smelting a~so but their , 
oxidation reactions, per unit mass of copper, are less 

exothermic than that of chalcopyrite. 

\ 
Copper ores are -virtually always concentrated by 

. , . 
froth flotation resulting in typica~ concentrate grades for 

, èà~COpyrite conc~ntrates of about 20-30 % Cu. One fortunate 

aspe t of this concentration process is that the particle size 
" , 

req~ired for efficient beneficîation ("'50 pm) is 'also very 
• 

suitable for tapid oxidation during flash smelting. 
\ 

Concentrates must be dried prior to flash 
''Ir' 

ensure good dispersion in the oxidant as they 
'. 

srne'lting to 
'" 

enter the 

furnace. This mixing is necessary for the reactions to occur 

quickly and efficiently. 

Silica flux (typicalJ-ly 90% Si02, 10% A1203, CaO, 

etc) i8 usual~y mixed with the concentrate prior to drying and 

smelting. Its purpose is to combine with the 'rock' in the 

concentrate and the Oiron oxide produced dur ing combustion of 

the concentrate)to form a ~iquid slag phase which is immi~cible . 
wi th the sulphide matte phase. 

2.1.3 THE OX 1. DAN'l' ' 

The gaseous, oxygen with 

) 

"" which the concentrates react 

in a flash furnace may be in the form of air, air mixed with 

- 4 -
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1 -
conun~r ci ally pur e oxygen, or commercially pure oxygen i tself. 

Oxidant temperature varies from 298 K for oxygen-rich oxidants 

to l300 K 'for air. The effects, of oxidant~composition on 
\ 

and sme1ter operation are discussed e ensively in 

Chél"pters 6 and 7. 
\ 

2.1.4 FLASH SMELTING REACTIONS AND PRODUCTS 

The principal reactions which take place during the 

smelting of chalcopyrite concentrate in a flash furnace can be 

r epr esen ted by: 

CuFeS2 + 1/2 02 = 1/2 Cu2S + FeS + 1)2 902 (2.1) 

AH D 298 = -100 MJ/kg-mol CuFeS2 

FeS + 3/2 02 = FeO -+ 502 (2.2) 
\ AH D 298 

. 
= -460 ~/kg-rnol' FeS 

(enthalpy data presented in Appendix -2) 

As can be seen, the reaotions are highly exothermic. 

They provide much or aIl ~f the thermal energy required to 

heat, melt and superheat the smelting furnace products. 

Cu2S and Fe9 are completely miscible above 
/ 

"'1375 K, 
J ' 

. forming a liquid sulphide matt~ phase which settles in the 

hearth of the flash furnace. Cu2S does not oxidize appreciably 

in flash furnaces because FeS oxidizes preferentially (Reaction 
\ 

2.2). Cu20 which d6es form is reduced by FeS back to Cu2S, 

except for a small fraction which remains as a component of the 

- 5 -
/ 
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total coppe~ losses to the slag. The extent te whieh Reaction· 
~." , ", 

~. 2""'ptoceeds is limi ted only by the amount of exyge~ fed to the 

furnace, i.e. under the well mixed conditions in the flash 

furnac'jS! all of the oxygen fed will react with concentrate. 
") 

FeO formed in the flash furnace by Reaction 2.2 i6 

fluxed with siliea by reactions such as: 

2FeO + Si02 ~ = 
<~ 

• The product is a liquid 

matte and which, being 

Flash furnace slags dJn9 upon desired 

Flash furnace 
. 

2FeO.~i02 (2.3) 

~H0298 = -11 MJ/kg-mol 5i02 

., 
slag Pha:ç, which i8 iinmiscible with the 

less dense, floats on top of the Il!atte. 

typically eontain 26-36 wt " 5i02, 

slag eha~acter isties ( 1 ) • 

off-gases consist of 502 produced by 

Reactions 2.1 and 2.2 and N2 from the' oxidant. If 

supplementary fuel lS burnt, the combustion products of the 

fuel (C02 and H20) are also constituents of the off-gas. 

Off-gas S02 eoncentrat~on is determined by the ext~nt of oxygen 

enr iehment of the oX1Qant and by the amount of hydrocarbon 
" - " 

fuel. Industrial '502 concentrations rang/e~ from 12-80%, 

considerably greater than those produce~ ,Aly reverberatory 
) ,.' 

(0.5-3% 502) and e1ectr ic (4-8% S02) \"smèlting furnaces (1). 
/ 

, . 
... ~' . K~ 

The temperature o~ flasn smelting products is usua11y 
)' . 

around 1500 K. The sla9 is typically 25 K cooler than the 
" 

,,' 

.. ' 
" .. \ 6 

, 
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off-gas and the matte ls 

s1:ag. 

typlcally 25-50 K cooler than the 

The operating parameter most significant to flash 

furnace operators ia the matte grade (i.e. wt% Cu in matte) , 

which quantifies the extent of concehtrate oxidation. The 

industrial range of matte grade for flash furnace smelting ls 

40-65% Cu with the recent trend being towards higher matte 

grades (2). 

2. 2 HISTORY AND DEVELOPMENT OF 'FLASH SMELTtNG 

TwO processes for flash smeltfng~were developed in 

the late 1940's~ Inca developed the oxygen flash smelting 

process in Canada and Ou tok umPll developed 

smelting process in Finland.
1 

\ 

2.2.1 THE INCO OXYGEN FLASH SMELTING PROCESS 

• 

the air flash 

The principle of the Inc~ pxygen flash smelting 

process has remained the same since its~ception (3-10). Dry 

sulphide concentrate and commercia11y pure (95%+) oxygen are . 
injected horizontally lnto a rectangular furnace (Figu{e 2.1). 

The concentrate reacts wlth the oxygen (Reactions 2.1-2.2) to 

form a flame abOve the hearth. The resultant 602 le~ves via a 

central uptake while the liquid products sll,ower onto the bath 

- 7 
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ol slag and matte. Slag-forming reactions. ('uke Rear:;tion 2.3) 

take place in the slag phase ~hile the unoxidized sulphides 

settle through the slag and into bhe matte phase. 

The Inco oxygen flash smelting process is S,ignificant 

in two important àspects: 

(a) tbe furnàce op#rates autoge~ously; no hydrocarbon fuel 

is requi'red because the exothermic oxidation reactions 

provide sufficient heat to melt the products and 

maintain furnace temperature; 

(b) the S02 content of the off-gas is'approximately 80i 

which-facilitates highly efficient fixing of the 502 as 

liquid 502 or sulphuric acid. 

2.2.2 THE OUTOKUMPU FLASH SMELTIRG PROCESS ; 

\ . --....., 
, O.utokumpu flash smeltlng consists of injecting d~y 

concen tr a te and a combination of preheated air -and/or 

oxygen-enriched air downwards into a furnace (11-17). Feed 

enters through ·the top of a reaction shaft located at one end 

of the Outokumpu furnace (Figure 2.2). Here it combusts with 

the b1ast oxygen, reacting as in the Inca furnace. Off-gBses, 

leave via a vertical .upta~e shaft at the other end. of the 

furnace •. 

- 8 -
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The orifna1 OutokUmpu flash furnace in Har~avalta 

operated using air preheated to 775 K (14). Hydrocarbon fuel 

was required as a supplemental source of heat. Oxygen 

enr ichment ("'40 volume % 02 '.in the oxidant)" and increased 

oxidation of the concentrate hav~ eliminated the need for fuel 

'in this furnace and i t is now opeJ8élting autogenously - (1 ) • 

However, most Outokumpu-type flash furnaces operate with 

'preheated air or moderately enriched air (23-25 volume % 02) 

and as a result supplementary fuel i5 requïred. 

\ 

The Outokumpu, flash smelting process is significant 
\ 

in that: 

(a) there is a zero or low hydr9carbon fuel requirement; 

(b) operat~on .is possible wi thin a wide range oe" oxygen 

enrichment, oxidant preheat, and hydrocarbon fuel 

combustion 1eve1s; 

{cl the S02 from the off-gas can çe efficiently fixed to 

sulphuric acid. 

- 9 -
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., oxygen 

Figure 2.1 

, 
matte 
) 

The Inco oxygen flash furnace. Oxygen, 
and dried concentrate and flux are injected 
horizontally through four burners. ~he 
resultant off-gas, about 80~ S02, leaves via 
the central up~ake. Dimensions are about 24m 
in length 1 7m in width, and 6m in height . 

• 

concentrate and 
burn,er 

~:::::::::~ ~---uptake 

reaction 
shaft ". 

matte 

~ 
off gos 

Figure 2.2 The Outokumpu flash furnace. Preheated or 
oxygen-enriched air and dried feed is injected 
into the reaction shaft. Typical dimensions 
ar.e 20m in length, 7m in width, the reaction 
is about 6m in diameter and Sm"in height. 
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2.3 EMERGENCE OF FLASH SMELTING AS A SIGNIFICANT PROCESS 

The ear1y 1970's saw an increased concern for 

p~otecting the environment and for minirnizing energy 

consumption. Flash smelting is advantageous in both the~e 

r_~gards and hence i t emerged as a major smel ting method in this 

P~~iOd. This is su~stantlated by the fact that 75% of new 

copper smelting capacity commissioned in the 1970's ~mp1oyed . ~ 

flash smelting (2). 

2.3.1 ENERGY CONSUMPTION IN FLASH SMELTING 

As noted in Section 2.2, energy consumption has _been 

reduced in flash sme1ting to the extent that flash furnaces can 

operate autogenously, i.e. without hydrocarbon fuel addition. 

This compares favourably to reverberatory furnace smelting 

'where only about 50% of the energy requirernent 1'8 generated 

from the smel~ing reactions; the balance being provided by 
-~ 

hydrocarbon fuel (1). 

• 1 

2.3.2 S02 GENERATION IN FLASH SMELTING 

Governmenf legis1ation has imposed strict limits 

regarding sü1phur dioxide emissions from non-ferrous sme1ters 

(18 ) • Consequently, the S02 must be co11ected and fixed. 

Sulphur dioxide is fixed rn~inly as sulphuric acid, with minor 

11 
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amounts being fixed as elemental sulphur, li~uid 602, and 

gypsum. Regardless of the fixation process, overall cost of 

sulphur fixation is 'rninirnized if smelters generate steady, 

concentrated streams of S02. 

Flash furnaces inherently produce such steady ~treams 
,1 

~f.~a~with high 602 concentration due to their: 

2.4 

(a) low fuel consurnption~ little or'no hydrQcarbon fuel is 

consumed jn flash srnelting'and consequently dilution of 

the off-gas by hydrocarbon combustion prqducts is 

rninimized or eliminated.-

(h) use of oxygen enrichrnent~ oxygen enrichment leads to a 

more concentrated stream of S02 in Off-9'S~ bec. use 

there is less dilution by nitrogen. 

(c) design as sealed srnelting unitsi S02 generated in the 

furnace can be deli vered to the sulphur fixation plant 

w~th little or no 
\ 

air dilution. 
c 

IMPORTANCE OF STEADY-STATE FURNACE OPERATION 

o 

Steady-state operation of a furnace is attained when. 

product composi~ions and temperatures are maintained a t 

prescribed set points. The benefits obtained by such 

steady-state operation include smooth oyerall smelter 

operation, low costs, and long furnace life. Specifie 

advantages of operating' at steady-state are discussed in 

- 12 
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Chapter 5 ~ 

The basis by which flash furnaces can be'maintained 

at steady-sta~e can be described by a model based principally 

on heat and mass balances. Application of the model to 

computer assisted furnace control can aid in obtaining and 

maintaining steady-state operation of flash furnaces. 

The model and its application to furnace control are 

discussed in Chapter 3 and Chapter 6 respectivelf. 

1) J ' 

\ 

\ 
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FLASH FURNACE MODELS 
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Pre ious models of steady-state flash smelting, ha",' 

most par been dEveloped as tools whi'ch are us~~--to~ ~ 
a p ticular furhace or a particular type of 

furnace 

developed 

processes (21-22). 

boxes since 

the results of the 

detailed review of 

study. \ 

Other, re genet al models have also been' 

purpose 0 comparing different smelting 

models, wever, have remained black 

been prl arily concernéd with 

For these reasons, a 

be prese ted in this 

The model dev'eloped here is and can be 

thesis 

f 

applied te study all modes of flash smelting. 

describes the basis, of the model and how it c,n be 

sui t particular applications. 

to ~ ~ 

""k , 

, , 
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CHAPTER 3 

THE STEADY-STATE FLASH SMELTING MODEL 

3.0 INTRODUCTION 

In this chapter a fundamental model is developed te> 

describ~ the steady-state operation of a flash furnace. Based 
'. 1 

" . principally on mass and heat balances, the model can be 

employed', as a control tool which indicates of makes the 

required changes to flash furnace control parameters. 
'1 

also be used" as an aid in process design 

Simulatinj, various smelting 

compared nd analyzed. 

\- -

alternatives which 
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are: 

FUNDAMENTAL EQUATIONS: MASS AND HEAT BALANCES, 

\T~e fundamental equations used to deve10p the model 

b 
(a) steady-state mass balances for elemen~s enteriQg ·and 

leaviI1'g the furnace; 'r ..... , ~, 

(b) ~ overa1! steady-state entha1pr' balance fdt~',-:the 

furnac~. 

MASS ,:BALANCES 
\\ 

\ 

The steady-state mass balance stipu1ates that the .. 
, , 

rnass of inputs enter lng the,; furnace must equal the mass of the 

products leaving the furnace: 

mass in = mass out' (3.1) 

\ 

,This equati6n is a sWmmation of the element mass 

balance equàtions which stipulate that the rnass of each e1ement 

entering the system must be equ~l 'to the mass leavi~g the 

system. The 

sme1t;i.ng are: 

\ element mas~ balance 

/ 

f? 

equations for copper fl.ash 

'. , 
~ 

1 "" \ L 
If 
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, 
mass Cu in = mass Cu out (3.2) , 

~ 

mass Fe in = maas Fe Out p.3) 
/ 

ma:ss S in ,. maas S out (3.4) 

'mass 0 in = maas 0 out (3.5) 
, 

N in rnass = maas N out (3.6.) 

mass Si02 in = mass Si02 out * , (3': • .1) 

3.1.2 HEAT BALANCES 

\ ' The steady-state enthalpy balance st~pulates that the 

enthalpy entering the system must be the sarne as that~leaving 

, ,the system:" 

\ 

enthalpy in = enthalpy out (3.8) 

\ Equation 3.8 can be expfessed conveniently in a modified form: 
\ ' 

Heat supply, = 
to the process 

/ 

Bea t demand , 
,of the process 

(j.9) 

* 5102 ia assumed to behave as an element in the sense that the 
'silic'on-oxygen bond is not br9ke~ dur ing smelting. 

\ 

\ 

\ : 
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t 
In Equation 3.9 he.at s~pply is defined as: 

'-, 

\ 

Heat supply = H298 (reactants) - H298 (pr~ducts) 

+ HT(reactants) - H298 (reactants) 

.. 

, , 

(3.10) 

The first two terms of Equation 3.10 r epresent the 

,heat generated from the oxidation of the concentrate. This is 

the main source of heat in the system. The last two terms / 

represent thé sensible heat of the incoming charg~. Sensible 

heat is ,significant when the oxidant is preheated or in 

., particular situations where al hot r evert mater iai (such as 

molten converter slag) is returned to the furnace. Sensible 

heats of the concentrate and flux are not normally significant. 

Heat demand is ·defined inl:4 the fOllowing manner 50 as 

to be ,compatible wi th the above~ defini tion of heat supply: ' 

Hea't demand = HT(products) - H298(products) 

+[Radiative and convectiv~ 
furnace heat losses J (3.11) 

'the first two terms df Equation 3.11 represerit the 

sensible heat èf the produets and they account for 70-80% of 
. 

the total heat demand. Radiative and convective furnace heat 

losses account for the remainder. These los5e~ depend upen 

'(il fux.:nac'e size and shape, (ii) operatin~ tempe,ratures, and 

(iii>' concentrate throughput rate (Chapter 6) • They are , . 
usually known quite closely for individual operatin9 furnaces. 
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3.2 FEEP AND PRODUCT SPECIFICATIONS 

-In addiU'on to mass and heat balances, considerable 
". 

information reg,arding the constitution and temperatures of feed 

and products i5/:'usually known or ~pecified. This information 
, 

in conjunction with mass and heat balances'forms the core of-

the steady-state model. 

3.2.1 
/-

FEED COMPOSITIONS AND TEMPERATURES 

Feed (concentrate, flux, and oxidant} composition and 
\ 

temperature data are usually known for a particu-lar operating 

furnace or they can be expressly specified if the model is to 

be used for optimization purposes. 
III 

3.2.2 P~ODUCT CONSTITUTION AND TEMPERATURES 

The constitution ot flash furnace products is weIl 

established on the basls of industrial copper smelting 

information and the.rmodynamic PI inciples. The data and 

information used to define 

" 
product constitution in the model 

are as follows: . , \ 

\ 
(a) The matte is described in terms of, a liquid~ solution of 

k 
>" Cu2S and FeS. Oxygen sOlubility in ~atte is represented 

as Fe304 alld is quantified as a percentage of matte masse 

- 19 -
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(b) The slag phase lS described in terms of a liquid solution 

of FeO, Si02, Fe304, and minor amounts of CaO and Al203. 

The solubilities of copper and sulphur are assumed to be 

negligible. Si02 and Fe304 concentration in. the slag are 

. quantified as a percentage of slag mass. 

(c) The product gas i5 502 and N2. Quantities of 503, S2, 

and 02 le.aving industr ial furnaces are negligible. 

Product temperatures are dependent variables, in that 

they are determ!ned by the furnace heat balance. Industrial 

A data show however, that matte, slag and off-gas temperatures 

are similar for all flash furnace operations (1450, 1500, and 
,?' 

1550 K +j-50K respeet~vely), and cons:quently, these values can 

be specified as target temperatures for eontrol/optimization 
• 1 

purposes~ Of course, target temperatures can subsequently be 

altered as required. 

It should be noted that furnace or operating 

temperature are terms which in this thesis and in most smelters 

are ~ynonymous with slag temperature. Sinee matte and off-gas 

temperatures are related to slag·temperature (page 6), changing 

the furnace temperature invariably implies changing aIl of the 

product temperatures. 
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3.3 RESULTS OBTAINABLE FROM THE ~ODEL 

The model incorporates Ci) mass and heat balances, 
1 , 

(ii) specified concentrate and flux feed . compositions and 
.1-

(iii) product temperature sI?ecifications w~ the above-

described product constitution assumptions. 

determines: 

In, ~ manner i t 

'or 

~'
, or 

(a) possible .combinations of oxidant temperature, oxidant 

02/N2 ratio and 02/concentrate feed ratio with which a 

furnace can be operated autogenously, i.e. without 

requiring hydrocarbon fuel add~~ions7 

(p) quantities of hydrocarbon fuel necessary if à furnace 

is not operating autogenouslYi 

te) possible combinations of oxidant temperature, oxidant 

02/N2 ratio and hydrocarbon fuel with which a furnace 

will produce a matte witn a specified concentration of 

copper. 

Additional information obtained includes: 

(a) mass of S102 required to flux the slag; 

(b) product massés (matte, slag, and off-gas): 

(c) concentration of copper in the matte and of 502 

off-gas. 

\ 
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The central calculations required ta determine these 

are the salving of the mass and heat balances simultaneausly. 

An interact\ve computer program 'was ,written which reads the 

required data, generates mass and heat balance equations, and 
, 

solves the equations. This computer pragram was used to solve 

the example calculations which are presented in - the followiIl9 

chapter. In addition, graphs appearing thraughout thi&\work 

(unleks specifically referenced) are b~sed on data generated by 

the computer pragram. 
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CHAPTER 4 

EXAMPLE APPLICATIONS OF THE STEADY-STATE MODEL 

\ 

4.0 INTRODUCTION 

J 

Three example calculations pertaining to different 
\ 

autogenous ope~ating modes of flashfurnaces are presented in 
1 

this chapter. They demonstrate the method by which the model 

describes general flash smelting situations. The qp~ratin9 

parameters predicted by the model are then compared to their 

industrial equivalents. 

\ 
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4.1 EXAMPLE I

1 
S1MPLIF1ED,OXYGEN FLASH SMELT~NG 

The first example calcula tes the operating parameters 
0~ 

Q of an oxygen flash fuwnace. 

liA CONCENTRATE 15 SMELTED IN AN INCO TYPE (OXYGEN) 

FLASH FURNACE. 
. -' ? 

WHAT ARE THE OXYGEN AND FLOX REQUIREMENTS ,WHICH 

WILL PERMIT THE FURNACE TO OPERATE AUTOGENOUSLY WITH THE 

FOLLOWING FEED AND PRODUCT SPECIFICATIONS?" 

concentrate: cha~copyr i te (CuFeS2), 298 K 

flux; ~ili.ca (5i02), 298 K 

matte:' Cu2S-FeS, 1475 K' 

slag: 70% FeO, 30 wt% Si02, 1500 K 

oxidant: 100% 02, 298 K 

off-gas: S02, 1525 K 

throughput: 50 tonnes/hour of concentrate 

radiative and 
convective heat 
10ss rate . . 25000 MJ/hour 

The data for this example are simp1ified, but they demonstrate 

procedures used in so1ving such problems. 

