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The smelting and refining models developed in this report have been designed

to treat concentrates produced from~eral processing techniques. ranging
/

in chemical analy;is of 12 t~ercent Cu and 2 to 3 percent Ni. For the

purposes of the material balances found in this report, the concentrate .

analyzes 14.3 percent Cu and 2.14 percent Ni, and the feed ,a~ 'input to the

smelter averages 14 percent Cu and 3 percent Ni. Despite the fact that no .

detailed engineering data is available on the smelting and re~ining o~·

Minnesota Cu-Ni ores, it can be safely assumed that pyrometallurg1cal

techniques (drying, smelting, converting, and refining) will be used. The

following general and specific assumptions have been made prior to any

mathematical calculations •

• A "material balance" is assumed to represent the quantitative flow
of constituents through a process flowsheet. A IIcomplete material
balance ll represents the quantitative flow of all the constituents
of an input material through a process flowsheet. (This assumes
that a complete and total chemical analysis is' known with regards
to the input material.) A "smelter/refinery material balance"
represents the quantitative flow of constituents through a process ~.
flowsheet which involves the smelting and refining of said constituents.
A IIcomplete smelter/refinery material ba1ance ll represents the quanti­
tative flow of all the constituents of an'input material through a
process flowsheet which involves the smelting and refining of said \'.
input material. (This assumes that a complete and total chemical
analysis is knO\'1n with regards to the input material.) A "fully"
integrated smelter/refinery material balance" represents the
quantitative flow of all input constituents through a process flow-
sheet which involves the smelting and refining of said input )'
constituents to a final product (this assumes that no intermediate
products exist in the balance which could be further treated, stored~

or discarded) •

• All models developed from the various material balances contained in
this report were without the aid of specific and detailed data ) , )
relating to the treatment of Minnesota copper-nickel concentrates. ~~ .
Hence, all quantitative data have minimum acceptable accuracies of
~50 percent. In many cases the true accuracy of individual numbers'
wi 11 exceed :t"100 percent., . .

~ A" .\.~ CLM4~~~ tiW,'!~I 1:"'" z;t.P'WA1cr~-k; '1~
\ c.:: ~ H

J
-+ 'A ~CL.L~L - 5:~. --""" ,j~ rJ)A-/ 0~ c:!Y<-~L

(I /J-"-..\ . d.}-" LA...~ - "-'V ~6-~ V 1- --.....-- -0/ -r-
~o~~Ltz~tI~1~~~~



'Y~.~:t •The flowsheet as outlined in Figure 1, which is the basis for the
~~'n_~' \ ~~ material balances found in this report, is itself, an assumption.
~)7 ~ Flowpaths have been hypothetically selected and are used as a tool

~
V' - ~~ .in order to predi ct end- use quanti ti es of meta1s, aci d, concentrates,

_ etc. The particular flowsheet chosen here mayor may not be real,
\ ~ and hence, mayor may not be indicative of treatment ,of Minnesota

/ copper-nickel ores. !Wi;k ~o-~~ __._

- The material balances are based on the production o~_~ 100,000 MTY \
of high grade COp-p-~~Qi~k~l matte. The smelter/refinery mod~l is­

~ based on the production of-~-rOO,OOO NTY of metal (copper + nickel).
~~ ~~ This, of course, means that the quantities of anyone particular

\)J constituent appearing in the material balances will have to be
multiplied by a "multiplying factor" to yield the quantities as
would be indicated by the smelter/refinery model.

eThe output products as indicated in the smelter/refinery material
balance are:

metal1ics
Fe-Cu-Ni concentrate
cathode copper
cathode nickel

-To convert the output products to a final metal product basis
(copper + nickel), it will be assumed that the metallic fraction
and the Fe-Cu-Ni concentrate fraction (both of these fractions
contain copper and nickel) will be treated for copper -and nickel
recovery with-n~osses of either element. Assume an overall copper
recovery o~ 96.31 percent and an overall nickel recovery of 91.68\