\ 
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\ 

solution: Mass and heat balance equations 

. 
Five mass balance equations which must be satisfied 

in this example are as ~ollows ,(all, var iables repre'Sent masses, 

kg per 1000 kg of concentfate feed, and aIl percen tages are 

mass %): 

mass Cu in = mass Cu out (3.2) 

1000 • %Cu in concentrate = mass Cu2S in matte' • 'Cu in Cu2S 

100 100 

mass Fe ln = mass re out (3.3) 

1000 • %Fe in concentrate = mass FeS ~n matte • 'Fe in FeS 

100 100 

+ mass FeO in slag • %Fe in FeO 

100 

mass S in = mass S out (3.4) 

"\ 
, 1 1000 • %5 in concentrate = mass S02 in offgas . %5 in 502 

----~---

100 

+ mass FeS in matte • %5 in FeS 
j 100 

---------
100 

+ mass Cu2S' in matte • %5 in Cu2S 
-.,-.---------

100 

~ 

- 25 

J',' 
"'"' tUb •• ....,.' ..... 1_ q :; ( n.I ...... i. 

__ ~ ,~,_i ~ .,. .... __ _ 



, 
r 
~. ,. 

\J 

( 

o 

... ~-_.- ~ -~ ~~ ._-~ ........ _-~-

" 

mass 0 in = mass 0 out (3.5) 

mass 0 in oxidant = mass S02 in offgas • %0 in S02 
--~---

.. 
+ mass FeO in slag • %0 in FeO 

/ 100 • 

mass S102 in = masa Si02 out (3.7) 

mass Si02 in flux = mass slag • , Si02 in slag 

100 
1 = (mas~ FeO + mass Si02) • , Si02 in slag 

\ 100 

In addition to the mass balance equations, there are three heat 
./ 

balance equations (Section 3.1.2): 

(a) the overall heat balanc~ equation ls: 

heat supply = heat demand (3.9) 

(b) the'heat supply equation is: 

heat supply = H298 (reactants) - H298(productS) 

+ HT(reactants) - H298 (reactantS) 

- 26 -
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CI 

In th1s examp1e the l~st two t~ ~Equation 3.10 canO~l 
since the inputs to the furnac~ are ~~ and heat suppr~ 
i6:' '~ 

'~-

heat suppl-y == HO 298 (CuFeS2) kg-moles CuFeS2 

\ ..,'" 

+ H0298(Si02) ° kg-moles Si02 

+ HG 298 (02)' • kg-moles 02 

HO 298 (Cu2S) o. kg-moles Cu2S .. 

+ H0298(FeS) . kg-moles FeS 

+ H0298(S02) . kg-moles S02 

+ HO 298 (FeOl kg-moles FeO " 
+ H0298(Si02)' Kg-moles Si02 * 

,Cc) The heat demand equation: 

heat demand = HT(products) - H298 (productsL 

+ Radiative and convectiv~ 
furnace heat losses 

(3.1).) 

* HO (T) is the enthalpy of a c-ompound in its standard state at 
temperature T. To be precise, the enthalpies of Cu2S',and FeS 
in the matte and FeO a-nd Si02 in the slag should be represented 
~n the heat balance by H(T) which is their enthalpy in the 
solutions, including their heats of mixing. The error 
introduced by , using HO (T) rather th an H CT) is neg1igible 
(page 111) -. -This substi tution is also made in the heat demànd 
equation (3.11). 

\ 

/ 
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For this example'it is: 
cr 

heat demand = {HOl475(Cu2S) HO 298 (Cu2S)} · kg-moles Cu2S 

"~--'" + {lio l475(FeS) ..: HO 298(FeS)'} kg-moles FeS 

· kg-moles FeO 
~~. * 
+ {~O l500{F'kO) - HO 298(FeO)} 

. *" 
+ '{ HO 1500 (Si02) - HO .298 (Si02)} · kg-moles Si02 

+ {If 1525 (S02) - If 298 (S02)} · kg-moles 

+[~:~~:~~~:_:~~_:~~~:::~~:_~:::_~~::~~~~~ 
Concentrate feed r9te, tonnes/hour ] 

1 

where 1475, 1500 and 1525 are specified matte, slag, 

off-gas tempera'tu'res respectively. 

S02 

and 

The preceding mass and hea t balance equations . have 
{\, 

been. sol ved by a linear equation manipulation, teéhnique 

( ussian elimination with equi-libration and partial pivoting> 

, (23 ) • The solution (per tonne of dry concentrate feed) 

~~.,~~ 
is: 

,/ 

~'" 
~ 

.~~ \ 

_________ ..:--_---'c"--'~"," 

* Although their mel ting points~,are above 
enthalpies of FeO and Si02 are calculàt~d for the 
because they combine to form a 1iquid slag. Cu2S 
liquid at 1475 K. Beats of solution are diSc~ssed 
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/ 
02 feed = 226 kg 

". 

"5i02 in feed = ·89 kg 
(and in slag) 

"7. #' 

Cu2S lin matte = 432 kg 

FeS in matte = 226 kg 

S02 in offgas ::: 359 kg 

, FeO in slag = 207 kg 
\ 

heat supply \= 
\ 

1859 MJ 

heat -demand = 1859 MJ 

The answer to the problem indicates that an 02/concentrate 

ratio of .226 and an Si02/concentrate ratio of .089 are 

required to keep the furnace in thermal and stoichiometric 

balance., Additional information which can be extracted from 

>Î thèse results inc16des: 

ma~te mass ::: Cu2S + FeS 

= 658 kg 

Cu2S . (wU Cu in Cu2S / 100) 
'6 Cu in matte = -----------------------------

matte mass 

:: ~52.4 % Cu 

slag mass ::: FeO + 5i02 

::: 296 kg 

This simple example is ana1ogous to Inco operating 

data (8). The ca1culated 02/concentrate, Si02/conc~ntrate, 
\ 

matte/concentrate, and slag/concentrate ratios aIl lie within 

- 29 -
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, \ 
10%\ of the corresponding Inco data. A relat\ively large 

difference in matte grade (52.4 vs 41.8 %Cu) is attributable to 
<J 

" a difference in concentrate grade (30.1 a t .. Inco vs 34.8 %Cu for 

~~lcopyrite examined in thi s example). 

'\-~ . \ -
D t 

4.2 EXAMPLE IIi ADJUSTING THE 02/N2 RATIO 

This example demonstrates the effect of oxidant' 
/ 

composition on flash furnace.operation. 

, nWHAT Atm THE OXYGEN AND FLUX 'l REQUIREMENTS FOR A 
"\ ~ 

FU~AÇE OPERATING· AUTOGENOUSLY AS IN EXAMPLE l, WITH THE 

\ EXCEPTION OF THE OXIDANT HAVING AN 02jN2 MASS RATIO OF 1/1 

(46.7 VOLUME' % OXYGEN), I.E. THE OXIDANT 15 HIGHLY , 
(' 

Cv 

, OXYGEN-ENRICHED AIR n ? 

, 
'\ 

solution: 

'" For this example a new· mass balance equation must be 

introduoed to account for the ni trogen: 

mass N in = mass N out '(3.6) 
\ -

.'\ 
... ~, .. 

mass 0 in oxidant 
mass N in = -----------------

02/N2 mass ratio 

, ' 

30 
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In addition, the heat demand equation must now include the heat. 

required to heat the outgoing nitrogellt from 298 to off-gas 

temperature, 1525 K, i.e.: 
\ 

heat demand (this examp1e) ::: neat demand (Exampl;e I) 

+[senSible hea t of ni tro9, e.;j 
leaving furnace _ J 

where: 

sensible heat of N2 = {HO 1525 (N2) '- HO 298 (N2) } ,. kg-moles 142 

Note here l:hat the presence of N2 (at 29~8 K,) in the oxidan~ 

does not change heat supply Equat~on 3.10~ 

The resultant mass and heat balance equations have \\ 

been solved to ·yield: 

02 in oxidant 

N2 in~oxidant 

5i02 'in feed 

Cu2S in matte 

- FeS in matte 

S02 in offgas 

FeO in -81a9 

hest supply 

heat demand 

. ( ua 

= 

::: 

::: 

::: 

::: 

::: 

:::-

= 

::: 

276 kg_ 

276 kg 

122 kg 

432 kg 
\ 

134- kg-

426 kg 

2è2 kg 

2339 MJ 

2339 MJ 

1.! 
31 -'.~_ 
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\ 
\ 

\ 
\ 
\ 

\ 
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Thus for this example, an 02jconcentrate ratio of 

Si02/concentrate ratio of .122 are required 

steady-state autogenous operation. Additional 

which may be obtained fromShese results includes: 
~ , 

matte mass = Cu2S + FeS 

= 566 Kg 

.276 and an 

to maintain 

information 

.' 

% Cu in matte = Cu2S • (wU Cu in Cu2S / 1'00') 

J ' matte mass 

= 60.9 % Cu 

slag mass = FeO + Si02 

= 404 kg : t 

Sum~arizing the results of this examplei oxidant 
\ 

ni trogen requires heat to raise i t to the off-.gas .temperature. 
/ 

~his necessitates an increase in the 02/concentrate ratio (i.e. 

more oxidat1on) to- maintain the furnace in thermal balance. 

This increase in degree of oxidation pr'oduces (i)more slag 

(hence higher flux requirement) and (~tte phase more 

concentrated in copper. \ 

The closest industrial parallel of this example i~ 

the Outokumpu flash furnace in Harjavalta, Finland. However, 

-the Outokumpu furnace opèrates with a slightly Iower 02/N2 mass 

ratio, i.e., 0.76 (40 volume % oxygen), and hence requires an 

even'higher degree of oxidation, producing a matte with 65% Cu 

(1 ). ./ 
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4.3 EXAMPLE III, ~ADJUSTING OXIDANT TEMPERATURE 

The third example demonstrates ,that preheated air can 

aIse be used as oxidant in an autogenously operating flash 

furnace. 

"WHAT ARE THE OXYGÉN AND ~LUX REQUlREMENTS FOR A 
1\, • 

FURNACE OPERATING AUTOGENOUSLY WITH THE SPECIFICATIONS OF 

EXAMPLE I, WITH THE EXCEPTI6N THAT THE OXIDANT IS AIR (02/N2 

MASS RATIO = .30), PREHEATED TO 1000 K?" 

7 
'-. 

Solution: 

In addition to modifying Equation 3.6 (the nitrogerr 
\ 

balànce) to account for air as oxidant, the only eqùation which 

changes frem its equivalent in Example' II is the heat supply 

. ' equatlon. Recalling that: 

heat supply = H298 (reactants) - H298 (products) 

+ aT(reactants) - H298 (reactants) (l.lO) \ 

it is necessary in this 'preheat ' example to include oxidanf 

sensible heat as pa~ of the heat supply. \ 

• 1 
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The heat supply equation beoomes: 

\ 
\ heat 5upply = H298 (reactant-a) H298 (products) 

+ {HOIOOO(02) - H0298(02)} -. kg-moles 02 

+ {HO lOOO(N2) aO:296(N2)}' kg-mole~ N2 

, 
where {5298 (r eactants) - H296 (products)} 'contains the same 

terms as in the previous examples. Mass and heat balance 

equations are again so1ved simultaneously to yield: 

02 in oxidant = 272 kg 
, 

N2(in oxidant = 897 kg 

Si02 in feed = 119 kg 

Cu2S in matte = 432-kg 

FeS in matte = 141 kg 

S02 i~ offgas = 421 kg 

FeO in slag = 277 .,kg 

heat supply = 3195 MJ 

_heat demand = 3195 MJ 

\ 
Thus for this example, an 02/conceptrate of .272 and an 

Si02/concentrate ratio of .119 are required to main-tain the 

furnace at steady state. 

these results inc1udes: 

Additiona1 information obtained from 

matte mass = Cu2S + FeS 

= 573 kg ~-_/' 

, 
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% Cu in matte = 

= 60.2 , Cu 

slag mass = ~eO + Si02/ 

= 396 kg 

At present, there are no flash furnaces oper~ting 

autogenously using preheated air, possibly due .to the large 

oxidant and off-gas masses. Oxygen enrichment is a more 

practical method for obtaining autogenous operation. This 

example show~ however that it is possible to use preheated air 

oxidant to produce the same matte and slag produc~s as when 

using oxygen-enr iched air (Example II). Choice of oxidant ,is 
\ 

discussed further in Chapter 7-8. 

./ 
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4.4 MORE PRECISE APPLICATION OF THE MODEL 

The examples in th1s chapt.er have been based upon 

simpli,fied feed and product specifications. Chapter 8 and 

Appendix 1 show how the model is modified to manipulate more 

realistiy feed and product specifications, for example: 

(a) variations in concentrate mineralogy, i.e. pyrite, 

pyrrhotite, and 'rock' constituents such as CaO and 

A1203i 

(b) variations in ,slag and matte constitution, i.e. Fe304 

in the matte and slag and rock constituents in 

slag; \ 

(è) water in 'the feed; 

(d) recycling of revert materials such as flue dust • 

• 

,. 
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CHAPTER 5 

IMPORTANCE OF FURNACE CONTROL 

5.0 INTRODUCTION 

\ 

\ 

~y copper smelter benefits significantly by having 

(i) controlled operation and (ii) smelting furnace products of 

consistent temperature and composition. 'This chapter discuss~s 

the importance of controlling matte and slag composition and 

J, , product temperature. 

\ 
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~-- ~- .. ---~~-_._-~-------~ .. ~~ ---_.-

MATTE COMPOSITION CONTROL 

'
"-

Matte produced by smelting furnaces is the primary 
\ feed t~ the following stage of the cqpper smelting and refining 

-' 

process, i.e. ,converting. A brief discussion of the converting 
" 

process is presented now to demonstrate the imporcance of matte 

composition control. 

Typically, matte is tapped from the smelting furnace 

into 15-35 tonne capaci ty làdles (24) • The matte ls then 
" q 

transferred to cylindrical converters, where its iron a~d 
;' 

sulphur are oxidized to ,yield blister copper (rv99% Cu), ~/;rag, 

/ 

and off-gas (4-10% 502). The oxidation oceurs by blowing air 
/ 

~nto the molten matte via submerged tuyeres. The ç6nverting 
/ 

operation is autogenous and 
\1 

in fact heat from tWe oxidation 
/ 

reactio~s/ is utilized to smelt concentrates arid/or to melt 

copper scrap in the converter. 

An important operational characteristic of converting 
, 

is that, unlike smelting, ,it ia. a batch operation. Typically, 

two or three converters service a smelting furnace and thus 

scheduling is important to ensure that production bottlenecks 

do not develop in bhe converting operation. Scheduling iS,aIso 

important to ensure a steady stream of off-gas from the 

converters to thelsulphur fixation plant. 

\ 

- 38 -

.~.. ...~'IIt""'f"""."' ___ ",,-';';_i'liil __ ""'~·~""'--''''-''·'''''' --- .... 



-.--~·-··~·····l..:-.·"·-----~·-·· ~_ .. ~. __ .,_._- )/:'.-- ._~._--:-~. \~-- .. _._- ----.-~.-.. -.- ... _".' --.. _.-

~~ '" ~ • .., __ ,_.."..1,t", .. ~"\"r.Jb""~It- ... ,~-....,. «-,'.....,.,"·..,1 .... "''1'>''''Pft~.,,~ ......... -. 

! 
~ , 
) 

\ 

/ 

/ 

Principal oxidation . reactions which 
• 

'. 

occur in 

converting may tie represented by: . 

FeS + 3/2 02 = FeO + S02 

AHo298 = -46~ MJ/kg-mol FeS (2.2) 

Cu2S + 02 = 2Cu + 502· 

Aao298 = -220 MJ/kg-mol Cu2S ' (5.2) 

/ The amount of FeS per unit of copper ~,n the matte is 

the Most important parameter effectîng the converter operation. 

As can be seen, Reaction 2.2 affects: 

, , 

(a) the converte~ oxygen (île. air) requirement per unît of 

copper"which must be known to (i) ~sure the correct, 

degree of oxidation in the converter and (ii) calculate 

" ~he blowing rate of a~r into the converter which 
", 

main tains the required schedulei 
... ;:,' 

.(b) the amount of heat generated from the oxidation 

reaction~, which must be known to de termine how much 

cop~ scrap or concentrate must be added to' the 

converter to prevent overheatingi 

and determines: 

(c) the amount of FeO produced '(whic~ determines the 

quant!ty of S102 required to form the convèrter slag). 

Consequently, matte composition has an important role 

in converter scheduling, converter mass and he~t balances, and 
\-" , 
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8i02 and scrap requirements. It follows that efficient control 

of matte composition leads to much smoother convert_ing 

operations. '. 

-, , 

5.2 FLASH FURNACE SLAG COMPOSITION CONTROL 

Silica i5 added to the concentrate ieed a~ a slag 

fluxing agent. The amount required depends on (i)the amoun~ of 

slag generated per unit of ,concentrate and (ii)the desired 

concentration of silica in the slag; generally 26~36 wt% 

Si02. 

smelt-ed 

The amount of sla; generated 

on th~xtent of depends 

per unit of concentrate 

iron oxidation of the 

concentrate. As the oxygen/concentrate feed mass ratio 

increases more FeO is formed and hence more silica is'reguired. 
/' 

. (Reaction 2.3) 

/' 

\ 
The optimum slag silica content depends fargely on 

~he~h~r the slag is to be discarded or sold directly or whether 

it is to be processed furthur to recover the small amount of 

copper which it contains. A slag which 15 ta be discarded must \ 

be low i~ copper values. Thls ls best obtained by making a 



( 

i 
\ -' 
1 ( 

\ 

For .a sla~ whic9 is to be processed for copper 

recovery, either by milling or electric furnace settling and 

reduction, the copper content lS not as significant because 

most of the copper i5 recovered by this secondary processing. 
-

A small slag mass is important, h~wever, to minimize the 

capital ana operating expenditures of the treatment facility. 

For this reason, the s;llca content of the slag should be kept 

low (26-30 wt%) to minimize slag masse An example of this type 

of operation i5 the Outokumpu smelter in Harjavalta where the 

slag i5 milled to recover copper. The silica content of the 

slag is on~y 2'7% (16). 

In summary, silica requirement is determined by the 

oxygen/conce~trate mass ratio and a target Si02 content of the 

jslag. Control of the slag Si02 content is important to 
1 

minimize copper 10ss or the mass of slag-being produced. 

/' 
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5.3 FLASH FURNACE PRODUCT TEMPERATURE CONTROL 
~ 

Flash furnace product temperatures must be centrdfled 

so as to maintain the matte and the slag above their meltin~ 
/ 

points ('\11375 K and "'1425 K respective1y) (l). In addi tien, 

the matte and the slag should be maintained within an optimum 

operational temperature range which avoids disadvaftta'ges of 

excessively hot or cold operation as is discussed i~ia~ely 

below. 

The superheat required in the slag depends 

pr incipally on obtaining optimum fluidity and optimum 

separation of the slag from the matte. Overheating should be 
J 

avoided to reduc'e slag line refractory wear in the furnace. 

conv~rsely, a slag which is too cold entrains more copper than , 

a hot fluid slag and has to be avoided as well. 

\ 

Matte must have sufficient 5uperheat to avoid 

excessive skulling in th~ transfer ladIes between the smelting 

furnace and the converters. In addition, if the matte does not 

contain sufficient superheat, the first stage of the converting 

process ~ay produce a cold, viscous converter 5lag ~hich can 
, 

cause foaming arid excessive copper losses to the converter 

slag. 

Temperature control is also important te avoid 

(i) excessive refractory w,~ar tlkoughout the furnace a t high 

temperatures or (ii) magnetite buildup on the furnace walls or 
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"bottom at low temperatures. Operating the furnace hotter than 

necessary is also a dii:ect waste o~ energy ---1.bydrocaroon fuel or 

the energy used to produce oxygen or to preheat the oxidant). 

5.4 SUMMARY 

\ 

Operating' a furnace with products of consistent 

t~mperature and composition has been demonstrated te minimize: 

(a) flash furnace refractory wear; 

(h) ~nergy and/or oxygen consumption; 

(c) pr imary metal losses to slag; 

{dl operational problems in converting - matte to blister 

copper. 

't, 

Industry has proven that improved cont,rol leads to smoether 
J { i \ 

operation (25-28). The f01lowing chapter discusses how flash 
./ 

furnaces can be controlled. 

\ 
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FLASH FURNACE CONTROL 

6.0 INTRODUCTION 

The steady-state model of copper flash smelting which 

,was descr ibed in Cbapter 3 can be applied as the pr incipal 

component of ..a computer-:-as~isted fur control package. 
r 

Furnace control in this context means obtar ing and maxntaining 

a prescr ibed steady""':state' operation. 

" 

. Thi s chapter discus~es~how fl~sh furnace . control 

affected by Qoth choice of oxidant and choice of control . 
parameter • 

/ , 

... 

\ 
/. 
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6.1 CONTROL PARAMETERS 

The particular mode of steady-state operation in 

which a furnace operates can be described by the 
" 

specifications of tt;le variables; (i) 02/concentrate ratio, 

(i i) 02/N2 mass ratio apd (iH) oxidant temperature (Chapter 

4) • Consequently, these variables can be used as control 

parameters. Hydrocarbon fuel consumption can be added to this 

list for flash furnaces which are nqt operating autogenously. 

Although the effects of hydrocarbon addi tions to furnaces and 

to the steady-state model are _ discussed (page 54), this thesis 

primarily studies autogenous flash smelting. 

These -tontrol parameters oan be used singly or in 

combination with each other to control (i.e. maintain ·or 

change) product composi tion and furnace ternperature as 

operating conditions and requirements vary. 

Relationships between these cont~ol parameters and 

furnace operating variables such- as temperature and concentrate 

feed rate are shown in the following sections. Al though the 

graphs presented in this thesis are specifically baséd on 

smeltin9 a chalcopyrite concentrate as described in Appendix l, 

page 107, the relationships demonstrated by these graphs are 
, 

typical of' the smelting of any chalcopyrite based concentrate. 
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6.1.1 02jCONCENTRATE RATIO 

02/concentrate feed ratio i9 the principal parameter 

controll~n9 the composition of the matte. The examples in 

Chapter 4 demonstrated, for specifie situations, the manner in 

which it affects (i) the concentration of copper in matte and 

(i i) the amount of silica ,required to flux the slag. 

Figures 6.1 and 6.2 demonstrate these relationships ~ore 

s ucc i nctly • The graphs clear ly indicate that silica 

requirement and concentration of copper in the matte increase 

with' increasing 02/concentrate ratio. These re1ationships are 

a conséquence of the amount of Iron sulphide oxidized ta iron 

oxide (,eaction 2.2). Figure 6.1 also explains why the limits 

of 0 .2-0.34 are applied for subsequent graphs in which 
/) 

02jconcentrate ratio' is an axis, since this range includes most 

industrial matte compositions. 

The 02/concentrate feed ratio ls employed as / a 

control var iable to sorne extent by all flash smel ting 

operations • It controls furnace temperature ~by determining how 

much oxidation takes place and thus how much heat is generated 

per unit of concentraëe smelted. Three curves p10tted in 

Figure 6.3 dernonstrate this relationship for the smelti.ng 

strategies presented in Examples I-III, Chapter 4. since 

02jconcentrate feed ratio does affect product comp?sition, 

however, i t should be used as a temperature control parameter 
Il 

.... only in situations whére a change of mj1tte grade 16 desired cir 

can be tolerated. 
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Figure 6.1 Relationship between 02/concentrate feed 
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6.1. 2~ 02/N2 MASS RATIO 

• 

Oxidant 02/N2 mass ratio (commonly represented in 

terms of volume % 02 in the oxidant) is used as a temperature 

control parameter in flash furnaces where oxygen enriched air 

is employed as the axidant. It affects furnace temperature 

since nitrogen entering the furnace behaves as a coolant, i.e. 

it require~ heat to bring itup to the off-gas temperature. 

Figure 6.4 shows how increasing the 02/N2 ratio 

(represented in the figure in terms of volume % 02~ affects 

furnace temperature for furnaces operating originally with 

(i) ,an 02/N2 ratio of l, (Le., 46.7 volume % 02) and (ii) -air. 
q. 

This figure must be interpreted carefully sincè a' unit 

percentage increase in volume % 02 of air is more significant 
, 1 

in terms of re6ucing the nitrogen content than the sarne 

percentage increase of oxygen-enriched air (Figure 6.5).' 

An important consequence of varying the 02jN2 mass 

ratio of the oxidant ls that the off-gas composition changes 
-

(i.e •. S02 concentration, Figure 6.6). This factor can be of 

concern because sulphur fixation plants operate Most 

efficiently with a feed gas of constant composition. 

The 02/N2 mass ratio i6 not used as a control 

parameter in the Inca axygen flash furnace because dilution of 

the commercial axygen with air negates the low volume, high S02 

concentration off-gas advantages which the Inca flash furnace 

affers. 
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-Figure 6.4 Effect of oxygen enrichment of the oxidant on 
product temperatures. The non-linearity of 
volume % 02 with the ox~dant composition 
(Figure 6.5) should be noted when comparing 
curves of this nature. 
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6.1.3 OXIDANT TEMPERATURE 

Oxidant temperature can be used as 

in flash furnaces operating ~ith preheated 

control var iable 

r or slightly\ 

.oxygen enriched air as oxidant. c~nceptua1ly i 1:: is a very 

elegant method of control since furnace temperatur can be 

controlled without altering matte, slag, or- of gas 

composi tian. 

Figure 6.7 shows how oxidant temperature . affects 

p~oduct temperatures'for the cases of oxygen, oxygen enri~hed 

air, and preheated air flash smel ting. 

A drawback of using oxldant tempe~~ture control is 

that it is 'difficult ta change oxidant temperature as quickly 
1 

or as reliably as either the 02jconcentrate ratio, the 02/N2 

mass ratio or the level of hydrocarbon combustion (discussed in 

the following section) • 

• \ 
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6.1. 4 HYDROCARBON FUEL LEVEL 

Flash Éurnaces presently operating with preheated air 

or slightly oxygen enriched preheated air aIl employ 

hydrocarbon combustion in the furnace. In these situations, 

the amount of hydroca,rbon combustion can be used to control 
1 

furnace tem~erature (Figure 6.8). (The effect of hydrocarbon 
~ \ 

fuel additions 'on the steady-state model is described in , 

Append ix l). 

With hydrocarbon combustion, flash furnace off-gas 
1 

contains (i) hydro~arbon combustion products and (ii) the 

nitrogen which was associated with the oxygen required for 

hydrocarbon, combustion. As a consequencê, /6ff-gas volume 

increases and off-gas S02 concentration decreases. Both of 
-

these factors increasé the cost and/or decrease the efficiency 

of off-gas handling and cleaning and sulphur fixation. 

1 
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Ef fect of c al"bon combustion on product 
temperatures. The carbon is combusted ta C02 
with oxidant of the sarne specifiqations as 
that used for smelting the concentrate. 
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6.1. 5 EFFECT OF OXIDANT TYPE ON FURNACE CONTROL 

The figures in this chapter have shown that the 

ox!dant 02/N2 ratio determines the' extent to ~hich product> 

temperatures are affected by control parameters. This is 

because the 02/N2 ratio affects the mass ·of the product 

ni tro,gen which in turn affects the magnitude of the change in 
\ 

enthalpy of the products per unit change in temperature. It 

follpws that a furnace producing a .low produet mass, Le., 

operating with a high 02/N2 ratio is more susceptible to 

'changes of a control parameter and hence it ls important to 'pay 

particular attention to the control of these furnaces. 
\ 
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6.2 CONTROL OF SPECIFIC OPERATING VARIABLES 

Concentrate throughput rate, addition of revert 

m~ria~s (e.g. dust) and other '~hangeS to furn~ce operation 

affect the steady-state ope~ation of a furnace. Hence their 

effects must be offset to maintain a constant temperature 

operation. 

6.2.1 , CONTROL ~F FURNACES WI TH VARYING CONCENTRATE 

THROUGHPUT RATES 

Concentrate throughput rate is an operating variable 

which i5 'likely to undergo significant changes during copper 
" 

smelting. Gradual, /long-term fluctuations can be 
/ ~ 

expected as 

metal market condi tians and pr iees vary while more sudden, 

short-term' fluctûations can also.be anticipated as in-smelter 

affect furnace feed and production demands and bottlenecks 

rates. o , 

~ , 

The effect of concentr~te throughput rate on the heat 

balanc~ of the furnace can be understood by examining the heat 
1 

P 'demand équati0!l: 

Rea t demand = 

-' \ 

HT(products) - R298(products) 
~~-

+[RadiaÜVe and ~onvectivel 
furnace heat, losses J' (3.11) 
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The uni t8 for the heat 1988 term are MJ/IOOO kg 
~. 

,conce':ltrate sinee the mass and heat ba1anèe equations are based 

on one tonne of ·concentrate. How~ver, the radiative and 

convect;ive heat losses are roughly indepen~ent of throughput 

, .rat~, and as a result", heat 108S per unit 'mass of concentrate 

must c~ange as feed rate changes. 

, 
,typical relationship A between heat loss/tonne of 

1 

concen tr a te and concentr a te 'throughput rate i8 shown in 
.Q 

... Fi9ure 6.9. It is clear from this relationship that a decrease 

in throughput rate (Le. an increase in 
1 \ 

convective heat 108S per unit of concentrate) will resu1 t in a 

decrease in 8teady-state product temperatures unless a 
~ 

compensating change to a -contto1 param~ter 'is made: 
, , 

\ 

,r 

\ 

1 
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Figure 6.9 Effect of concentrate throughput rate on heat 

\ 

il 

loss/tonne concentrat'e. In 'this particular 
case the furnace heat 108S rate is constant 
at 25000 MJ/hour. Note that the magni tude of 
i'ncrease of heat loss/tonne concentrate 
incre~se.s with aecreasing concentrate feed 
rate. 
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Changes to the heat ba'lance caused by varying the concentrate 

throughpuf: rate can be offset by: 

(a) 02jconcentrate ratio control 

. ~ < 
Alter ing the 02jconce,nt·rate feed ratio i5 one 

option available to compensate for the above-mentioned 

changes in heat demand. The relationships between the 

.02jconcentrate feed ratio and concentrate throughput rate .. , 

(whi1e mai,ntaining constant product temperatures) are 

presented in Figure 6.10 for the three operating strategies 

prese-nted in Examples I-;-11I, Chapte't 4. As would be 

expected, the 02/concentrate ratio mus,t be increased as 

throughpu~ rate decreases. However, this also has the 

potentially adverse effect of changing the composi tion of 

tha matte (Figu~e 6.2) • 
\ 

(b) 02/N2 ratio control 

02/N2 mass ratio i s 

which can- be J âdjusted to 

'concentrate throughput rate. 

another control variabl.é 

compensate for changes in 

Figure 6.11 depicts this 

relationship for the particular situation presented in 

Example II, Section 4.2. The figure shows that control via 

02/N2 ratio adjustm.ent 1s not practical below ,'II 45 

tonn'es/hour concentrate feed since the required change in 

the 02/N2 ratio becomes too great. At higher throughput 

rates, however, i t is a viable control option • 
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(c) Oxidant temperature control 

Oxidan't be used to 

compensate for changes i~ the concentrate throughput rate 

as is shown in Figure 6.12. It depicts the required change 

for the situation pre~ented in Example III, Section 4.3. 

Plot curvatures in Figures 6.~-6.12 are all similar. 

This is attributable to the curvature of Figure 6.9 which shows 

that heat loss/tonne concentrate smelted increases wi th 

dec~easing concentrate feed rate. This signifies that, 

regardless df the method of control chosen, control becomes 

'difficult' at low concentrate feed rates because a small 

change in, throughput rate requires a large compensation of a 

control parameter. 

An important c,ompensation of this difficult control 

ait low concentrate throughput rates is tl)e reduced effect of 

the smel ting reactions on the measured output var iables (i. e.-

temperature and composition). This is because there i5 a large 

inventory of matte _~a.ag in flash furnaces comp'ared ta the 

matte and slag produced d~rin9 periods of low concentrate 
... 

throughput rate. Tpis inventory of matte and slag absorbs 

disturbances of either composition or temperature for a 

substantia~period before the change i6 significantly reflected 

in the output mea5urement. 
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6.2.2 CONTRO:4 OF FURNACES WITH REVERT MATERIAL ADDITIONS 

Revert materials such as flue dust are regularly 

recycled to flash furnaces. In the simplified situation in· 

which the flue dust generated from the flash ,furnace is 

recycled continuously, its effect on the furnace operation is 

s tr aightfor,ward. A heat demand term must be included to 

account for the heal: required :to heat the dust from P inlet to 
\ 

outlet temperature, Le.: 

Heat demand' = 
(with dust recycle) 

Beat demand 
(no dust) 

(6.1) 

where T-dust (out) 

Tdust (in) 
kg-mol dust 

+ {HTdust(out) - HTdust(in)} kg-mol dust 

= temperature of dust leaving furnace 
(i.e. off-gas temperature) 

= temperature of recycled dust ~298 K) 
= kg-moles of dust generated (and recycIed), 

kg-moles/IOOO kg concentrate. 

, ' 
For the more realistic situation in which perhaps a 

day' s production of dust ls recycled in several hours, the 

modifications to the mass and heat balance are slightly more 

involved (Appendix 1). In general, however, the addition of a 

revert material results in an everall increase in heat demand 

and compensa ti.ons 5 imilar te those ~equired' to increase 

te~perature must be made. 

\ 
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6.3 SUMMARY 

This chapter has demonstrated how the three control 

parameters, i.e. (i) 02/concentrate ratio, (ii) 02/N2 ratio 

and (iii) oxidant temperature affect product temperatures. 

Of these parameters, 02jconcentrate ~atio and 02/N2 
\ 

ratio are easily changed by adjusting tne flow-rates of 

conc~ntrate, air and/or oxygen. The changes can be carried out 

quickly with no significant lag time before their effects are 

r eflected' in the furnace. The disadvantage of these two ') 

parameters 16 control that they 
" 

affect product composition. 

Oxidant temperature, however, does not affect product 

composition and is thus potent-ially the most elegant 

temperature control parameter. 

\ 

Since control becornes difficult when operating with a 

high 02/N2 ratio or a' low concentrate throughput rate, it i5 

\ important to devote particular attention to furnaces operating 
;; 
~ 
• 
~ _________________ ~l~'na-~these modes. 
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CHAPTER 7 

FLASH FURNACE OPTIMI~ATION 

7.0 INTRODUCTION 

. The operating mode choseno for ,a particular smelter ls 

based on criteria and )bonstraints spec.i'fic to the smel ter si te 

or to the company operating the smél ter, This chapter 

disregards these restrictions and examines the fundamental 

advantages and disadvantages of the various operating modes. 
/ 

In particular, the, two reasons cited for the emergence of flash 

smelting (Section 2.3), i.e. lowenërgy consumption and the 

production of a low vo~ume, high S02 concentration off-gas are 
, , 

'analyzed as a function of operating mode. 

/ ,. 

\ 

~ 

\ . 
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7.1 ENERGY REQUIREMENTS: AUTOGENOUS FLASH SMELTlNG 

Flash furnaces\ can operate ,without hydrocarbon fuel 

additions by employing an oxygen-enriched and/or preheated . 
oxiqant. Although these modes are classified 'autogenous' in 

the' sense that no fuel 16 required in the furnace, energy is 

consumed in producing pure oxygen and in preheating the 

oxidant. 

E~ergy consumed in oxygen production varies from 

1300-1400 MJ of electrical energy/tonne oxygen, depending on 
\ 

the size of th~. oxygQn plant (29). 

Energy consumed in 

represented by the equation: 

the preheating of oxidant can be 
\ 

Prebeat energy = {HoT(N2) -'Ho298(N2)} . ,kg-moles N2 

+(HOT(02) - H0298(02)} • kg-mo~es 02 

(7.1) 

whére T is the preheat temperature' 

~ 

It should~be noted that the preheat energy 

greater than that determined from Equation 

required is always 

7.1 because the 

efficiencies of heat exchangers or stoves used for pr~heating 

, are less than 100%. Typical metallurgical preheat efficiencies 

are 70-80, percent depending on the si'ze and type of the' 

equipment (21). 
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7.1.1 ENERGY COMPARISON: PURE 02 VS PREHEATED AIR - * 

with 

This section compares: 

(a) autogenous flash sme1ting using pure 02, 298 K (Examp1e, 

I~ page 24) 

(b) a"{togenous flash 

K.~S preheat 

sme1ting using air preheated to 1280 

temperature has been chosen because at - 1 

this temperature, all other specifications being 

identical, the 02/concentrate ratio ls the same as for 
, c 

~ 

pure,o'2 flash smelting and hence the matte and slag 
, 

products in both cases are the same. The only varia,ble 

ln the comparison 16 oxidant type. 

For oxygen flash sme1ting, 226 k9 of 100% 02 are 
1 

requi~ed per tonne' concentrate (page 29) and the e~ergy 

required to produce--this oxygen ls: 

02-production energy = 1400 MJ/tonne 02 •• 226 tonnes 02 

= 315 MJ (per tonne concentrate smelted) 

In this examp1e, 226 kg oxygen are a1so required for 

air flash sme1ting. The energy required to' preheat <d;he oxygen 

and its associated nitrogen (743 kg N2) to 1280 K ls: 

~ 
*- Al~ comparlsons in this chapter are based on autogenous 
smelting of cha1copyri te as outlined on page 107,. , 

69 -
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743 kg N2 
Preheat energy = {HO 1280 (N2) H0298(N2) }- . ------------

28 kg/kg-mol 
" \ 226 kg 02 

+{H01280(02) H0298(02) } . -----.... ------
32 kg/kg-mol-

, 
= 1035 MJ/tonne concentrate 

~hus in this example l~O% oxygen smelting requires 

only about 30% of the energy required by preheated air smelting 

to the same matte and slag compositions. R~sults of a more 

general natùre are l?resented in Figures 7.4-7.5, (page 771. 

7.2 ENERGY RECOVERY FROM OFF-GAS 

The smelting process transforms sorne of the chemical 

energy of the concentrate to -thermal. energy in the products • 

. Of the three products (matt"e, slag, off-g,as), only the Off-g~s 

is processed for energy recovery. Potentially recoverable 

sensible heat of the off-ga·s .is represented by: 

Off-gas energy = {HoT(S02) 

+{H DT(N2) 

H0298(S02)} 

where T lS the off-gas temperature. 

\ 

kg-moles S02 (7.2) 

This energy can be recovered as high pressure steam 

in waste heat boilers. The actual amount o,f energy which can 

be recovered from the off-gas depends on the efficiency of the 

waste heat boiler and the pur poses for 
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steam is used. The maximum heat avai1able as described by 

Equation 7.2 is used for the following initial comparison. 
~ 

EXAMPLE COMPARISON, ENERGY\ RE~OVERY FROM OFF-GAS 

/ 
This example compares the recoverable energies of the 

two smelting modes presented on p~ge 69. Oxygen flash 
~ 

smelting produces an off-gas of 359 kg S02/tonne concentrate 

(page 29) with a sensible heat' of: 

; 

Off-gas energy = {HO 1525 (502) HO~98 (S02)} • kg-mo.les 502 (7.2) 

= 35~ MJ/tonne concentrate , B' ~ 

The equivalent air flash smelting produces an off-gas . of S02 

and N2 with the sensible heat: 

Off-gas energy = {lfIl525 (502) ao 298 (S02)} kg-moles S02 (7.2) 

+{ ~ 1525 (N2) - ao 298 (N2)} • 'kg-moles N2 

= 1390 MJ/tonne concentrate "' 

-
In this comparison both sme.lting modes release the same amount 

\ 

of chemical energy. The greater amount of heat in the air 
~ 

flash smelting- off-gas ls duè to the thermal energy of the 

preheated air. 

\ 

/' 
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NET ENERGY CONSOMPTION 

.,. 

The previous two sections have calculated the input 

energy requirements and potentially recoverable 'off-gas 

energies for pUIe 02 and preheated air' flash smelting. Net 

energy consumption is tften: 

Net ener'gy consumption = energy requiq~d (7.3) 

- [energy recoveredl 
from off-gas J 

-.J 

Tabl~ 7.1 summarizes net ener9Y~Onsumption for the 

pure 02 and 'pr~heated, air flash, smelting disGussed in the 

previous two sections. A negative n-et energy consumption value 

means more ~ energy is 'recov'eIed from the off-gas than ia 

.. 

. re9uired to preheat or oxygen-enr ich the oxidant. 

Table 7.1 

\ 

Net energy fonsumption, o~ygen and preKeated air 
flash smelting (MJ/lOOO kg conc,entrat~) , 

• 
. Oxygen flash Atr fla'sh 

smelting, smelting, 
no heat ,- no heat 
recovery recovery 

72 -

Oxygen flash 
smelting, 
ldo, heat 
recovery 

Air -flash 
smelting, 
100% heat 
recovery 
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The table demonstrates that 100% ~xYgen srnelting 

requires less energy than preheated air smelti-ng if no heat \is 

recovered. However, if all of the off-gas hëat is recovered, " 

both oxygen and air preheat smelting recover more heat front the 

off-gas than is required to produce the oxidant. 

\ 
This relationship between net energy consumption and 

- l , 

off-gas heat recovery is demonstrated more vividly by Figure 

7.1. The 'figûre indicates that oxygen and air: flash srnelting 

conswne equivalent quanttties 

off-gas energy is recoverJ . 
e,pergetically favoured above 

smelting is favoured below 70%. 

of enef9y when 

and that air 

70% of the 
\ 
preheat· is 

70% heat recovery while oxygen 
" .,. 

The critical value of 70% heat recovery is particular 
f 

to this example. The sarne approach, however, can be used to 

determine the critical heat recovery percentage for different 

conoentrates and in situations where both oxygen production and 

preheat energy differ from those ,defined, in this example. 
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Fi9~re 7".1 Effect of, energy recovery from off-gas on the 
net energy consumption ~ of oxygen and 
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7.4 EFFECT OF 02jCONCENTRATE RATIO ON NET ENERGY 

CONSUMPTION. 

The 02jconcentrate ratio, as discussed on page 46 , 

controls the degree of oxidation of concentrate, and thus the 

guantity of heat generated from the oxidation reactions. 
4 

Increasing the 02jconcentrate ratio results in a proportionate 
-

increase in heat supply. This increase is attributable to an 
./ 

increased amount of FeS oxidation (Reaction 2.2). 

Specified product temperatures can be maintained 

while increasing the 02jconcentrate ratip (i) by decreasing the 

02/N2 ratio of the oxidant (i. e. increasing the amount of N2 
\ 

passing through the furnace) or (ii) by decreasing the oxidant 

temperature. These in turn' decrease the net energy consumption 

'( by reducing ei thër (i) the amount of pure oxygen which must be 

pro~uced, or Ci i) t~e energy required ta preheat the oxidant. 

The amount of pure oxygen' required decrease~ even though the . 
02/concentrate ratio increases because the increase in heat 

generated allows for a larger component of air in the oxidant. 