" percent. THese-recoveries·Yie-ld,.--.a Cu/Ni ratio of 7.00,: which--impiies
\.S l a "multiplying factor of'\l. 37394 ''to be used' in scalfng up the

~~~ numbers found in Table 1 to--yield-a smelter/refinery model production
of 100,000 MTY of metal (copper + nickel). Refer.to Figure 2 to
determine the "multiplication factor" for other size operations.
Note how the "mu l g)i p1i cati on factor" wi 11 change as the copper and

~ nickel recoveries change.

.~ multiplication factors to be used in the scaling of the quantities
J1~.~~~~.f~~nd i: TableAl are determined by the equation below:

1\ MF - (XeS + y-C)

~V· where
MF = the multiplication factor
A = the desired size of operation (metric tons of metal (copper +

nickel) per year)
X =the copper in the concentrate feed to the smelter (metric tons

of copper per year)
o -,-~-_. B = the avera 11 percent copper recovered

~ Y = the nickel in the concentrate feed to the smelter (metric tons
'S 1=2.· "\" of ni cke1 per yea r)

:r~~~~~e~~ntnickel recovered

VI ~

2

)
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Figure 1. Generalized Flowsheet for Concentrate"Smelting in the
Production of Commercial Grade Copper and Nickel.
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Figure 2. The Effects of the Change in the Cu/Ni Ratio on the
"Multiplication Factors" for ~'aterial Balance Scaling
(Yearly Metal Production)~
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• Material balances found in this report do not represent "complete
material balances. 1I

• Smelter/refinery material balances found in this report do not
represent "complete smelter/refinery material balances."

". Smelter/refinery material balances found in this report do not
.represent "fully integrated smelter/refinery material balances."

• Oxygen is not considered in the material balances. It is not
possible to predict oxygen or air pathways, efficiencies, or air
dilution values. Therefore, it is assumed that sufficient oxygen
as air and/or pure oxygen will be available to carry out the required

, reactions in the smelting and convertinq of copper-nickel ores.
Total gas flow volumes are not known; however, estimates of gas flow,
based on historical information, will be attempted.

• All models are considered to be "off site" m0gels with respect to
all parameters and variables (i.e. capital and operating costs,
manpower requirements, surface land use, water needs, etc.). The
only exception to the above assumption will be with respect to
transportation costs. Detailed transportation cost data was not
generated at the time of the writing of this report. Smelters and/or
refineries located "on site" will necessarily incur lower capital and
operating costs, reduced manpower requirements, smaller surface land
use, etc.

• Values predicting sulfur removal, fugitive emissions; stack emissions,
metal recoveries, and so on, are assumed values.

• Specification sheets relating to quantity, size, and type of e~uipment

used in the smelting and refining operations have not been included
in the modeling. Flowsheets have been generalized to include only
major types and quantities of equipment "needs.

/. Capital costs, operating costs, energy requirements, water require-
f ments, manpower needs, and so forth, are broken down by generalized
d categories. (These values will exclude any contributions resulting

\

from any intermediate mineral processing which might occur. Mineral
processing values will be interpolated from the main mineral pro­
cessing model.)

SPECIFIC ASSUMPTIONS - ~/1 LA , ..~.;I /.u-CAI •n ~ M-Pd ~~
s~~~~~ v---vv.-r-~'J /-- --V ~~---~ r;V"
Drying ~q"... .

• The moisture content of the concentrate to the smelter is 15 percent.

• Ten percent by weight of the concentrate will become entrained in the
dryer gas stream. ~

lD~"o(~ ,
~-+-O1\ f I ". \~) "'i'--J' \ f

~·Wt'"' "

\ \

6

)



• The input feed concentrate has the following chemical composition:
I

Element Wt % 'El ement Wt % ..

Cu 14.3 Pb ~ 0,•.009
Ni 2.15 Zn :: 0.42
Fe 33.2 Cd ~ 0,,0038
5 25.8 Ag ~ 0.005
5;02 14.3 Au ~ o. 00015

~ .

CaD 1;4 Rh :; o. 0000019
MgO 5,,0 Pt ~ o. 00019
A1203 2.8 Pd ~ 0,,00045
As ~ 0.0029

o Converter slag and portions of captured flue dust are recycled and
added as feed to smelter•

• Exhaust gases contain some molten or semi-molten dust particles.
Volatile compounds tend to be concentrated in the dust. Gases plus
dust are assumed to be a homogeneous mixture at the ~xit port of
each emission location.

o Individual dust particles emitted at the various point source locations
within a smelting complex assume the same chemical composition as the

. material from-which it is derived. Dusts,generated from the fluid
bed reactors assume the same chemical analysis as the product calcine 9

dusts generated from the smelting furnace assume the same chemical
an~lysis as. the metal matte, and so ono

7

(

85% goes into the slag', :','(true for concentrates high in zinc)
15% removed as dust ~(volatil;zation rate is ~20-30%)

• lead: major portion goes into the matte~·. PbS in the matte is then'
oxidized partly to PbO in the converting furnace and distributed
into the slago

90% 'goes into the matte (true for concentrates high in lead)
10% removed as dust (volatilization rate is z60%)