Figures 7.2 and 7.3 show the effércts of increasing 

the 02/concentr ate ratio on (i) the amount of pure oxygen 

required to oxygen-enr ich air to the autogenous . " 
level and 

(ii) the 
\ 

temperature of the oxidant for autogenous smelting 

- with preheated air. Figur'es 7.4 and , 7 • 5 show the ~et energy , 
/" 

consumption for smel t in9 in these modes for _ operation with 

(i) no heat recovery a~d wi th (ii) 100% heat recovery. 
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Figure 7.2 Effect of 02/concentrate r~tio on the mass of 
pure 02 required for autogenous sme~ting with 
oxygen-enriched air (298 K), page 107 • 
Volume % 02 in oxidant ranges from 100% with 
02/concentrate ratio of 0.226 to 32% with 
02/concentrate ratio of 0.34 (Figure 7.7)., 
Oxidant tempe'rature is constant at 298 K. 
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Figure 7.4 Effect of 02jconcentrate ratio on net energy 
consumption with no off-gas ~nergy recovery. 
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Figure 7.5 Effect of 02/concentrate ratio on net energy 
consumption with 100' off-gas héat recovery. 
The negative values indicate more energy is 
recovered 'from the off-gaa than ia required 
to produce the ox~dant. . . 

Bath figures represent autogenouB 
ohaléopyr,ite as in Figures 7.2-7.3. 
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Note that -the preheat temperature and oxygen 

req~irement corr~sponding to a particular 02/concentrate ratio 

in Figures 7.4-7.5 can be obtained from Figures 7.2-7.3. The 

choicé of 02/concentrate ratio as the jlbscissa for these and 

subsequent figures 15 convenient because it (i) gives a direct 

indication of the oxygen requirement and (ii) is directly 

related to matte composi tion and flux requirement (Figures 

6.1-6 .. 2, page 47). 

The above figures show that from an energy 

standpoint, it is advanu~eous in aIl cases to operate with as 

hi~h an 02/concentrate ;!tio as possible. The upper limit of 
~-

02/concentrate ratio i9, however, l imi ted ~ndustr.ially by a 

combination of the following factors: 
'1 

1 
(a) s lag coppet losses; copper content of s lag is 

proportional to % èu in matte which in turn i6 

proportional to .the 02/concentrate ratio (Figure 6.1) 

(30). This i5 especially impottant if the 6lag i6 to 

be discarded or sold without further processing to 

recover its copper-, values. 

(b) removal of impuri ties i minor elements such as Pb, 1 Sb, 

Bi, and AS are removed in the converting of matte to 

blister copper. If the concentration of copper in 

matte is very high - (i .e. if there 15 very little 

oxidation to be carried out in the converter), there 

may not be sufficient, converting time to reJOOve these 

impuri ties from the matte btfQre copper is formed (31). 
1 

1 
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(c) magnetite l buildup: soli(t magnet-ite may build up on 
~ 

;urnace walls and bottom as con_ditions in the 1:urnace 

become increasingly oxidizing. 

Presently, for ... these reasons, flash' furnaces are 

generally prgducing mattes wi th concentrations of less than 

70 wt% copper. 

The choice of oxidant, i.e. preheated air or 

oxygen-enriched air, is not clear on the basis of flash furna'ce 

energy considerations alone because the amount of heat recovery 
' .. --"affects 'the decision. Oxygen-enriched air is a more, practical 

oxidant for autogenous flash smel~ing than preheated air 

because it produces a lower volume, higher S02 concentration 

off-gas (following section)"/ The energy requirements for gas 

ha~dling and cleaning and sulphur fixation are thus reduced, 

and the gas handling equipment can be of more compact and 

economical design (page 87). 
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7. 5 CÔNCENTRATION OF S02 IN OFF-GAS 

7.5.1 AUTOGENOUS SMELTING WITH OXYGEN OR OXYGEN ENRICHED 

AIR 
,-- \ 

The concentration of 502 in flash ,furnace off-gases 

should be maintained as high ,as possible for efficient sulphur 

fixat~on. Figure 6.6 \showed the effect of volume % 02 in 
1 

oxidant on off-gas . 502 concentration and indicated that a 

smelter operating its flash furnace with the highest possible 

volume % 02 in oxidant will produce off-gases with the highest 

concentr a t ion of S02. This i s clear ly t rue for the flash 
) J 

be the case when f~~ furnace furnace i tself but i t May not 

and converter off-g~ses ~re blended to form a combined feed-gas 

for a sulphur fixation plant. 

This apparent anomaly is explained by the low S02 
, 1 

concentrations of converter off-gases, about
r 

4-5% S02, due to 

ambient air infiltration into the converter' flues. ln contrast - , 

flash' furnace off-gases are no~ significantly diluted by 

ambient air and hence they are much more cono.entrated in S02. 

Thus, fram the point of view of producing a combined off-gas 

high in S02 concentration, it can be seen that the maximum 

possible amount of sulphur in the cçncentrate should be 

o~idized in the_ flash furnace. 
"' 
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Figure 7.6 demonstrates the effect of 02/concentrate 
/ 

ratio on the distribution of sulphur oxidation between flash 

furnace and converter. Maximum sulphur oxidation fraction in 

tbe flash fur.nace is clearly obtained at the highest possible 

02/concentr ate Operation" of 
, 

this nature requires ,a ratio. 

rela1tively low level of- oxygen enr ichment (Figure 7.7) • 

The reJationShiP between the 02jconcentrate ratio~ 
combined furnace-converter off-gas S02 concentration lS 

presented in Figures 7.8-7.9 ~or two modes of converter 

operation. Figure 7.8 de~s the situation for converters 

with about\ 4-5% S02 in their off-gas, i.e. about 300% dilution 

in their off-gas. The figure points out that overall smelter 

off-gas S02 concentration increases significantly with 
, .. 

02jconcentrate ratio in the flash furnace. 

/ 

Figure 7.9 r epresents the ideal situation in which 

there ois no dilution of converter off-gas by ambient air. The 

figure indicates that if there is no air infiltration the 

highest overâll· 502 concentration ~ff-gaS i S obtained by 

operating at a lOw 02/concentrate ratit· in the flash fornace. 

A low 02jconcentrate ratio is requi~ed because' this minimizes 

the amount of nitrogen required in· the dxidant for autogenous 

operation (Figure 7.7). 
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Figure 7.6 Effect of 02jconcentrate ratio on the 
proportion of the sulphur in concentrate 
oxidized in the flash. furnace, the remainder 
being oxidized in the converter. 
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% 502 in combined furnace-converter off-gas 
as a function of furnace 02/concentrate 
ratio. The furnace operates autogenously 
with oxygen-enriched air (Figure 7.7). The 
converter off-gas is diluted 300% by ambient 
air infiltration into the converter flues. 
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% S02 in combined furnace-converter off-gas 
as a function of furnace 02/concentrate 
ratio. The furnace operate~ autogenousli 
with oxygen-enriched air (Figure 7.7). There 
is no dilution of converter off-gas by 
ambient, air. 
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7.5.2 
~/ 

AUTOGENOUS SMELTING WITH PREHEATED AIR 

/' 
The off-gases generated by flash furnaces operated 

autogenously with preheated air would be about 18% S02. The 

exact concentration is influenced by the 02jconcentrate ratio 
~' 

which determines the proportions of 502 and FeO produced in the 

furnace. The arnount of FeO increases in proportion to 

\ 02/concentrate ratio and h~nce the N2/S02 ratio in the off-gas 

.increases and S02 concentration d~creases. 

. ' 

Figure 7.10 presents the relationship betwe'en the 

02/concentrate iratio in an air flash furnace and' the 502 

concentration of combined furnace-converter off-gas for the 

case of a low (4-5% 502) concentration converter off-gas (the 
. . 

corresponding air preheat ternperatures were presented in Figure-
. -

7.3) • The figure . demonstr~tes that the overall ,S02 

concentration increases in proportion ~o 02/cQncentrate ratio. 

.'l'hi s i S '5 imilar to flash .furnaces operating with 

802 oxygen~enr iched air (Figure 

concentrations are sornewhat lower • 

7.8) , although 
\ 

the 

Overall"'lsmelter 502 concent'ration i5 not a function 

of 02/concentrate ratio when there . is no air dilution of . 
converter off-gas. This follows because, if both furnace and 

converter employ air as oxidant, and nei ther off-gas -is 

diluted, the cornbined off-gas 

concentration of about 18%. 
\ 

.' 

has a 
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, S02 in combined furn~ce-converteJs: off-9as 
a.s a function of J'furnaèe 02/concen~rate ratio 
for a furnape \pperating autogenously with 
pre-heated air (Figure 7.3). The converter 
off-9as is diluted 300' by ambient air
infi1trati,on into the converter ,flùes . .. 
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Figures 7.8-7.10 repre!!ent average '502 concentr aHons ,. 

generated in processing a unit of chalcopyr-ite to blister 

copper 'under conditions specified above. The converter off-gas 

'" 802 concentration actually var ies sornewhat (+/- 2%) dep~nding 

. on the stage of the conver,ting cycle. The 802 concentration is 

-: 

r: 
1owe'r when iron is being oxidized (and th us the N2/S02 ratio in 

the off-gas is higher) than whe'n the only reaction is that of 

Cu25 oxidation to Cü and 802. 

7.5.3 5UMMARY, 802 EVALUATION 

The opt irnum f îash srnel ting mode for a par t icular 

concentr ate and smel ter location 18 more involved than a simple 

addition of energy requirements and calculation of the overall 

srnelter S92 concentration. { FactOl1s such as capital costs, 

irnpurit,Y , levels in the concentrate, required scrap melting 

capacity, and availability of energy affect the decision. , 

However, the information presented earlier in this \ . 
chapter points towards two alternative optimum .operating modes 

for flash srnel ting on the basis of off-gas 502 concentration. 
\" - # 

) 

(a) If there is significant infiltration of ambient air 

, into converter off-gas~ flash furnaces should operate 

with oxygen-enriched air at the highest possible 

02/concentrate ratio. The precise level. of 

oxygen-enr ichmt!nt is of course related to. the 
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02/concentrate ratio (Figure 7.7). 
, . 

" or 

(b) If there lS little or no infiltration of . ambient air 

into convetter off-gas, flash· furnàces should,operate 

with 100% 02 • 

... -
o 

7.6 SMELTER ENERGY REQUlREMENTS 

In addition to the net energy consumed - in the 
/ 

sme,l ting furnace i tself, energy i s also required foi dry~ng 

concentrate, compressing air for converting, slag cleaning, 
, 1 

anode ref in~.ng, scrubbing off-gas, and recover ing sulphur. 

A~though it lS beyond the scope of thi§ work to study 

smelter energy requirements in detail (see (2l,32)}, the 

effects ' of flash furnace operat,ing mode on ovetall energy 

reguirements can be summarized as: 

(a) an ittcrease 02/concentrate ratio increases the 

concentr ation of copper in matte (Figure 6.2) and thus, 

decreases the energy requi red for bonverting; ~ 

(b) the 02/concentrate ratio affects the copper content of 

flash furnace slag--slag cleaning energy requirements 
. 

!1lay be reduced if the slag copper concentration i5 low 

enough (low 02/concentrate ratio) to permit selling the 

slag wi thout further processing for Cu recoverYi 

(c) the extent of oxygen enrichment of the oxidant and the 
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02jconcentrate ratio bot.h affect -,the E>verall S02 

concentration of the o"ff-gas. 502 concenttation i8 

indicative c1f 

\ 
has a ,dire~t 

the total Of~-gaS vOlum, which in tur~ 
effe~t on the energy r~quirements and 

costs of gas cleaning and sulphul< fixation (33). 
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l NT RODUCT ION 

This ch?pter 
• 1 \ 

justifies the in the 
1 • 

assumptlons made 

.examples presented in the previous chapters and 'points out , 

whlch assumptions, though valid for comparative studies, might 
~'. 

nCt be valid for particular furnace con1:--rol or optimization 
, 

apptications. The chapter also discusses (i) how flash furnace 

op~jating mode infl~ences the amount of magnetite formed in the 

furnace, (ii) the ver'satility of flash furnaces to operate 

auto~en~~sly in diffe\e~t modes, and (iii) future work. 
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8.1 VALIDITY OF EXAMPLE CA:r..c;,ULATIONS 

CONCENTRATE MINERALOGY 

The concentrate in all examples discussed in t;his

thesis has been pure chalcopyrite (i.e. CuFeS2, ,34.6% Cu). 

Industrial concentrates, 
, ., 

however, range typically f rom 

20-30 ;WU Cu, i.e., about 60-90 wt~ of the concentrate ls 

chalcopyrite. The remainder is a combination of sulphides and 

oxides. The sUl~des are mainly pyrite (FeS2) and pyrrhotite 

(IV FeS) • Minor ?n-0unts of' other - sulphides such as, Cu2S, 

CuSFeS4, Ni3S2~ PbS, and ZnS may also be present. ~he oxides 

consist of ~ilica and gangue-type constituents such as CaO and, 

A1203. 

Each of these components has an effect on 
\ 

the mass 

and hea t balances and product "composi tion. For example, pyr 1 te 

dilutes the matte and hence lowers the copper, concentration in 

matte for ~ specified 02jconcentrate ratio. si11ca in the 

concentrate reduces the flux requirements whi'1e CaO and A1203 

,affect slag mel1:ing point and viscosity (30). 
(' ~ 

AlI of these factors should be considered for a 

specific,application. H~wever, their cumulative effect on the 

required oxidant specifications 
\ 

trends exhibited in Chapter 6 for 

is not very large and the 

furnace control still apply.' 
f' 

Appendix 1 compares the simplified examples presented in this 

thesis with an industrial-type concentrate. ~ 

- 90 -
" 

\ ' 

t 
. ! 
1 

1 
1 

, 
l ' 
1 

-1 



c.; 
l 

. 1 

, , 

( ) 

.-"., - -------~ 
'; 

'---, 
.. ,8.1. Z PRODUCT CONSTITUTION 

product constitution has also been somewhat 
li 

simplified in- the previous examples. Heats of solution have 

been ignored as has been the presence of Fe(+3) ions 

(conveniently represented as Fe304) in slag and matte. These \ 

factors should be considered for specifie applications. , 

The heat 
• 

while,;;g"the 

\ 

of sblution of FeS and Cu2S 
\ -heat of solution of FeO and 

is Î)egligible 

&i02 can be" 

,represented by the reaction: 

2FeO 
liquid 
lSOO'K 

/ 

+ 8i02 . 
liquid 
1500 K 

=' 2FeO.Si02 
liquid 
1500 K 

(2.3) 

.1HO 1500 = +27 MJ/kg-mol Si02'\ 

For pr~cision, this· term should be included in heat demand 

Equation 3.11 as is shawn in Appendix 1. 
e. 

The presence of magnetite in flash furnace matte and 

slag is weIl documented f30,35). Magnetite 'can be represented in 

mass and heat balance equations by introducing. ~e304 as a 

component of matte and slag. Of . course, since new unknowns 

(i.e. mass of Fe304 in matte and slag) are introduced, 
.,g 

'specifications regarding their- concentrations must be provided. 

These specifications can be estimated frqm published data or 

obtained by analyzing specifie ·ma.tte and ~la9 samples. 

, 0 
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In general, the net effect of the heat of solution of 
1 
1 
1 

slag and the presence of magnetite are nearly bffsetting in 

terms of the heat balance and the effects on the miss 'balances 

are not significant (Appendix l, page 118). 

8.1. 3 NET ENERGY CONSUMPTION CALCULATIONS 
D 

The energy requirement of 1400 MJ per ~onne oxygen 

(Chapter 7 , net energy consumption ca1culations) can be 
. 

disputed as being too low. The argument for this pciJnt of view 

15 that the 1400 MJ rep;esents electrical energy which 18 often 

gener c:rted _from hydrocarbon-fired gener ating plants. These 

plants convert thermal energy to electrical energy with an 

eff{~iency of 30-35%. ~ith this contention, the açtual enetgy 
, 

requirement for oxygen production is{1400/. 33 =- 4200 MJ} per 

tonne. 

The justification for 1400 MJ is that it is a 

rea1istic value for many locations 

hydro-electr ic' 0l\. nuclear power'. The 
/ 

utilizing these energy sources is 

which are serviced by 
<li 

most efficient method of 

~n fact by conversion • to 

electrical energy. The 
............ 

availability of electricity from these . 

in the ~utùre "-S a ,,?n~equence of ') sources should increase 

ri5ing hydrocarbon fuel priees amd falling resources. ,As a 

result, -1400 MJ/tonne 02 is a useful value for energy 
1 
1 calculations which are to be applied ta processe's for the 

future. 
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Another questionable a~pect of the energy 

consumption approach used
l 
in Chapter 7 ls the ~nergy credit 

given for. off ... gas heat r~covery. Equ'ival.ent cred~ i5 given , 

regard1e5S 0# the oxidant type. The s~gnificance of oxidant 
" 

type o~ off-gas heat recovery is t~~t heat (r..eeovered as high .... 

pressure steam) is used more effiçi~ntly as a source of heat 
" for preheating air than as a 

,1 

source of power to drive 

eompress~s to produce oxygena Thus, if' there ,is. no direct use 

of the heat recovered from the off-gases, the' '6ifferenee in ., 
() 

energy utili~atio~ efficienci,es should be eonsider,ed when 

eomparfng specifie smelting.~lIIoàes (21)". , 

- -~- -~'-----~-- ~~ 
8 ~T.4 - RADIATIVE AND 'CONVECTIVE HEAT LOSSES 

l' , 

A value. of 25000 MJ/hour was chosen as the heat loss 

rate for the examples in this thesis sinee i t approximates the 

average heat 10ss rate for most flash furnaees (21). Heat loss 
?' 

rates var,y somewhat, depending on fur-nace design and operating 

pract~ee. The heat 106s rates for the compact J;:neo oxygen or . \ 
Out9kumpu oxygen-enr iched flash furnaces are slightly lower 

than ÇhiS aver age, while larger air-operated flash, furnaces 

have larger heat losses (10,21). 

Furnace heat losses conslst of ( i) . a r ad i a fi v e 

compènent from the furnace chamber into the gas uptake and 

(ii) a convective eomponent from the exterior su~ce of'the 

furnace to the ambient~air. The relationship between operating 
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temperature and .heat loss rat~ dépends on the the relative 

proportions of these components, 8ince radïative heat 108S Is 

more sensitiv~ to temperature than convective heat, loss. 
1 

c::!~ 
: 

The tem'erature of the flash furnace 'flame' created 

by èoncentrate reacting with the oxidant also affects heat 1066 

rate sinee radiation from' the flame to the furnace walls and 

roof is a component of total h'eat losses. Flame temperatu~e as 
t 

use~here is analogoup to the adiabatic f1ame temperature often 

éited for hydrocarbon fuels, and i9 defined as the'temperature 
\ ' 

at which the enthalpy of the products equals the~ en~halpy of 

the reactants. ' It i s deterJllined by solving tne equation: 

Enthalpy of reactants = Enthalpy of products , (8.1') 

, where: / 

Enthalpy of reactants = HT(reactants) (8.2) 

and: -

Enthalpy of products = HTflame (products) ~ (8.3) 

where Tf\ame is the flarne temperature. 

Product 

calculations are 

compositions in the .flame temper~tu~ 

assumed to be the same as those for matt~ 
41 

sl&9, 'and off-gas (Chapter 3); 
/ 

Althou-gh 

concentrate may be over-oxidized while part 
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unltil-, equilibrium is attained in the' matte and slag, this 

ShJ~Uld ~ot have a,significant effect on flame temperature. \ 
/ 

Flame temperature is éalculated in the computer 
~ 

program subsequent to solving the mass and heat balance 

equations. The resufts - are shown in Figure 8.1 , which 
/ 1 

demonstr ates the effect of 02/concentrate ratio ,,-on flame 
/ 

,'temperature. ' As expected, flame temper~ture increases with\ 

increasing 02jconcentrate -ratio and decreases with_decreasifig 

02/N2 oxidant ratio. . 
" -<' 

:;j , 
Although i 1:. is beyond the scope of this work to 

estima'te the extent to which 'heat 
. . 

10ss ra~~ depends on flame 

temperature, this effect should be considered in flash smelting 
\ 

eon~rol. is likely to be most significant with Inco-type 
, \ 

oxygen flash furnaees sinee the flame temperature is higher and 
.; 

is more sensitive to changes of 02jeoncentrate ratio than are 
v 

oxygen-enriched'or air flash smelting operations. 

) 

, 
/ 

\ 

\ 

- 95 -

\ 



\ • _ _ "'-_ ~_ _ ~ 2~~........ .. ~... f-~'" .. , ... ~~.... ~<.. ~ , 

\ 1 ( 
Il i 

/ 1 ,. 

-
't;;' . 

2600 
• 1 • 

1-_.100 :l 02. 296 K 
2- 02/H2 RA1IO • 1.0. 298 K 'Or) , 

Jl 2500 3- ~IR. D2/N2 RRllO • 0.3. 

2lJOO 

t ~ , . 
~ 2300 

j; -- 1 X' - ,2200 J 
\ 

, 
UJ ,~ -

1 cr: 
/ 

':::J ' • 1 

t-
, 

a:: 2100 , 
cr: 1 UJ 

.0.. l 
x: 2000 

1 
; UJ . t-

UJ' 
:a: 1900 CI: i .... 

J 
IL 

"" '. 1800 1 
l 
~ 
~ 1 " i100 t 

1 
1600 

/ , 

,; 
.22 .211 .26 .28 ~O .32 .31& '-

, , OXYGEHICOHCENTRATE oHASS RATIO 
~ 
\ 

\ 
Figure 8.1 Effect of 02jconcentrate ratio on flame. ,~ 

temper a ture as defined on page 94. 
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8 • 2 EFFECT OF FLAME TEMPERATURE ON MAGNETITE FORMATION 

The forOmation of solid magnetite in flash furnaces i8 

a matter of "\ concern especially under highly oxidizing 

condi tions (Le. with a high 02jconcentrate " ratio and 

consequentl_y aChigh %Cu in matte). Problems associated with 

rnagnetite include bUild-up of solid magnetite on the· furnace 

hearth and increased losses of copper in slag. The 

~j;gnifieance of magnetite bUl.ld-u.p is that it reduc,es the 

effeçtive volume of the furnace, which can be a factor 

contr ibuting to the shortening of furnace campaign life. 

The tendency towards rnagnetite formation in the flash 

furnace flame is indicated by the r~action: 

3FeO + .502 
liquid 

= Fe304 
solid 

(-8 .4) 

Figure. 8.2 . shows the effects of par tia1 pressure of, 02 and 

temperature on this reaction. The· figure shows that for a 

specified partial pressure of oxygen# so1id magnetite i8 les,s 

1ikely to form if the f1ame temperature i6 high. Magnetite 

melts at 1865 K so the formation of soUd magneti te i~ clear 1y 

not a problem in f1ames which are above 1865 K. 
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Thr tendency towards formation of selid magnetite in 

copper 'smel,ting furnaces is determined 6y the equi\librium, 
o 

between matte, slag, and furnace !ltmosphere, Le.: 

3Fe304 + 
selid 

FeS 
liquid 

\ 

. 
:: 10FeO + 502, 

liquid gas' 
(8.5) 

Al theugh flame temperature does not dir,ectly affect thi s 
1 

equilibr ium, i t is dlearly advantageous to form as little Fe304 
tt 

in the flame as possible, i.e. reaction 8.5 may not be faSt 

enough -to eliminate magnetite formed in the. flame. This is 
c 

obtained by operating with a high flame temperature., 
] 

J 

" It' i6 interesting to note that flame temperature 

s imilar ly affects Cu20 formation in the flame (for the reaction 

Cu2S + 1.502 = Cu20 + 802). Al though cçpper content of slag i s 
'. 

determined by a combinatian of entrained Cu2S and equilibrium-

between matte and slag, i t is advantageous ta produce as little 
\ 

Cu20 in the flame as possible. 

o 

'~ 
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8.3 AUTOGENOUS FLASH SMELTI~G FLEXlaILITY 

Figures 7-.3 .,.and 7.7 (r epeated ~ convenience on page 

101) demonstrate that there are many autogenous flash smelting 

modes available. The options range from: 

" 
to 

(a) low 02/concentrate ratio~ith either (i) oxygen or 

highly f,'0xyge~-enr iched air or (~i) high ..'temperature 

preheated air i 

(b) 'high b2/~oncentrate ratio with either (i) low degree of 

oxygen enricsment or (ii) low temperature preheated 

air. 

In addition te these choices, yr~is possible to 

operate autogenously in the areas beneath thÀe~ curves of Fi~re/ 
7.3 and.'f 7.7 -by oper~,ting with preheated 6Xygen-enriche~ 
For examp:!f, employing an oxidant of 40% 02 at 800 K regùires 

~ 
an 02/concentrate ratio of .24 to maintain product temperatures 

under the prescribed' conditions of Fig'ure 7.3 and 7.7. This 

mode of smelting also has the advantage of having all three 

oxidant variables (i.e. 02/N2 ratio, 02/concentrate ratio, and 

oxidant temperature) avallable a~ possible cofttrol parameters. 

Autogenous. smelting is also possible above the 
~. 

operating lines presented in Figures/ 7.3 and 7.7 by adding 

coolants to the furnace. The ,following section discusses the 
- \ 

ramifications of adding water as a coolant into an oxygen flash 

furnace. 
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Figure 7.3 Effect of 02jconcentrate ratio on air preheat 
temperature required for autogehous ~me~ting, 
page 107. 

100 /~ 

9Q-

t- ao ,:Z 
CI: 
CI ..... 
>< 10 a 
:z ..... 
cu 60 
0 

~ 
/ 

UJ 50 ( 
lE: 
::;) 

-' ,0 
-> LtO .,. 

3Q / 

.22 .24 .26 .28 ,. 30 .32 .34 

OXYGEN/CONCENTRATE.HA55 RATIO 

Figure 7.7 ,.;; Effect of 02jconcentrate ratio on volume % 02 
,in 'oxidant (at 298 K) required for autogen'ous 
smelting Of ch~lcopyr i te, page 107. , 

: 
101 " 

1· 

\ 

: ... 



r-------
! 
j 

t 
~ 

) 

" , 
\-
li 

\ 
: 
1 
1 
! .d; 

\ 

.-

( 

. 
< ~ .~~ __ , ..... ~" ......... ,"I. ..... f""..,~''' ... ~ .. ~.t ... ~ ....... ,..,......~'' ... 'A-_ .. ''' .. "~~ ... ,..., ....... ~_ .. __ .. ~ ,_~ .. ____ " _ .... ~ __ ~ ... 4 

1 

\ 

B. 3.1 WATER ADDITIONS TO OXYGEN FLASH SMELTING 

rabio and 
r 

, , 

The. benefiis of operating at high 

-wi th high 02/N2 r atio ox.~dant have 

in Chapter 7. l t is possible to operate 

02/concentratè 

been disclÏssed 

at a higl1er 

02/concentrate ratio than that specified by Figure, 7.7 for a 

given oxidant by replacing the cooling effect of nitrogen by 

that of a more effecéive .coolant.· .... Both Inco and Outokumpu have 

sugg.ested adding oxides (such as flue dusts) "as possible 

coolants while 'Inco has suggested the injection of water into 

- \ 

the furnace. (8,17 '" 

Althougb the addition of water ,certainly may entail 

sorne praci;: ieal- pr ob1ems, sueh as e ven distr ibution of w~ter in 

'the furnace and the danger of steam explosions, there are 

conceptual advantages. These are discussed below by cornparing 
q ~ 0 

autogenous furnace operatiohs using an 02jeoncentrate ratio of 

- .34 f'or the cases of: \ 

(a) oxygen-enr'iched air, 32% 02 (630 kg N2, 150 kg 100% 02, 

340 k9 total 02; aIl per 1000 kr;y coneentrat,e); 

Cb) 100% 02 (340 kg 02) with 170 kg water per 1000 kg 
, 

eoncentrate. The effect of water additions to the heat 
. 

and mass balance equat·ions is discussed on page 111.
j 

, 
Tbe- most obvious advantage of substituting the 

cooling effect .of nitrogen by water is that'off-gas volume 

decreases and hence concentration of S02 in ofÏ-gas increases. 
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This advantage is a consequence of water: requirinq 

approximate1y 4 times more heat peI unit mass than nitIogen to 
, 

.raise its temperature from 298 to 1500 K. ~his difference ls 

la~gely due to the enthalpy of vaporization of water. Co~ling 

the off-gas to condense the' water will further increase the S02 

concentration to 190% (when pure oxygen ls ~he oxidant). This 

high volume, high 902 concentration off-gas i5 Ideal feed for 

su1phur fixation. 

\ ~ .;)! 
.Another conceptual advantage of operating with 100% 

oxyg~n plus water inject!on is that, "as the water could be 
l1t\ . 

injected as .,.'Î\)sheath s~rrounding the flame (not in t'he flame 
) .-" - .. 

itself), it would not appreciably affect the flame temperature 

per se. Conseguençly flame temperature'of the oxygen fUFrtace 

wouid,be -about 2500 K (Figure 8.1) while the oxygen-enriched 

flame of this example would be around 1700 K. ~e advantages 
1 

of less magnetite and copper oxide formation previoùsly 

attributed to high flame temper,atures would thus apply for 

flash furnaces operating with oxygen and water injection. 
~ \ 

Of course the penalty which must be paid when 

operating with oxygen and water inst~ad of oxygen-enrichèd air 

i s the energy 
1 

required to produce the For additiona1 oxygena 
" 

this example, 190 kg more pure oxygen per tonne concentr~te is 

required for oxygen-water .flash 

oxygen-enriched air flash 
1 

smelting. 

smelting than \for 

Fur thermor e, 

sçrubbing i6 certainly more invo1ved since the water 

off-gaa 

in theÎ\ 

to drying 
, , 

off-gas demanda special consideration with ,respect 

and possib1y corrosion con'trcl. 

~ 
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8.4 FUTURE WORK 

The ~eady-state model developed in thi.s thesis rs a 

powerful tool in its present forme It could be' applied with 

greater éffect, however, as the core of a real ti~e flash 
,r 

furnace control package. The changes reguired to .-modify the 

model to control a particular furnace can be summarized a~ 

follows: 

, 

(a)~inor mod~fications to 'the mass and heat balance 

equations 'ot the type as mentioned earlier in this 
, 

1 
chapter and outlined in Appendix 1. 

(b) an iterative loop within the program'to enable the mass 

,. and heat balance equations to be solved if the 

specifications for some of the equations are dependent 

on the solutions of the mass and heat balances. For 

example the heat loss rate may be expressed in terms of 

calculated flame temperature. 

(c) fJ:ags to notify the operator when discrepancie's between' 

the model and actual ope~atioh suggest errors in feed 

studies 

or output measurements. 

• 
The model can also be used for precise optimization 

(Chapter 7) by 
~ 

using precise energy and feed 
~ 

specifications which apply to a particular concentrate and 

precise costs which apply to a specifie smelter locàtion. . . 

Finally, similar models can also be developed for 

other non-ferrous furnaces such as nickel, ~ead, and zinc. 
" 
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CHAPTER 9 

Î ) CONCLUSIONS 
.'.-

. , 

(1) FLA~H SMEL TI N.G ,1 S TH E BEST PROCESS AVA lLABL E FOR SMEL Tl NG "COPPE~ 

SUL~ DE CONCENTRATES, IT CONSUMES LESS EN,ERGY' THAN AL TERNATI YE . 

SMELTING PROCESSES AND IT PRODUCES A STEADY STREAM OF HIGH S02 

CONC ENTRA TI ON OF F -GA'S WH 1 CHI S E XC ELL ENT FE ED FOR SULPHUR 

FIXATION. , 

(2) FLASH FURNACES 'SHOULD BE OPERATED AUTOGENOUSLY, FUEL 15 USED 

MORE EFFICIENTLY FOR PREHEATIN~R OR PRODUCING 
-' \ 

OXYGEN AND 

THEREBY REDUCING THE HEAT REQ~IREMENT CREATED BY NITROGEN IN-

FLAS~ FURNACE OFF-GASES, 

(2A) AUTOGENOUS ' FURNACE OPERAT 1 ON ALSO AYO 1 DS GASEOUS HYDROCARBON 

COMBUSTION P~ODUCTS IN FLASH FURNACE OFF-GASES THEREBY MINIMIZING 

OFF-GAS VOLUMES AND MAXIMIZING S02 CONCENTRATIONS, THIS 

t MINIMIZES THE SIZES OF 'f,HE GAS· COLLECTION 'AND SULPHUR ;FIXING 
" 

SYSTrMS REQUIRED FOR THE PROCESS, 

! ~ f 

(3,) FtASH FURNACES SHOULD PRODUCE THE HIGHEST POSSIBLE MATTE GRADE 

'l%CU IN MATTE), I,E. THEY SHOULD OPERATE WITH THE HIGHEST 

~SIBLE 02/CONCENTRATE RATIO, THIS MODE'OF OPERATI~N UTILIZES 

MOS~TLY THE CHEMICAL EN ERG Y OF THE CONCENTRATE AND 

MINIMIZES THE 'APrO\UNT OF COt:JVE'RTlNG REQUIRED, ·THE UPPER LIMlT OF 

MATTE GRADE l S~ETERMINED BY' 'FACTORS OTHER THAN ENERGY 

MINI:tZATIONI FO~ .AMPLE EXCESSIYE LOSSES OF COPf:!ER IN SLAG OR 

INSUFFICIENT IMPURIT \ REMOVAL DURING CONVERTING. 
\. . 

, .' 
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(3A) EF~LUENT GAS VOLulES FOR THE COMBINED SMELTING/CONVERTING PROCESS 
" ARE MINIMIZED AND COMBINED S02 CONCENTRATIONS ARE MAXIMIZED SY 

CARRYING OUT AS MUCH OXIDATION AS POSSIBLE IN THE FLASH FURNACE. 

I.E. BY OPERATING WITH A' HIGH 02/CONCENTRATE RATIO AND !TS 

CONSEQUENT HIGH MATtE GRADE. THIS IS BECAUSE THE EFFLUENT GASES 

FROM CONVERTING ARE UNAVOIDABLY DILUTED ~BY INFILTRATED AIR WHILE 

THOSE FRbM FLASH FURNACES -ARE NOT. • 

(4) OXYGEN-ENRIC~ED AIR IS A MORE PRACTICAL OXIDANT FOR AUTOGENOUS 

.FLASH SMEL TI NG THAN PR EHEATED AIR BECAVSE IT PRODUCES 'A LOWER 

VOLUME, )HIGHER S02 CONCENTRATION OFF-GAS. ALSO IT IS lN MÛST 
\ 

CASES MORE EFF le 1 ENT 1 N TERMS OF ENERGY CONSUMPT 1 ON l , 

(S) OF ALL THE AUTOGENOUS FLASH SMELTING MODES, SMELTING WITH PURE 02 
:J \ , f 

PRODUCE5 THE . lOWE~T-GRADE MATTE, I.E. SMELTING WlTH PURE 02 IS 

AUTOGENOUS WITH,\A LOW 02/CONCENTRATE RATIO. THIS MIGHT BE 

ADVANTAGEOUS FROM r'E STA~DPO 1 NTS, OF (1) l MP~ 1 TY REMOVAl DUR 1 NG 

CONVERTING AND OF (II) PRODUCING FLASH FURNACE SLAGS LOW IN 

COPPER. HOWEVER IT IS DISADVkNTAGEOUS FROM THE POINTS OF VIEW OF 

(1) ENERGY CONSUMPTION (CONCLUSION 3) AND (Ii) OFF-GAS VOLUMES 

AND S02 CONCENTRATIONS (CONCLUSION 3A). 

(6) FLASH FURNACE OPERATING TEMPERATURç CAN BE CONTROllED SV YARYING 

(r) 02/CONCENTRATE RATIO, ·(11) 02/N2 RATIO AND/OR (III) OXIDANT 

TEMPERATURE. 02/CONCENT~ATE RATIO AN~ 02/N2 RATIO HAVE 

INADVERTANT SIDE AFFECTS I~HAT THEY AFFECT MATTE, SLAG, AND 

OFF-GAS COMPOSITIONS. OXIDANT TEMPERATURE 15, HOWEVER, A TRUlY 

INDEPENDENT CONTROL PARAMETER. 
\, 

(7) THE MaDEL DEVELOPED IN THIS THESIS IS USEFUL IN, DETERMINING 

OPTIMUM CaNDIrIONS FOR SMElTING UNDER ANY GIYEN PRESCRIBED SET OF 

CONDITIONS. IT IS ALSO USEFUL AS' THE CORE OF A REAL-TlME FURNACE 

-~ CONTROL SYSTEM. 
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APPEND IX- l 

.. 
MODIFICATIONS TO STEADY-STATE MODEL 

\ 

The examp1es and figures presented • in the thesis are 

based on the'following simpli~ied 9~ta~ 

• 
concentrate: chalcopyrite (CuFeS2), 298 K 

flux: 9i11ca (Si02), 298 K 

"-/ matte: Cu2S-FeS, 1475 K 

slag: 70% FeO, 30 wt% ai02, 1500 K 
\ 

off-ga~: 502, 1525 K 

throughput: 50 tonnes/hour of concentrate 

" , 

(unless explicitly studied as a variable) 

This 

radiative and 
convective heat 

loss rate 25000 MJ/hour 

oxidant: as specified 

fuel; none 

, 
appendix dernonstrates how the equations in the 

steady-state model are modified to deal with more realistic 

feed and product specifications. 
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CONCENTRATE MINERALOGY 

. ~- ~ ~ ~~ ... - -.~- ~ -,.,.. -
,. ..... 

. . Most industrial copper concentratea consist largely 
• 

of chalcopyrite, pyrite (FeS2) and pyrrhotite (FeS). The 

relative amounts of these min~rals in the concentrate can be 

determined from its chemical analysis by solving the equations: .. 

kg-moles Cu in J:I Cu~eS2 1 (kg-moles) 
concentrate 

kg-moles Fe in = CuFeS2 + FeS2 + FeSl.14 -(kg-moles) 
concentrate 

., 

kg-males S in = 2·CuFeS2 + 2-FeS2 + 1.14"FeSl.14 (kg-moles) 
concentrate 

The .. only effect of pyrite and pyrrhotite on the mass 

and heat balance equations. (Chapter 3) i8 to modify the heat 
1 

supply, Equation 3.10 (page lB): 

Heat supply = H29B(reactants) H29B(products) 

'+ HT(reactants} - H29B(reactanta) 

in which the term H298 (reactants) becomes: 

(3.10) 

HO 298 (reactants) = HO 298 (CuFeS2) • kg-moles CuFeS2 

+ g0298(FeS2) • kg-moles FeS2 

+ H0298(FeSl.14) • kg-mol~s FeSl.l4 

• Pyrrhotite does not have a precise mineralogical composition1 
it Is best represented by the formula Fe(n-I)S(n) with n 
varying from 8-16. Fe7S8 (Fèsl.l4) ls the Most common forme 
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~ ROck~type constituents such as CaO and A1203 in the 
1 

o eoncentrate' behave inertly in flash furnaces ana ènter the 

slag. ~hey affect the heat demand (Equat~on 3.11): 
/ 

heat dernand = 
(wi th rock)" 

heat' 'demand 
(no rock) 

\ , 

+ {HoT(rock) - H0298(rock)} . kg-moles rock 
,.; 

where T is the sl~g têmpera~ure. 

Al. 2 MAGNETIT~ IN,SLAG AND MATTE 

The erfect of magnetite in furnace slag ls taken into 

accognt by making 

balanc~equatiorts. 

The output term in 
b~omes; , 

mass Fe out = 
(wi th magneti te) 

term in 

small adjustments to both mass and 

the iron balance (Equation 3.3, page 2?) 

roass Fe out' 
.(no magnetite) 

J 

%Fe in Fel04 
+ roass Fe304 in slag . ------------

100 

0 

the oxygen balance (Equation 3.5, page2ô 

mass 0 out = mass 0 out 
(with magnetite) (no 1lI:~9neti te) 

%0 in Fe304 
+ roass Fe304 in slag . -----------

100 
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the si,lica balance (Equation 3.7, page 26) becomes, 

• 

mass Si02 in = mass S102 out 

% Si02 in slag 
= (mass FeO + mass Si02 + mass Fe,304) . --------------

the heat supply 

. hea t supply 
(with magnetite) 

(Equation 3. ]:0, page 27 ), 

, " 

J,,,,,l'rt!!~' supply 
(no magnetite) 

/ 

becomes; 

- H0298{Fe304) . kg-moles Fe304 

and the heat demand (Equation 3.11"page28 ) becomesi 

heat demand = .-
heat demand 

(with magnetite) (no magne..t1~e) 

" 100 

'+ {HOT(Fe304) - H0298(Fe304)} • kg-moles Fe304 

where T is the sla9 temperature. 

Fina11y a new equation i8 required ta depict the relatio~ship 

of the magnetite in the 5lag: 

Fe30i mass = s1a9 ~~ss • (wt%~e304 in slag 1 100) 

wt % Fe304 
= 

fi 
(mass ,FeO + mass Fe304 + mass Si02) • 

100 

The proportion of ~e304 in slag can be determined from 

iridustrial data. Ex~ctly para11e1 relationships ,caft be 

pr~pared to account for magnetite in matte. 

/ 
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,q. Al. 3 HEAT OF MIXING OF ~LAG 

Equati0!l 2.3 (page 6 ) i5 representative of the heat 

of mixing of FeO and Si02 in the slag: 

2FeO 
liquid 
1500 K 

\ 

+ Si02 
1iqu1d 
1500 K 

= 2FeO.Si02 (2.3} 
1iquid 
],50,0 K' 

âHo1500 = ,27 MJ/kg-mol Si02 
., 

= .19 MJ/kg FeO 

This heat effect can be included in the heat demand (Equation 

3 • 11, pag e 28): 

heat demand 
(inc1uding heat 
of mixing) 

= hea t demand, 
(ignor ing heat 
of mixing) 

+ .19 . mass FeO 

Al. 4 WATER ADDITIONS 

13 

Water additions (298 K) into the furnace affect the 

heat demand (Equation 3,.11, page 28) which becomes: 

" hea t demand 
'/(with water.) 

-..... "- ~ 

= ~eat demand 
(no water) 

+ {HoT(H20) - H0298(H20)} • kg-moles H20 

wher,e T is ~he off-gas temperature. 
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Since the water forms a constituent of the off-gas, it also 

affects off-gas volume and the ~oncentration of S02 in off-gas. 

AloS FUEL ADDITIONS 
/ 

/ 

The addition of fuel is also easily incorporate~to 
the steady-state model. For the cas~ of a pure carbon fuel 

burning to C02, the following equation~ m~st be modified: 

';:" 

the input term of the oxygen balance, Equation 3.5: 

o in = 
(wi th carbon) 

o in 
1 

(no carbon) < 

32 kg 02/kg-mol C02 
,+ -------------------

12 kg C/kg-mo1 C02 

the" beat suppl.y,. EQu:tion 3 Jo, 
heat supp1y = heat supp1y 
(wi th carbon) (no carbon) 

+ HG298(C) • kg-moles C 

. kg C in 

kg-mole~ C02 

and the heat demand, Equation 3.11: 

hea t demand = 
(with carbon) 

heat demand 
(no càrbon) 

\ 

+ {HoT(C02) - Jb98 (C02)} 

where T is the off-gas temperatur~ 

• kg-moles C02 
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Sincethe combustion products (i.e. C02 and the N2 associated 
l ' 

with the 'combustion oxygen) form 
\ ' 

a constituent of the off-gas, 
~ , 

the y also affect off-gas volume and concentration of' 502 in 

off-gas. 

/ 0 

Al~6 FLUE OUST 
); 

, \ t 
~ 

~ 

Flue -dust' generated from flash furnaces cons~sts 

mostly of metal oxidesi the 'exact c~~position being dependent. 

on the composition of th~ concentrate. "Many of the oxides (eg, 

Cu20,' ZnO, PbO) reaqt with 502 and 503 in the off-gas'handling 
or • 

system to becom~ sU1P~at:s (CuS04, ZnS04, PbS04) (19) .. 

.,. 
, , 

Although the flue dust ,is generally ~ecyc1ed back to 

the flash furn?ce, the instantaneous rate of dust gene~tion 

and recycle need not be equal. Consequently, their effects on . '\ ~ 

the mass and heat balances should be studied independently. 

This section demonstrates how the generation of a Cu20 flue 
\ 1 

dust and the recycle. of·a CuS04 dust affect the mass and heat 
\ 

balances .. , Other components of flue dust. affect the balances id" 
\ 

a similar manner. 
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Cu20 out , \ 

The generation of Cu20 affects the fOllowirig equations: 

the output term of the copper balance, Equation 3.2; 

, 
Cu out = Cu out 
(wi th Cti20) (no Cu20) 

'Cu in Cu20 ~ 
+ mass Cu~O • ---------..:.~ 

100 

the output term of the' oxygen balance, 

\II 

o out = o out Ù 
(with Cu20) (AO Cu20) 

%0 in cu20 
+ mass Cu20 . -------_ ... -

100 

the beat supply, Equation 3.10; 

hea t ,.s,upply 
(with Cu20) 

= he'a t supply 
(no Cu20) 

Equation 

; 

,. 
-. gO 29~ (Cu20) • kg-moles Cu20. 

"and the' hea t demand, , Equa tion 3.11; 
heat demand = he..at demand 
(with Cu20) (no Cu20) 

3 .• 5; 

; 

• \ +' {HOT(C'u20) - H0298(qu20)} '. kg-moles Cu20 .. 
where T is the off-g"as temperature. 

/ \ 
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CuS04 in \ 
,. 

Recycling ÇuS04 affects the following equations: 

tt\e input term of the copper ba;tance, EquatioI:\ 3.2; 

Cu in 
(with CuS04) 

\ 

= Cu in . 
(no CuS04) 

,Cu in CuS04 
+ mass CuS04 • ------------

100 

the input term of the oxygen bal~nce, Equation 3.5; 

o in = o in, 
(with CuS04) (no CuS04) 

, 0 in CuS04 
+ mass CuS04 • ------------

100 
'''' 

\ 

the' input term of the su1phur balance, Equation 3.4; - \ 

S in <f= S in 
\ -

(w! th CuS04) (no CuS04) 

% S in CuS04 
+ mass CuS04 • ------------

100 

and the heat supply, Equation 3.10; 

I:)ea t supply = 
(wi th CuS04) 

\ 

heat supply 
(no CuS04) 

+ HO 298 (CuS04) kg-moles CuSO'4. 

Other co'mponents of flue dust can be treated ,in an exactly 

analogous manner. 
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Al.7 EXAMPLES: MODIFIED FEED AND PRODUCT SP~CIFîCATrONS 

-
liA CONCENTRATE rs SMELTtD IN AN INCQ TYPE (OXYGEN) FLASH 

FURNACE. WHAT ARE THE ÔKYGEN AND FLUX REQUlREMENTS WHICH WILL 

J PERMIT THE FURNACE 'Ta OPERATE AUTOGENOUSLY WITB THE FOLLOWING 

FEED AND PRODUCT SPECIFICATIONS?" , . 
, 

'concentrate: 26% Cu, 30% Fe, 33% S, 5% Si02, 
6 % CaO-A1203 

! 

flux: BO% Si02, 20%' CaO-A12p3 r~ 

matte: Cu2S-FeS, .~475 K ' 

slag,,; 30% 6i02, remainder FeO ",' 
CaO, A1203, 1500 1< 
\ 

off1o.gas: 802, 1525 K 

throughput: 50 tonnes/hou~ of concentrate 
-;c 

radiative and 
convective heat 108S: 25000 MJ/hour 

oxidant: 100% 02 

-

( 

J 

This probl:-em, e,xcept for the feed and product specifica,tions, 

is identical to 'Example 1, page 24 • So1ving the modified mass 

and heat. balance equations yie~ds: 

02 feed = 236· kg 
" 

Si02 in flux = 68 kg 

-/ Cu2S in matte = 326 kg , 
FeS in mattè - ,2.09 ,kg 

S02 ln' offgas :, 376 kg 
\ -

;:, \ FeO in slag 1: 215 kg 

heat supply = 1971' MJ 

heat) demand = '. '197~ MJ 
\ 
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Thus this concentrate requîres an 02jconcentrate rati~ of .236 

for autogenous 

the condikions 

smelting, only 4% greater that reguired under 

specified-in Exarnple If page 24. Additional 

oper~t'ing data eor this example are: 

ma tte mass = Cu2S + FeS 
/ 

= 535 kg 

Cu2S . (wt% Cu"'- in Cu2S 1 100) 
% Cu in matte =, -----------------------------

slag maas 
\ 

,matte mass 

= 48.6 9; Cu 

= FeO f 8i02 + rock 

= 393 k~ 

The differences between the se numbers and the equivalent values 

of Example l, page 24 (i.e~ mattemass = 658 kg, %Cu in matte = 

52.4, slag mass kg) are .. expla ined by the lower 

concentration of copper in the concentrate and the presence of 

rock constituents in both concentrate and flux. 

\ 

MAGNETITE EFFECT 

801ving this example again with a mOdificat~bn to the 

slàg composition to include mag"netite (i.e. 10% Fe304) y-ields a 

slight decrease in the 02/concentrate ratio to • 23~. The 
\ 

concentration of copper in matte -is 47.9%. 
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COMBINING MAGNETITE AND BEAT OF MIXING EFFECTS 

. \ 

-
Including the heat of mixing of s1ag to this exarnple 

(with 10% Fe304 ~n s1ag) tesults in an 02jconcentrate ratio-of 
. 

.239 and 48.6% copper in matte. This is nearly identical to 

the operating cJnditions of Example I, and thus t~mbined 

mixing Of~9 i8 effect of rnagnetite in slag and the heat of 

negligible. 

Al.S SUMMARY 

In genera1, the mass and heat balances can be easily 

adjusted to account for varying feed and product 

specifications. The simplified specifications chosen f~r the 

examples in the text are, however ,r justified for general 

compârisons. 
- " 

- 0 
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APPENDIX 2 

THERMODYNAMIC DATA 

------------------~ 

The following values eo·t HD-29.8 were used (MJ/kg-mo1) : 

C02 -394 
CuFeS2 -190 
Cu2S -7-9 
FeO -264 
Fe304 -1117 
FeS -100 
FeSl.14 -100 
FeS2 -171 
S02 -297 

The tollowing da'-ta weJ;'e used for (HO T H0 298) r 

MJ/~g-mo1: d 

C02 -25.24 + .057 T 
Cu2S -12~76 + .089 T (solid to liquid) 
FeO - 9.35 + .068 T (solid to liquid) 
Fe304 +58.78 + .213 T (solid to liquid) 
H20 +23.65 + .045 T (liquid to gas) 
N2 - 9.,72 + .031 T (under 1200 K) 
N2 ";'13.80 + .034 T (above 1200 K) 
02 -10.38 + .033 T 
Si02 -42.24 + .086 T (solid to liquid) 
S02 -25.68 + .058 T 

The data for CuFeS2 was obtained from: 
-, 

"Thermodynamic . 
compounds fi , E. 
Monograph II. 

properties of copper and 
G. King, A. D. Mah and L. B. 

its inorganic 
Pankratz, INCRA 

All other data were obtained from: 

"Thermochemical properties of inorganic ,substances", 1. Sarin, 
O. Knacke, and O. l<ubachewski, Springer-Verlag, Berlin, 1977. 
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APPENOIX 3 

FLASH, FURNACE SIMULATION COMPUTER PROGRAM 

/LOAO ~WATFIV 
C 
C 
C ,FLASH FURNACE SIMULATION: A BASIS FOR CONTROL AND 
C OPTIMIZATION. 
C 
C ERIC H PARTELPOEG, COPYRIGHT AUGUST 1980 
C 
C 
C 

C 
C 
C 

C 
C 
C 

IMPLICIT REAL * 4 (A':'Z) .' ,1 

R:EAL*8 A(12,12) ,B(12,12) ,WKAREA(14~) ,Al.(4,4) ,B1(4,4) ;m<:AR1(16) 
COMMON,H298(20),HH(20,2) 
INTEGER I,II,N ,M,IA, IDGT, 1ER, INT ,N6 ,N9 ,NN 
CALL HH298 
CALL HHH 
N6=6 
N9=9 
XX=99. 

OPTION FOR INTRODUCTION 

WRI'TE (N6, 101) 
CALL RNC (N9,1, OPT ,1,1. ,2. ,XX) 
IF (OPT .EQ.1.) CALL INTRO (1. ) 

C ,OPTION TO USE PRE-PROG~D DATA 
C 

ct 
C 
C 

9 
C 

•• bd 

WRITE (N6, 131) 
CALL RNC(N9,1,OPT,1,1.. ,2. ,XX). 
IF (OPT. EQ .1. ) CALL FDATA (Cue, FEe, SC, SIC, RC ,H20G., SIF ,RF ,H20F , CUMOL, 

+ PIE,PIRR,THRU,HL,02IN,020X,TOX,TM,TS,TG,FUEL,H20,REVERT,RVRTH, 
+ SIS ,MAGS ,MAGM) ,\ 

IF (OPT .EQ.1. )'GO TO 40-

ENTER DATA --
~\ 

WRITE (N6 ~ 100) " 
ENTER CONCENTRATE AND FLUX CHEMICAL ANALYSIS \ 
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c 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 

C 
C 

C 
C 
C 
C 
C 
C 

'C 
C 
C 
C 
C 

,C 
C 
C,' 

C 

C 
C 

--,- ... ~----_.-~---_.,- - - . - -- - --- -'-. -- .--_ ... --_ .. _- - -----------

-J cuc = % COPPER IN CONCENTRATE 
FEC == % IRON IN CONCENTRATE 

SC = % pULPHUR IN CONCENTRATE 
SIC = % SILICA I~ ,CONCENTRATE 

RC = % ROCK IN CONCENTRATE 
H20C == % WATER IN CONCENTRATE 
SIF == % SILICA IN FLUX 

RF = % ROCK IN FLUX 
H20F == % WATER IN FLUX 

CALL RNC(N9,1,CUC,O,lS.,3~.48,XX) 
CALL RNC(N9,1,FEC,O,lS.,50.,XX) 
CALL RNC(N9,1,SC,O,20.,40.,XX) 
CALL RNC(N9,l,SIC,O,O.,25.,XX) 
CALL RNC(N9,1,H20C,O,0.,20.,XX) 1 

CALL RNC(N9,1,SIF,O,10.,100.,XX) ? 
• 

CALh RNC(N9,1,H20F,O,O.,20.,XX) 

RF=100. -SIF 
CALCULATE AND CHECK IF MINERALOGY IS FEASIBLE 

CUMOL :; MOLES CU IN = MOLES CHALCOPYRI TE 
PIE = MOLES PYRITE 

PIRR' =.' MOLES PYRRHOTITE 
CALL MINER(CUC,FEC,SC,SIC ,RC,CUMOL,PIÈ,PIRR} 

-- ENTER OPERATLNG DATA 
WRITE (N6, 102) 

OPERATING DATA 
THRU :; CONCENTRATE THROUGHPUT, TONNE/HOUR 

HL = RADIATIVE. & CONVECTIVE HEAT LOSS, MJ/HOUR \ 
02IN = 02/CONCENTRATE FEED RATIO 
020X = %02 IN OXIDANT 

TOX :; OX IDANT TEMPERATURE 
TM :; MATTE TEMPERATURE 
TS = SLAG TEMPEM,TURE (K) 
TG = GAS TEMPERATURE (K) 

FUEL = CARBON, TONNE/HOUR 
,H20 = WATER, TONNE/HOUR ' 

REVERT = ,REVERTS , TONNE/HOUR 
RVRTH = REVERT HEAT REQUlREMENT, MJ/TONNE 

--UNK SETS THE U~KNOWN 
UNK=O. 
CALL RNC(N9,1,THRU,O,lO.,12S.,UNK) 
CALL RNC(N9,l,HL,O,0.,90000.,UNK) 
CALL RNC(N9,1,02IN,0, .15, .45,UNK) , 
CALL RNC (N9,l, 020X, 0,21. ,100. , UNK) 
CALL RNC(N9~1,TOX,O,298.,1300.,UNK) 
CALL'RNC(N9,1,TM,O,1300.,1600.,XX) 
CALL RNC(N9,1,TS,O,1300.,1700.,XX) 
CALL RNC(N9,1,TG,O,1300.,1700.,XX) 
CALL RNC(N9,1,FUEL,0,O.,lOO.,UNK) 
CALL RNC (N9, 1,H20,0, O. ,100. ,UNK) 
·CALL RNC (Nf, 1 ,REVERT, 0,0. ,30. ,XX) 
CALL R'NC (N 9, l, RVRTH , 0 , -1000 • , 2000 • , XX) 

ENTER SLAG & MATTE DATA 
WRITÈ(N6,103) 

READ ,SI02, %FE304 
-- SIS == %SI02 -IN SLAG, 
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C 
C 
C 

C 
C 
C 
'40 

C 
C 

C 

C. 
50 

'C 

C 

C 
C 
C 
C 
C 

MAGS = %FE304 IN SLAG 
MAGM = %FE304 IN MATT.E 

CALL ,RNC (N 9 , 1 , SIS, 0 , 2 5 • , 38 • , XX) 
CALL RNC (N9, 1, MAGS, 0,0. , 1S. , XX) , 

,CALL RNC(N9,1,MAGM,O,O.,10'. ,XX) 

OPTION TC INSPECT 

W1ÙTE (N6, 104) 
CALL RNC(N9,1,OPT,1,1. ,2.,XX) 
-- ' IF OPT = l, PRINT DATA 

IF OPT = 2, GIVE OPTION TO EDIT D~A 
IF (OPT.EQ.2.)GO Tb 50 

\ 

!il 

WRITE(N6,105)CUC,FEC,SC,SIC,H20C SIF,H20F ., 
-- PRIN'!' DATA ~ 
WRITE,(N6, 106) 02IN ,020X ,TOX ,THRU, L,TM,TS ,TG,FUEL,H20 ,REVERT,RVRTH 
WRITE(N6,107)SIS,MAGS,MAGM 

WRITE (N6, 111) 
-- OPTION TC EDIT 

CALL RNC (N9 ,1 ,OPT,l ,1. ,3. ,XX) 
TF C OPT • EQ • 3. ) CALL INTRO (2. ) 
IF(OPT.EQ.3.)GO TC 40 

, IF {OPT .EQ.; 2.l GO .'1'0 85 
IF OPT = l, EDIT 

-- IF OPT = 2, .PROCEED ''1'0 CM.cULATIONS, l .E. STATEM~T i 85 
-- ENTER CODE NUMBER OR ZERc?'1'O END EDIT 

UNK=O. 
51 _ " WRITE (N6, 108) 

CALL RNG (N9,1 ,OPT,l,O. ,22. ,XX) 
C -- ENTER NEW VALUE 

IF (OPT .EQ. O.) GOTO 40 
IF (OPT .EQ.l.) GO '1'0 ~O 
IF(OPT.EQ.2.~GO TC 61 
IF (OPT .EQ. 3.) GOTO 62 
TF(OPT.EQ.4.)GOTO 63, 
IF (OPT .EQ. 5.) GOTO 64 
IF (OPT .EQ. 6.) GOTO 65 
~F (OPT .EQ'. 7.) GOTO 66 
IF (OPT .EQ. 8.) GOTO 67 
IF(OPT.EQ.9.)GOTO 68 
IFCf!lP .EQ.IO.)GOTO 69 
IF (0 .EQ .11. ) GOTO ' 70 
IF(O T.EQ.12.)~ 71 
TF( PT.EQ.13.)GOTO 72 
IF( PT.EQ.14.)GOTO 73 
IF (OPT .EQ'.IS.) GOTO 74 
IF(OPT.~Q.16.)GOTO 75 
IF(OPT.EQ.17.)GOTO 76 
IF(OPT.EQ.18.)GOTO 77 
IF(OPT.EQ.19.)GOTO 78 
IF (OPT .EQ'. 20.) GOTO 79 
'IF (OPT .EQ. 21. ) GOTO 80 
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/ 

60 

H 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

IF(OPT.EQ.22.}GO TC 81 
WRITE-{-N6, 140) 
CALL RNC(N9,1,CUC,O,15.,34.48,XX) 
GOTO 51 

WRITE (N6, 141) 
CALL RNC(N9,1,FEC,O,15.,50.,XX) 
GOTO 51 
WRITE (N6,142) 
CALL RNC(N9,1,SC,O,20.,40.,XX) 
GOTO 51 

WRITE (N6, 143) . 
CÀLL RNC(N9,1,SIC,O,O.,25.,XX) 
GOTO 51 

WRITE (N6, 144) 
CALL RNC(N9,1,H20C,O,O.,20.,XX) 
GOTO 51 ' ' 

WRITE (N6,145) 
, CALL RNC(N9,1,SIF,O,60. ,100. ,XX) 

GOTO 51 
WRITE (N6, 146) 

CALL RNC(N9,I,H20F,0,O.,20.,XX) 
GOTO 51 

WRITE (N6, 147) 
CALL RNC(N9,I,02IN,O,.15,.45,ONK) 
GOTO 51 

WRITE (N6, 148) 
CALL RNC(N9,1,020X,O,21.,100.,ONK) 
GOro 51 

WRITE (N6, 149) , 
CALL RNC(N9,l,TOX,O,298.,1300.,UNK) 
GO TO 51 

WRITE (N6, I50) 
CALL RNC(tN9,1,THRU,O,lO. ,100. ,XX) 
GOTO 51 

WRITE(N6,151) , 
CALL RNC(N9,2,HL,O,O.,90000.,ONK) 
GOTQ 51 / 

WRITE (N6, 152) 
CALL RNC(N9,I,TM,O,1300.,1600.,XX) 
GOTO 51 

WRITE(N6,153) 
CALL RNC(N9,I,TS,O,1300.,1700.,XX) 

,GOTO 51 
WRITE(N6,154) 

CALL RNC(N9,1,TG,O,1300.,1700.,XX) 
GO TC 51 

WRITE(N6,155) 
CALL RNC(N9,l,FUEL,O,O.,100.,ONK) 
GO TC 51 

WRITE(N6,156) 
CALL RNC(N9,1,H20,O,O.,lOO.,UNK) 
GOTO 51 

WRITE(N6,157) 
CALL RNC(N9,I,REVERT,O,~.,30.,XX) 
GOTO 51 

l, WRITE(N6,158) 
CALL RNC(N9,I,RVRTH,O,-lOOO.,2000.,XX) 
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79 

80 

81 

C 
C 
C 
95 

C 
C 
C 
C 

\ 

'Goro 51 . 
WRITE(N6,159) 

CALL RNC(N9,1,S1S,O~25.,38.,XX) 
GO TO 51 

WRITE(N6,160) , 
CALL RNC(N9,1,MAGS,0,O.,l5.,XX) 
GO TO 51 / 

WRITE(N6,161) 
CALL RNC(N9,!,MAGM,0,O.,~0.,XX) 
GO TO 51 

OPTION TO SPECIFY MATTE GRADE 

CONTINUE 
WRITE(N6,132) 
CALL RNC(N9,1,MG,l,1.,2.,XX) 

, 

-- ST ART CHECK TO ENSURE THERE lS ONLY ONE UNKNOWN 
(BESIDES O,2IN IF MATTE GRADE 1S_ SPEC1FIED) 

TEST=O. 
IF(MG.EQ.2.)GO TO 83 

WRITE (N6, 135) 
CALL RNC(N9,1,CUMAT,0,35.,79.,XX) , 
02IN=-1. \ 

te- GO TO 84 
83 ~;rF(02IN.EQ.-l.)TEST=TEST+l 
84 IF (O,20X • EQ • -1. ) TEST=TEST+ l 

!F(TOX.EQ.-l.)TEST=TEST+l 

86 
C 

C 
C 
C 
90 
C 
C 

C 

"IF(HL.EQ.-l.)TEST=TEST+1 
IF(FDEL.EQ.-l.)TEST=TEST+l 
IF (H20 .-EQ .-1. )TEST=TEST+l 
IF(TEST.NE.l.)GOTO 86 
GOTO 90 ' 
WRITE(N6,109) 

WRITE, THERE MUST BE ONE, BUT ONLY ONE UNKNOWN; EDIT 
GO TO 40 

CHECK IF MINERALOGY 15 STILL OK 

CALL MINER(CUC,FEC,5C,SIC,RC,CUMOL,PIE,PIRR) 

IF(MG.EQ.l.)GO TO 91 

C IF MATTE GRADE IS NOT SPECIFIED, GO TC STATEMENT t ,92 
C 

GO TO 92 
91 CONTINUE 

1 -

CALCULATION OF MATTE, SLAG, 02 MASSES AND ENTHALPIES 
MATTE GRADE lS SPECIFIED 

/ 

" 

C 
C 
C 
C 
C 
C 
C 
C 

VARIABLES BEGINNING WITH 'M' REPRE~ENT KG-MOLES/IOCO KG CONC ~ 
VARIABLES BEGINNING WITH 'H' REPRESENT BEAT CONTENT, MJ/IOQO KG COIm'\ 
ALL OTHER VARIABLES ARE MASSES 1 KG/lOOO KG CONC, ,(INCLUDING t MATTE' ) 
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c 

c 
c 
c 
c 
c 
C 
C 
C 

MATTE=CUC/CUMAT*1000. 
FE304M=MAGM/100. *MATTE 
MMAGM=FE304M/231.S41 
MCU=CUC*10./63.54 
MFE=FEC*10./55.847 
FES=MATTE-MCU/2. *159 .14-FE304M 
MFES=FES/87.91 
MCU2S=MCU/2. 
CU2S=MCU2S*159.14 
MFEM=MAGM*'3 • +MFES 
MSM=MFES+MCU2S 
MFESG=MFE-MFEM , 

\ 

/ 

SLAG=MFESG*71. 847/ (1-MAGS/100 .-SIS/IOO. * (100 ./SIF-) 
+ +3*71. 847*MAGS/100 .. /231. 541) 

FE304S=SLAG*MAGS/100. 
MMAGS=MAGS/100.*SLAG/231.541 
MFEOS=MFESG-3.*MMAGS 
FEO=MFEOS*71.à47 
S102=S1S/IOO.*SLAG 
FLUX= (SI02-SIC*10.) / (SIF/10D.), 
ROCK=RC* 10 .+FLUX*RF/100. 
MS02=SC*10./32.06-MSM " 
M02=MS02+'2. * (MMAGM+MMAGS) +. 5*MFEOS 
S02=MS02*64.06 
02IN=M02* 32./1000. 
H201=H20C*10.+H20F*FLUX/IOO. 
HCU2S=CU2S* (HH (1,1) *TM+HH (1,2» 
HFES=FES* (HH (4,1) *TM+HH (4,2» 
HS02=S02* (HH (10 ,1) *TG+HH (10 ,2) ) 
HFEO=FEO* (BH (14,1) *TS+HH (14 ,2» 
HSI02=SI02*(HH{9,1)*TS+HH(9,2)} 
HMAGM=FE304M*(HH(3,1)*TM+HH(3;2» 
HMAGS=FE304S*(HH(3,1)*TS+HH(3,2» 

,b HROCK=ROCK* (HH (15,1) *TStHH (15,2» 
HH20=H201* (HH (5,1) *TG+HH (5,2) ) 
HMATTE=HCU2S+HFES+HMAGM 
HSLAG=HFEO+HS102+HMAGS+HROCK 

\ 

GENERATION AND SOLUTION OF EQUATIONS TC CALCULATE THE UNKNOWN 
MATTE GRADE 1S SPECIFIEO AND THUS MASS BALANCE I-S SPEC:IFIED 
THE HEAT BALANCE MUST BE SOLVED ' -

tNITIALIZE MATRICES AT _ ZE!RO 

-DO 1201 I=. 1,4 
DO 1201 II=1,4 
AI(I,II)=O. ' 

1201 
C 

_ ~II)=O. 

C 
C 
C 

.. 

11ITIALIZE- COEFrICI~T MAT~IX 
AI(l,l)=-1. 
Al (2,2) =-1. 

Al. (3 ,1) el. 
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C 
C 
C 

c 
C 
C 
C 

c 
C 

, 
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__ r_.~ __ ~ __ , 

, ' 

A~(3,2)=-1. 

INITIALIZE RIGHT RAND SIOES OF EQUATIONS 

HST=CUMOL*183. 51*H298 (1) +PIE*119. 97*H298 (5) +PIRR*92. 4*H298 (4) 
HHST=CU2S*~298 (2)+FES*H2~8 (3)+S02*H'298 (8)+FE~H298_(~O) 

++FE304S*H298 (7) +FE304M*H298 (7) , 
HST=HST~HHST , 
HDT=HMATTE+HSLAG+HS02 

FINALIZE EQUATIONS BY BRANCHINGt TC APPROPRIATE STATEMENT 
NUMBER (DEPEND ING ON THE UNKNOWN) 

IF(TOX!'EQ.-i. )GO TC 1225" 
Ii (020X .EQ.-~. )GO TO 1250 
IF(FUEL.EQ.-~. ) GOTO l'ÙS 
,IF(H20.EQ.-~. )GO 'TO 1300 
IF(HL.EQ.-l.)GO TO ~325 

1225 CONTINUE 
C SETTING UP MATRIX TO SOLVE FOR OXIDANT TEMPERATURE 
C 

02XX=~OO. *020X/ (700 .+020X) 
02=02IN*1000. 
FUEL02=FUEL/THRU*32 ./12. * ~OOO. 
02T702+FUEL02 
N2=02T* (lOO.-0-2XX)/02XX 

..a,N2=N2* (HH (7 ,~) ~TG+HH (7,2) ) , 
A1'(1 ,3} =02T*HH (8,1) +N2*HH (6,1) 
B1 (1,4) =HST- (02T*HH (8, 2),+N2.*HH (6, 2) ) 

HDT=HDT+H20C*10. * (HH (5,1) *TG+HH (?, 2» 
+ +HL/THRU + REVERT*RVRTH/THRU 
+ ,+H20!THRU* (HH (5,1) *TG+HH (5,2» * 1000. 
+ -FUEL/THRU*1000. *H298 (9) 1 

+ +FUEL/THRU*44 ./12. *~OOO. * {HH{11, 1} *TG+HH (11,2) ) 
+ +HN2 
Bl(2,4),=-HDT 
GOro 1350 

C 
1250 

C 
CONTINUE 

. SETTING UP MATRIX TO SOLVE FOR NITROGEN MASS. 
C 

C 

02=02IN * 1000. , 
FUEL02=FUEL/THRU*32 ./12. *1000. 
02T=02+FUEL02 \ 

Al (1,3) =TOX*HH (6 ,1)+HH (6,2) 
Al ( 2 ,3) =TG *HH (7 , 1) +HH (7 , 2) 

) B1 Cl, 4) =HST-02T* (TOX*HH (8,1) +HH (8,2» 
. - ~ HDT=HDT+H20C*10. * (HH (5,1) *TG+HH~:>, 2)} 

+ +HL/THRU + REVERT*RVRTH/THRU 
+ +H20!THRU* (HH (5,1) *TG+HH(S, 2» *1000. 
+ -FÙEL/THRU*1000. *H298 (9) 
-+ +FUEL/THRt1*44 ./12. *1000. 11 (HH (11,1) *TG+HH (11, 2) ) 

BI (2,4) .. -BDT 
GO TO 1350 

... 
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1275 
C 
C 

\~ 
\ 

CONTINUE 
SETTING UP MATRIX TO SOLVE FOR FUEL , 

02XX=800.*020X/1700.+020X) 
02=02IN*lOOO. '\ 
N2=02*(lOO.-02 } 2XX ~ 

, HN2=N2* (HH (7, l *TG+ » ~ 
A1(1,3)=H298(9) liRU*lOOO.+ ./12./THRU*1000:* «100.-02XX)/02XX* 

+ - (HH(6,1)*TO +HH(6,2»+HH( TÇ>X+HHfS,2» > 

, ( 

'C ' 
1300 

C 
C 

Al(2,3)=44./12. THRU*1000.*(HH(11,1)*TG+HH(11,2» 
+ +32./12./ RU*1000.*(100.-02XX)/02XX* 
+ (HH(7,1)*TG+HH(7,2» ~ 
B1(1,4)~HST-(02*(TOX*HH(8f1)+HH(8,2»+N2*(TOX*HH(6,l)+HH(6,2») 
HDT=HOT+H20C*Io.*(HH(5,1)*TG+HH(5,2» 1 

+ -+HL/THRU.+ REVERT*RVRTH/THRU 
+ +H20/THRU* (HH (5,,1) *TG+HB '5,2» *1000. 
+ +HN2 
BI (~, 4) =-HDT 
GO TO 1350 

CONTINUE u 

SE1'TING UP MATRIX TO SOLVE FOR H20 REQqIREMENT " 

02XX=800. *020X/ (700 .+020X)_ 
02=02IN*1000. 

,FUEL02=FUEL/THRU*32./12.*lOOO. 
o 2T=02+FUELO 2 • 
N2=02T*(lOO.-02XXh/02XX 
HN2=N2* (HH (7, 1) *TG+HH (7,2» . 

l, 

Al(2,3)=TG*HH(S,1)+HB(5,2) 
Bl, (1,4) =HST- (02T*',:rOX*BH (~, l),+HH (8,2) ) +N2* (TOX*HH (6,1) +HH (6, 2) ) ) 
HDT=HDT+H20C*lO .,* (HH (5,1) *TG+HH (5, 2}) t> 

+ +HLlTHRU + REVERT*RVRTH/THRU 
+ -FUEL/THRU*lOOO.*H298 (9) 

C 
1325 

C 
C 

+ +FUEL/THRU*44 ./12. * 1000. *_(HH (11,1) *TG+HH (11,2) ) 
+ +HN2 

B1 (2,4) =-HDT 
GO TO 1350 .. 

CONTINUE 
SETTING UP MATRIX TO SOLVE FOR HEAT LOSS 

02XX=800.*020X/(7ÔO.+020X) 
02=O~IN*1000 • 
FUEL02=FUEL/THRU*32./12.*1000. 
02T=02+FUEL02 , 
N2=02T*(lOO.,-02XX}/02XX 
HN2=N2*(HH(7,1)*TG+HH(7,2» 

- . 

1 
[ 

.. 
Al (2,3) =1. 
B1(1,4}=HST_{02*(TOX*HH(8,1)+HH(8,2»+N2~(TOX*HB(6,1)+HH(6,2») 
HDT=HDT+H20C*10.*(HH(5,1)*TG+HH(S,2)} 

+ +REVERT*RVRTH/THRU .-
+ +H20/THRU*(HH(5,1)*TG+HH(5,2})*1000. 
+ -FUEL/TBRU*100~.*H298(9) 
+ +FUEL/THRU*44'./12. *1000.* (HH (11,1) *TG+HH (11, 2» 
+ . +HN2 

B1(2,4)--ODT 
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C 
C 
1350 
C 
C 
C 
C 

C 
C 
C 

c 

CONTINUE 
,-

SET ARGUMENTS OF IMSL LINEAR EQUATION SOLUTIàN 
(FOR SUBROUTINE LEQT1F) ". 

N=3 
M=4 
IA=4 ' 
IDGT=4 

SOLVE THE LINEAR EQUATIONS~ . 
CALL LEQT1F (Al ,M, N, lA, Bl, lDGT, WKAR1, 1ER) 

o -

HS=B1{1,4) fi 
iU)=B1(2,4) 

c 
c 
c 

THE FINAL RESULT (B1(3,4» REPRESENTS THE UNKNOv,nq PARAMETER 

c 
C 

1400 

c 
C & 

1425 

C 
1450 

C 

IF(TOX.EQ.-~.)GOTO 1400 
IF(020X.EQ.-l.)GO TO 1425 
IF(FUEL.EQ.-l.)GOTO, 1450 
IF(H20.EQ.-1.)GO TC 1475 
IF(HL.EQ.-l.)GO\TO 1500 

'l'OX=Bl(3,4) 
WRITE (N6, 121) TOX 
GO TO 1525 

N2=131(3,4) . 
020X=02T/32 .-/ (02T/32 .+N2/28. ) *100. 
WRITE(N6,122)020X 
GO TO 1525 

FUEL=Bl (3,4) 
FUEL02=FUEL/THRU*32./12.*1000. 
o 2T=02+FUELO 2 
WRITE(N6,123)FUEL 
GO ro 1525 

1475 H20=B1(3,4)*THRU/1000. 

C 

c 
c 

c 
c 
c 

WRITE(N6,124)H20 
GO TO 1525 

1500 HL=~1(3,4)*THRU 
WRlTE{N6,125)HL 

GO TC 1525 

92 CONTINUE 
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c 
c 
C 
C 
C 
C 

GENERATION AND SOLUTION OF EQUATIONS TO CALCULATE THE UNKNOWN 
MATTE GRADE IS NOT SPECIFIED 

~NITIALIZE MATRICÉS AT ZERO 

DO 201 1= 1, 12 
DO 201 11=1,12 
A{I,II)=O. 

201 B(I,II)=~. 
C 
C INITIALIZE POSSIBLE' ZERO ASSAYS TO SMALL NON-ZERO VALUES 
C TC AVOlD ERRORS IN SOLUTION OF Ji:QUATIONS, EFFECT ON 
C RESULT rs NEGLIGIBLE 
C 

C 
C 
C 

IF (MAGS .EQ~?O. ) MAGS =.005', 
IF(MAGM.EQ.O.)MAGM=.005 
IF{RF.EQ.O.)RF=.OOS 
IF{RC.EQ.O.)RC=.OOS 
IF(020X.GT.99.99)020X=99.99 
ON=(020X!loO.*32.)/«1.-020XjlOO.}*28.) 

INITIALIZE COEFFICIENT MATRIX 

A(1,1)=.79854 ~ 
A(2,2)=.6353 ) 
A(2,4)=.7773 Cf 
A-'(2, 6) =.7236 
A(2,7)=.7236 
A(3,1)=.20146 
A(3,2)=.3641 
A(3,3)=.50 
A(4,4)=SISj(lOO.-SIS) 
A(4,5)=-1. 
A{4,7)=SISj(lOO.-SIS) 
A(4,8)=SISj(100.-SIS) 
A(5,1)=MAGMj(100.-MAGM) 
A(5,2) = MAGMj (lOO.-MAGM) 
A(5,6)=-1. 
A (6, 4) =MAGSj (100 .-MAGS)' 
A(6,S)=MAGSj(100.-MAGS) 
A(6,7)=-1. 
A{6,8)=MAGSj(100.-MAGS) 
A (7,5) =-RFjSIF 
A(7,8)=1. 
A(8,3)=.50 1 

A(8,4)=.2227 
A(8,6)=.2764 
A(8,7)=;2764 
A{9,1)=H298(2) 
A(9,2)=H298(3) 

. A(9,3)=H298(8) 
A (9 ,4) =H298 (10) 
A(9, 6) =H29a (7) 
A(9,7)=H298(7) 
A (g, 9) =-1 •. 
A{lO,l}=HH(1,1)*TM+HH(l,2) 

/ 

, , 
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c 
c 
C· 

C 
C 

c 
c 
C 

C 
C 
C 
C 

C 

A(10,2)=HH(4,1)*TM+HH(4,2) 
A(10,3)=HH(10,1)*TG+HH(10,2) 

JI 

.19 lS THE HEAT REQUlREO TO FORM FAYALITE (MJ/KG FEO) 
THIS COULD BE ADOEI) TO THE FOLLOWING TERM IF DESIRED 
THE EFFECT ON THE HEAT BALANCE 1S NOT VERY SIGNIFICANT 

A(10,4)=HH(14,1)*TS+HH(14,2) 
,A;(10,5) =HH (~, 1) ~TS+HH (9,2) +,(HlOFjSIF) * (HH (5,1) *TG+HH (5,2) ) 
A(10,6)=HH(3,1)*TM+HH(3,2) 
A(10,7)=HH(3,1)*TS+HH(3,2) 
A (10",8) =HH (15,1) *TS+HH (15,2) 

'A(10,10)=-1. 
A(11,9) =1. 
A (11,10) =-1. 

, "-:! 
IN1TIAnIZE RIGHT HAND SIDES OF EQUATIONS 

HST=CUMOL*183.5i*H298 (1)+PIE*119.97*H298 (5)+P1RR*92.4*H 298(4) 
B(1,12) =CUC*lO. 
B (2,12) =FEé* 10 • 
B(3,12)=SC*10. 
B(4,12)=O. ' 
B(5,12)=O. 
B(6,12)=O. 
B (7, Il) =RC*'lO. 
B (11,12) =0. 

FINALIZE EQUATIONS BY BRANCHING TO APPROP~IATE STAT~T 
NUMBER (DEPEND ING ON THE UNKNOWN) 

IF(02IN.EQ.-1.)GO TO 200 
IF (TOX.EQ. -1.) GO TO 225 ~ 
If (020X. BQ. -1. ) GO TO 250 
IF(FOEL.EQ.-l.)GOTO 275 
IF(H20.EQ.-1.)GO TO 300 
IF{HL.~Q.-l.)GO TC 325 

/ 

C ' 
200 CONTINUE / 
C . SETTING UP MATRIX TO SOLVE FOR 02/CONC RATIO 
C 

02XX=800.*020X/(700.+020X) 
. FOEL02=FUEL/THRO*32./12.*lOOO. 

A (8 ,11) =-1. 
, A (9,11) =HH (8,1) *TOX+HH (8,2) + (100. -02XX) IOZ·XX 
+ * (HH (6,1) *TOX+HH (6,2» 
A (10,11) = (l00 .-02XX) /02XX* (HH (7 , 1) *TG+HH (7 ,2» 
B(8,12)=-FUEL02 _ 
B (9,12) =HST-FUEL02* ( (100 .-02XX)/02XX* (HH (6,1) *TOX+HH (6,2.) ) 

+ +(HH(8,1)*TOX+HH(8,2») 1 

HDT=H20C*10.*(HH(S,1)*TG+HH(5,2» 
+ +HL/THRU + REVERT*RVRTH/THRU 
+ +H20/THRU~ (RH (5,1) *TG+HH (5, 2) * 1000. 
+ -FUEL/THRO*lOOO. *H298 (9) 
+ +FUEL/THRU*44;/12.*1000.*(HH(1~,1)*TG+HH(11,2» 
~ +FUEL02*«(100.-02X~)/02XX*(HH(7,1)*TG+HH(7,2») 

• t 
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C 

6(10,12) =-HDT 
GO TO 350 

\ 

225 CONTINUE-
e SETTING UP MATRIX TO SOLVE FOR OXIDANT TEMPERATURE 
C 

C 

02XX=BOO.*020X/(700.+020X) 
02=02IN*~000. 
FUEL02=FUEL!THRU*32./~2.*1000. 
02T=02+FUEL02 
N2=02T*(~OO.-02XX)!02XX 
HN2=N2*(HH(7,1)*TG+HH(7,2» 
A(9, 11) =02T*HH (8, 1)~+N2*HH(6, 1) ,-
B(8,12)=02 , 
B(9,12)=HST-(02T*HH(8,2)+N2*HH(6,2» 
HDT=H20C*lO.*(HH(S,1)*TG+HH(5,2» ~ 

+ +HL!THRU + REVERT*RVRTH/THRU 
+ +H20!THRU*(HH(5,1)*TG+HH(5,2»*~OOO. 
+ -FOEL!THRU*1000. *H298 (9) 
+ +FOEL/THRU*44./12.*lOOO.*(HH(11,1)*TG+HH(11,2» 
+ +HN2 /'-

B(10,12)=-HDT 
GOTO 350 

250 CONTINUE 
C SETTING UP MATRIX TO SOLVE FOR NITROGEN MASS 
C 

02=02IN*1000. 
FUEL02=FUEL/THRU*32.!12.*10ao. 
02T=02+rUEL02 _ 
A(9,11)=TOX*HH(6,1)+HH(6,2) 
A(10,11)=TG*HH(7,1)+HH(d,2) 
B (8,12) =02 
B(9 r 12)=HST:02T*(TOX*HH(B,1)+HH(8,2) 
HDT=H2bC*~0~*(HH(5,1)*TG+HH(5,2» 

+ +HL/THRU + REVERT*RVRTH/THRO 
\ + +H20/THRU* (HH (5,1) *TG+HH (5,2) ) * l(roo. 

+ -FUEL/THRU*1000.*H298 (9) 
+ +FUEL/THRU*44 ./12. *1000'. * (HH (11,~) *TG+HH (ll, 2) ) 

, 

B(10,12)=-HDT\ t • 
\ " GO '1'0, 350 

/ 

C 
275 CONTINUE 
è SETTING UP MATRIX TC SOLVE FOR FUEL 
C 

02XX=800.*020X!(700.+020X) 
02=02IN*1000. 
N2=02*(100.-02XX)/02XX 
HN2=N2* (HH (7,1) *TG+HH (7 , 2) ) ,/ 
A(9,11)=H298(9)/THRU*1000.+32./12./THRU*lOOO.*(CIOO.-O2XX)!02XX* 

+- (HH(6,1)*TOX+HH(6,2»+HH(8,1)*TOX+HH(8,2» 
A(lO,11)=44./12./THRU*lOOO.*(HH(11,1)*TG+HH(11,2» 

+ +32./12./THRU*lOOO.*(lOO.-02XX)j02XX* ' 
+ (HH(7,1)*TG+HH(7,2» 

B(8,12)=02 
B(9,12)=HST-(02*(TOX*HH(8,1)+HH(8,2»+N2*(TOX*HH(6,1)+HHi6,2») 
BDT=H20C*10. * (RH (5,1) *TG+HH (5,2') ) 
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+1 +HL/THRU + REVERT*RVRTH/THRU 
+\ +H20jTHRU*(HH(5~1)*TG+HH(5,2»*lOOO.; 
+. +HN2 

_--- B (10,12) =-HOT 
GO TO 350 ~ 

300 CONTINUE 
C SETTING UP-MATRIXTO SOLVE FOR H2b REQUlREMENT 
c ~ 

02XX=800.*020X/(700.+020X) 
02=02IN*1000. 
FUEL02=FUELjTH~U*32./12.*lOOO. 
02T,=02+FUEL02 
N2=02T*(100.-02XX)j02XX 
HN2=N~*(HH(7,1)*TG+HH(7,2» 
A(10,ll)=TG*HH(5,1)+HH(5,2) 
B(8,12)=02· 
B(9,12)=HST-(02T*(TOX*HH(8,1)+HH(8,2»+N2*(TOX*HH(6,l)+HH(6,2») 
HOT=H20C*10.*(HH(5,1)*TG+HH(5,2» . 

C 
C 

+ +HL/THRU + REVERT*RVRTHjTHRU 
+ -FUELjTHRU*1000.*H298(9) 
+ +FtIEL/THRU*44 ./12. *1000.'" (HH (11 ,1) *TG+HH (11,2» 
+ +HN2 . ' 

B(lO,12)=-HDT 
GO TO 350 ,-' 

325 CONTINUE 
C SETTING UP MATRIX TO SOLVE FOR HEAT LOSS 
C 

C 
350 
C 
C 
C 
C 

.02XX=800.*020X/(700.+020X) 
02=02IN*lOOO. 
FUEL02=FUEL/THRU*32.j12.*1000. 
02T=02+FUEL02' . 
~2=02T*(lOO.-02XX)j02XX 
HN2=N2*(HH(7,l)*TG+HH(7,2» 
A(lO,l!)=l. 
B(8,12~=02 / 
B{9,12)=HST-{02* {TOX*HH{8,l)+HH(8,2»+N2* (TOX*HH(6,1)+ BH(6,2») 
HOT=H20C*10. * (HH (5,1) *TG+HH'(5, 2» 

+ +REVERT* RVRTH/THRU 
+ +H20jTHRU*(HH(5,1)*TG+HH(5,2»*1000. 
+ -FUEL/THRU*lOOO.*H298 (9) , 
+ +FUEL/THRU*44./12.*1000.*(HH(11,1)~TG+HH(11,2» 
+ . +HN2 

B(lO,12)=-BOT 

CONTINqE 

SET ARGUMENTS OF IMSL LINEAR EQUATION SOLUTION 
(FOR SUBROUTINE LEQT1F) 

N=ll . 
M=12 
IA=12 
IDGT=4 \ 
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( 

/ 

C 
C SOLVE~E LINEAR EQUATIONS 
C 

CALL LEQTIF(A,M,N,IA,B,IDGT,WKAREA,IER) 
C 

C 

CU2S=B(I,l:2) 
FES=B(2,12) 
802=B (3,12) 
FEO"B(t~2) -
SI02=B(5,12) 
FE304M=B (6,12) 
FE304S=B (7,12) 
ROCK=B(8,12) 
HS=B (9 ,12) 
HO=B (10,12) 

C THE FINAL RESULT (8(11,12» REPRESENT8 THE UNKNOWN PARAMETER 
C 

C 

IF(02IN.EQ.-l.)GOTO 375 
IF(TOX.EQ.-1.)GOTO 400 
IF(020X.EQ.-I.)GO TO 425 
IF(FUEL.EQ.-l.)GOTO 450 
IF(H20.EQ.-1.)GO TO 475 
IF(HL.EQ.·l.)GO TO 500 

375 02=B~11,12) 
02T=02+FUEL02 
02IN=02/1000. ' 
WR!TE(N6,120)02!N 

!l GO TO 525 
C • 
400 TOX=B(11,12) 

WRITE(N6,121) TOX 
GO TO 525 li!-

C 
415 N2=B(11~12) 

- 020X=02T/32. / (02'.t'/32. +N2/28.) * 100. 
WRITE(N6,122}020X 0 

GO 'l'O 525 

~50 FUEL=B(ll,12) \ 
FUEL02=FUEL/THRU*32./12.*1000. 
02T=02+FUEL02 . 
WRITE(N6,123)FUEL . 
GO TO 525 . 

C 
475 H20=B(11,12)*THRU;1000. 

C 

WRITE(N6,124)H20 
GO TO 525 / 

500 BL=B (11,12) *THRÛ ~ 
WRITE (N6 ,125) HL 

c 
525 

'\ 1525 
CONTINUE 

CONTINUE , 
02XX=800.*020X/(700.+020X) 
N2=02T*{lOO.-02XX)/02XX , , 
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C 
C 
C 
C 

C 
C 
C 

C 
C 
C 
600 

c 
C 

MATTE=CU2S+FES+FE304M 
SLAG=FEO+SI02+FE304S+ROCK 

\ 

• FLOX=(SI02-SIC*10.)/(SIF/100.) 0 

H20TOT=H20F/SIF*SI02 +H20C*10.+H20/THRO*1000. . 
GASNM3= (S02/64 .+N2/28". +H20TOT/18 .+FOEL/THRU/12. *1000) *22.4 
CUMAT=CU2S*.79854/MATTE*100. 
PERS02=S02/64.*22.4/GÂSNM3*lOO. 

CALCULATION OF SENSIBLE HEAT OF PRODOCTS AND 
FLAME TEMPERATURE 

HCU2S=CU2S*(HH(1,1)*TM+HH(1,2» 
~FES=FES*(HH(4,1)*TM+HH(4,2» 
HS02=S02*(HH(10,1)*TG+HH(10,2» 
HFEO=FEO*(HH(14,1)*TS+HH(14,2» 
HSI02=SI02*(HH(9,1)*TS+HH(9,2» 
HMAGM=FE304M*(HH(3,1)*TM+HH(3,2» 
HMAGS=FE304S*(HH(3,1)*TS+HH(3,2» 
HROCK=ROCK*(HH(1S,1)*TS+HH(1S,2» 
HN2=N2*(HH(7,1)*TG+HH(7,2» 0 

HH20=H20TOT*(HH(S,1)*TG+HH(S,2» 
C02=FUEL/THRU*44./12.*1000. 
HC02=FUEL/THRU*44./12.*lOOO.*(HH(11,1)*TG+HH(11,2» 
HMATTE=HCU2S+HFES+HMAGM 
HSLAG=HFEO+HSI02+HMAGS+HROCK 
HGAS=HS02+HN2+HH20+HC02 
HPRD=HMATTE+HSLAG+HGAS 
HLOSS=HL/THRU" _ 
PERS02= (S02/64.)/ (802/64 .+N2/28 .4;.H20TOT/18. +C02/44.) *100. 
FTHPRD=HPRD+HLOSS ' .. 
FTTRMl=CU2S*HH(1,1) +FES*HH(4,1)+S02*HH(lO,1) +FEO*HH(14, 1} 

+ +SI02*HH(9,1)+FE304M*HH(3,1)+FE304S*HH(3,1) 
... +ROCK*HH(l,I,1)+N2*HH(7,1)+H20TOT*HH(S,1) " 
+ +FUEL/THRÛ*44./12.*lOOO.*HH(II,1) 

FTTRM2=CU2S*HH(1,2) +FES*HH{4,2)+S02*HH(lO,2) +FEO*HH (14, 2) 
+ +SI02*HH(9,2)+FE304M*HH(3,2)+FE304S*HH(3,2) 
+ +ROCK*HH(15,2)+N2*HH(7,2)+H20TOT*HH(S,2) 
+ " +FUEL/THRU*44./12.*1000.*HH(11,2) 

FT=(FTHPRD-FTTRM2}/FTTRMI 
WRITE(N6,126)CUMAT,02IN,FT 
WRITE (N6, 162) 

OPTION TC SUPPRESS ADDITIONAL RESULTS 
1 

, CALL RNC (N9,l,OPT,I,1. ,2. ,XX) 

-' 

IF(OPT.EO.'l.)GO TC 600 
WRITE(N6,127)PERS02,FLUX,SI02,CU2S,FES,FE304M,FEO,FE304S,ROCK 
WRITE (N6, 128) 02T ,HLOSS,HD,HCU2S ,BFES ,HMAGM,HS02 ,HN2 ,HC02-,HH20, 

+HSI02,HFEO,HMAGS,HROCK 

GlVÈ OPTION TO CONTINUE 

WRITE(N6,130) - ' ) 
CALL RNC(N9,1,OPT,1,1.,2.,XXj 
IF (01T.EQ.1..),GO TC 40 
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101 

100 

102 

103 

104 
105 

106, 

107 

108 
109 
111 
120 
121 
122 
123 

\ 
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FORMAT(lH ,'DO YOU WANT (ENTER 1), NOT WANT (ENTER-2), AN " 
+ 1 INTRODUCTION?' ) 

FORMAT{lH ,'ENTER THE FOLLOWING INFORMATION; ONE VALUE PER LINE:' 
+ /lH, '%CU IN CONCENTRATE' , 
+ /lH ,'%FE IN CONCENTRATE' 
+ /lH, '%9 IN CONCENTRATE' • 
+ /lH ,'%SI02 IN CONCENTRATE' 
+ /lH ,'%H20 IN CONCENTRATE' 
+ /lH ,'%SI02 IN FLUX' 
+ /lH ,'%H20 IN FLUX'/) 

FORMAT(lH ,'ENTER THE FOLLOWING INFORMATION; ONE VALUE PER LINE:' 
+ /lH,' ENTER "-1" IF THE PARAMETER 18 THE UNKNOWN' 
+ /lH, 'CONCENTRATE THROUGHPUT, TPH ' ,~ 
+ /lH, 1 RADIATIVE AND CONVECTIVE HEAT LOSS MJ/H' i 

+ /1E:, '02/CONC MASS RATIO' i 
1 + /lH ,'VOLUME % 02 IN OXIDANT' j 

+ IIH, 'QXIDANT TEMPERATURE K' ~ J 
+ I1H ,'MATTE TEMPERATURE K' ~ j 
+ /lH ,'SLAG TEMPERATURE K', i 
+ jlH, 'OFF-GAS TEMPERATURE K, ~ 
+ IlH, 'FUEL, CARBON TPH' i 
+. llH, 'WATER, TPH' 1 
+ IlH, , REVERTS, TPH' /f 
+ IIH, 'REVERT .BEAT REQUlREMENT, MJ/T' 1) / ~ 

FORMAT(lH ,'ENTER THE FOLLOWING SLAG AND MATTE DATA'/lH', ;/ 
+ '%SI02 IN SLAG' /lH ,'%FE304 IN SLAG '/IH " %FE304 IN MATTE' /y 

FORMAT (lH ,'00 YOU WANT(l), NOT WANT'(2) TO INSPECT DATA?' 1) , 
FORMAT(lH , 'THE FOLLOWING DATA HAS BEEN ENTE RED , 11H , ,/ 

+ '(1) %CU IN CONC' = ',FS. 2/1H , , 
+ '(2) %FE INCONC = ',F6.2/1H, 

h '(3) %S IN CONC = ',F6.2/1H , 
+ '(4) ,%SI02 IN CONC = ',F6.2/1H , 
+ '(5) %H20 IN CONC = ',F6.2jlH 1 

+ '-(6) %SI02 IN FLUX = I,F6.2/1H , 
+ '(7) %H20 IN .. FLUX = I,F6.2j) 

FORMAT(lH _,'(8) 02/CONC MASS RATIO = I,FIO.4/1H , 
+ '(9) VOL % 02 IN OXIDANT = ',FIO.4jlH , 
+ '(10) OXIDANT TEMPERATURE K = ',F10.4/1H , 
+ '(11) THROUGBPUT TPH = ',FIO.4/1H , 
+ '{12) RAD AND CONV HEAT LOSS MJ/H = ',FIO.4/1H 
+ '(13J MATTE TEMPERATURE K:;: ',FIO. 4/1H , 
+ '(14) SLAG TEMPERATURE K = ·,FIO.4/1H , 
+ '(15) OFF-GAS TEMPERATURE K = ',FIO.4/1H , 
,+ '(16) FUEL, C, TPH = ',FIO.4/1H , 
+ '(17) H20, TPH =- ',FIO.4jlH, 
+ '(18) REvERT TPH = ",FIO.4/1H , 
+ '(19) REVERT BEAT REQ"MT, MJjT = ',FIO.4/) 

FORMAT{lH " (20) %S102 IN SLAG = ',F6.2.(lH , -
+ '(21) %FE304 IN SLAG = • ,F6. 2/1H , 
+ • (22) %FE304 IN MATTE = ',F6.2/) 

FORMAT{lH , 'ENTER VARIABLE NUMBER (OR "0" TO END EDIT) ~/) 
FORMAT(lH ,'USER ERROR, YOU MUST ENTER 1 UNKNO~--EOITll'/) 
FORMAT(lH ,'DO YOU WANT(l), NOT WANT(2) TO EDIT~ NEED HELP (3)?') 
FORMAT(lH ,'02/CONC MASS RATIO = ',F8.4) " 

, FORMAT(lH , 'OXIDANT TEMPERATURE K =\' ,F8.D) 
FORMAT(lH ,'VOL %02 IN OXIDANT = ',F6.2) 
FORMAT{1H ,'FUEL NEEDEO, C, TPH = ',F6.2) 
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C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 

FORMAT(lH ,'WATER NEEOEO TPH = ',F6.2) 
FORMAT (lH ,'HEAT LOSSES ID/H '= ',F9. 0) 
FORMAT(lH+,'%CU IN MATTE = ',F6.2/1H ,'02/CONC RATIO = ',F7.5/1H, 

+ 'FLAME TEMP (K) = ',F7.2/) • 
FORMAT(lH ,'%S02 IN OFF-GAS = ',F6.3/lH' ,'FLUX, KG = ',F7.2/1H , 

+'5102, KG = ',F7.2/1H ,'CU2S, KG = ',F7.2/1H ,'FES, KG = " 
+F7.2/1H ,'FE304M, KG = ',F7.2/1H ,'FEO, KG = ',F7.2/1H , 
+'FE304S, KG = ',F7.2/, 'ROCK, KG = ',F7.2') 

FORMAT(lH ,'DO YOU WANT(l), NOT WANT(2) TO CONTINUE?'/) 
FORMAT(lH ,'TOTAL 02, KG = ',F7.2/1H ,'HEAT LOSS, MJ/T = " 

+F7.2/1H ,'HEAT OEMANO=HEAT SUPPLY = ',F7.2/1H ,'HCU2S, Ma = 
+F7.2jlH ,'HFES, MJ = ',F7.2/1H ,'HMAGM, MJ = ',F7.2/1H , 
'+ 'HS02, MJ = ',F7. 2/1H , 
+'HN2, MJ = ',F7.2/1H ,'HC02, MJ = ',F7.2/1H , 
+' HH20, 'MJ = " F7. 2/1H " HSI02,' ID = ',F7. 2j1H ,'HFEO, Ma = " 
+F7.2j1H ,'HMAGS, MJ = ',F7.2/1H ,'HRoeK, ~ = ',F7.2/) 

FORMAT{lH ,'DO YOU WANT(l), NOT WANT(2) PRE-PROGRAMMED DATA?') 
FORMAT{lH ,'DO Y~U WANT{l), NOT WANT(2) TO SPECIFY %CU IN MATTE?') 
FORMAT(lH ,'ENTER DESlRED %CU IN MATTE') 
FORMAT{lH ,'ENTER %CU IN CONC') 
FORMAT(lH ,'ENTER %FE IN CONC') 
FORMAT(lH ,'ENTE~ %S IN CONC') 
FORMAT(lH ,'E~TER %SI02 IN ÇONC') 
FORMAT(lH ,'ENTER tH20 IN CONC') 
FORMAT(lH , 'ENTER tS:]:02 IN FLUX'), 
FORMAT(lH ,'ENTER tH20 IN FLUX') 
FORMAT{lH ,'ENTER 02jCONe (OR -1 IF UNKNOWN)') 
FORMAT(lH ,'ENTER t02· IN OXIDANT (OR -1 IF UNKNOWN) ') 
FORMAT(lH ,'ENTER OXIDANT TEMP(K) (OR -1 IF UNKNOWN)') 
FORMAT(lH ,'ENTER THRUPUT, TPH') 
FORMAT(lH ,'ENTE~ HEAT LOSS, MajH (OR -1 IF UNKNOWN) ') 
FORMAT {lH " ENTER MATTE TEMP (K) , ) 
FORMAT ( lH " ENTER SLAG TEMP (K) , ) 
FORMAT(lH ,'ENTER OFF-GAS TEMP(K) ') 
FORMAT(lH ,'ENTER CARBON,TPH (OR -1 IF UNKNOWN)') 
FORMAT (lH " ENTER H20 TPH (OR -1 IF UNKNOWN) ') 
FORMAT ( lH " ENTER REVERTS, TPH') 
FORMAT{1H ,'ENTER REVERT HEAT DEMANO, Ma/T') 
FORMAT{lH ,'ENTER %5102 IN SLAG') 
FORMAT(lH ,'ENTE~ FE304 IN SLAG') 
FORMAT(lH ,'ENTER % FE304 IN MATTE') 
FORMAT(lH ,'DQ YOU WANT(l), NOT WANT(2) TO SUP~RESS " 

+ 'ADDITIONAL RESULTS?'), ' 
STOP 
END 

SUBROUTINE HHH 

\ 
HE AT CONTENTS ARE LISTED BELOW 
-- UNITS ARE MJjKG 
HEAT = FIRST TERM * (T K) + SECONO TERM 

1 CU2S (LI0UID) 
2 FE2SI04 (LIOUIO) 
3 FE304 (LIQUID) 
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c 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 

4 FES (LIQUIO) , 
5 H20 (LIQUIO TO GAS) 
6 N2 (GAS, < 1200 K ) 
7 N4 (GAS, ~ 1200 K ) 
8 02 GAS 
9 SI02 LIQUlD 

10 S02 GAS 
Il C02 GAS 
12 cu' LIQUID 
13 FE304 (50% SOLlO, 50% LlQUlO) 
14 FEO LlQUIO ~ 
15 ROCK (50% CAO, 50% AL203, LIQULb) 

-
4 FES1.14 
COMMON H298(20),HH(20~2) 
HH(1,1)=.00056 
HH(1,2)=-.0802 
HH(2,1)= .. OOl033 
HH(2,2)=-.24642 
HH(3,1)=.0009216 
HH(3,2)=.25387 
HH(4,1)=.000811 
HH(4,2)=.051717 
HH(5,1)=.00253 
HH(5,2)=1.31389 
HH ( 6 , 1) = .. 00 n.18 
HH(6,2)=-.~47104 
HH (7.,1) =.001216 
HH(7,2)=-.4628 
HH(8,1)=.OOl031 
HH ( 8 , 2) = - .• 3243 
HH(9,1)=.001428 
HH(9,2)=-.70297 
HH(lO,1)=.0009106 
~H(lOf2)=-.o4012 
HH(11,1)=.001303 
HH(11,2)=-.5736 
HH(12,1)=.00051904 
HH(12,2)=-.003504 
HH(13,1)=.0008904o4 
HH(13,2)=.0060402 
HH(14,1)=.0009049 
HH(14,2)=-.1302 
HH(15,1)=.001263 
HH(lS,2)=.5754 
RETURN 
END 
SUBROUTINE HH298 ' 

? 

• 

H298 OF FORMATION FROM THE ELEMENTS ARE LISTED BBLOW 
-- IMPORTANT NOTE, VALUBS ARE MJ/KG 
-- EXCEPTION; FE2SI04 VALUE 15 FROM 'rE, 0, AND SI02 

1 CUFES2 
2 CU2S 
3 l'ES \ 
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( 

C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C ' " 

C 

4 FES1.14 
5 FES2 
6 'FE2SI04 
7 FE304 
8 S02 
9 C02 (/kg C) 

io FEO 

COMMON H298(20),HH(20,2) 
H298(1)=1.03756 
H29B (2)=.49956 
H29B(3)=1.14212 
H298 (4) =1. 08663 
H298 (5) =1. 42956 
H298(6)=2.64999 
H298 (7) =4 '-8229 
H298 (8) '=4.63316 
H298 (9) =32.792 
H298(lO)=3.6B044 
RETURN 
END 

\ 

/ 

SUBROUTINE MINER (CUC,FEC,SC,SIC,RC,CUMOL,PIE,PIRR) 
COMMON H298(20),BH(20,2) 
N6=6 ' 

/ 

C THIS SUBROUTINE CA~CULATES A CHALCOPYRITE, PYRITE, PYRRHOTITE 
-C MINERALOGY FROM CU, FE, AND S ASSAYS 
C 

RC=lOO.-CUC-FEC-SC-SIC 
IF(RC.LT.O.)WRITE(N6,lOl) 

101 FORMAT(lH ,'SUM OF ASSAYS lS GREATER THAN lOO~ RE-EN~ER'/lH , 
+ 'THE CONCENTRATE ASSAYS: %CU, %FE, %S, %S102'/) 

IF(RC.LT.O.}GQ TC 30 
10 . CONTINUE 

CUMOL=CUC*lO./63.S4 
FEMOL=FEC*lO./SS.847 
SMOL=SC*10./32.06 
Xl=FEMOL-CUMOL 
Yl=SMOL-2.*CUMOL 
PIRR=(2.*Xl-Yl)/.8571 
PIE=Xl-PIRR 
IF(Xl.LT.-.05.0R.Y~.LT.-.OS)GOTQ-2S 
IF(PIRR.LT.-.OS.OR~PIE.LT.-.OS}GO,TO 2S 
GO 'l'O 50 

2S CONTINUE 
WRITE (N6,99) 

99 FORMAT(lH ,·CUFES2/FES2/FES1.14,MINERALOGY IMPOSSIBLE; RE-ENTER' 
+ /lB ,'THE CONCENTRATE ASSAYS: %CU,%FE, %S', %SI02'/) 

30 CALL ~C(N9,1,CUC,O,lS.,34.48,O.) 
CALL RNC(N9,1,FEC,O,lS.,50.,O.) 
CALL ~C(N9,l,SC,Q,20.,40.,O.) , 
CALL RNC(N9,1,SIC,O,O.,2S.,0.) 
RC-IOO.-CUC-FEC-SC-SIÇ 

r 
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IF(RC.LT.O.)WRITE(N6,lOl) 
IF(RC.LT.O.)GO TC 30 
GO TO 10 

,CONTINUE 
RETURN 
lSND ./ 
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