• CaO, MgO, A1 203: these constituents are principally distributed, into
the slag .

• Arsenic: 90 percent of the total amount present is removed as dust
or particulates (volatilization rate is ~10%)~

• Cadmium: 90 percent of the total amount present ·is removed as dust
or particulates (volatilization rate is ~10%)~

• Cobalt: approximately 70 percent of the total amount present goes
into the matte. Thirty percent is removed as dust or particulates
(volatilization rate is ~10%)·. .

• It is assumed that some flue dust .£tmore easily collected then others ..
The ease of collection is dependent 'upon where dust accumulates in
the system. Also, it is assumed that some dusts or particulates are
specially treated for removal of certain constituents. It is assumed
that ~73 percent of the As, Pb, Zn, and Cd is either:

1) contained or isolated in the system where collection occurs
less frequently, or

2) removed by special treatment prior to recirculation~

• Five percent of the total dust generated in the smelting system(s)
is considered to be fugitive, and as such, is never treated for
removal ~

• Ninety-six percent of the dust generated (excluding fugitive dust)
is treated and recovered and returned for use in the smelter.. The
remaining four percent is discharged as a stack emission.

• One percent of the total sulfur qenerated as SO? is considered to be
fugitive, and as such, is never treated for removal ..

• Ninety-five percent of the sulfur generated as S02 (excluding
fugitive sulfur emissions as S02) is treated for removal as sulfuric
acid and sold as a byproduct. The remaining five percent is dis­
charged as a stack emission ...

I

• Ninety-six percent (96%) removal efficiency on particulate cleaners
is assumed. Deviations from this efficiency will dramatically change
particulate emissions.

• Ninety-five percent (95%) removal efficiency of S02 in the sulfuric
acid plant is assumed. Deviations from this efficlency will drama-
tically change gas emissions. .

• Assume Cu, Ni, Fe, S in the matte are as CU2S,: Ni 3S2, Fe7S8' and Fe ..
Assume in flotation 95 percent recovery of CU2S in a cu-concentrate,
85 percent recovery of Ni3S2 in a Ni-concentrate, and 85 percent I

recovery of Fe7SS in a Fe-concentrate. The remainder of each consti­
tuent is split equally among the three concentrates. The analysis

'·8



Preoious Metals

'""

I,;

9

of the three concentrates is determined after summation. Assume
12,000 metric tons per year of metallics will form from every 100,000
metric tons of white metal matte averaging 63 to 68 p eRt-~-lh~

,r-~n~lysi~_of the m~rmined by difference (% Elementmetallics=
I - ____

( % Elementwhite metal - % Elementcu ~onc .. - % ElementNi conc .. - /'
" %Element. ---~

'-..:... Fe conc.) (Flgure 3). ~~'Q.i~'k~

ck~(\~3
the metallic phase in sulfur d~ficient, very slowly cooled matte, over a

.
wide composition range including commercial mattes~ contains by direct

analysis 80 percent nickel or somewhat less, and about 20 percent copper-
----------- -----The amount of meta11 i cs .present depends, of course, on' the sul fur defi ci ency

of the matte as controlled by the converter finishing procedure~ The ratio

of concentration of the platinum metals and gold in the metallic ,grains of
, . .

the slowly cooled matte, is very roughly 100-to 10 Silver, on the other

hand, is strongly concentrated in the copper sulfide, not surprisingly in

view of the greater affinity of sulfur for silver than for platinum metals
~~-. "

and gold, and the isomorphism of Ag S with~u S.

Refining'

,.• Average valu~s for waste effluents from the copper refinery are taken
from Table 2.. (50,000 metric tons cathode copper/year production·
is assumed .. )

.• The volume of copper sulfate production converted to metallic copper
amounts to 1.5-1.8 percent of the amount of copper produced. (1.6

.percent of the amount of 'copper produced is assumed for the copper
refinery balance.) Source: the electrolyti~ ~~fin)ng of copper 9

VaT .. Isakov, 1973.. - r~ ~ F7- ~(:~~

• The approximate' distribution of the principal elements contained
in the anodes between the cathodes, electrolyte, and slime is given
below in percent.. ~

.~; Pf L
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"figure 3. Cu-Ni Equilibrium Phase Diagram. (Source: Boldt, 1967)
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This equilibrium phase diagram is a concise graphical representation of
the amounts and compositions of the solid phases that crystallize from a nickel­
copper-sulfur melt held at a particular temperature until all change ceases. All
mattes with compositions that fall within the boundaries of the 'center triangles win
contain three separate distinct phases, the compositions of which ~ay be read from
'the corners of the appropriate triangle. At the ternary eutectic. temperature of
1067°F the three solid phases co-existing are: copper sulfide of 20 per cent sulfur
and Jess than 0.5 per cent nickel; metallic phase (a) of about 15.5 per cent copper,
Jess than 0.5 per cent sulfur, and' about 84 per cent nickel; and nickel sulfide (/3) of
about 6 per cent copper. At the eutectoid temperature of 968 C F the copper sulfide
and metaIlic phases have changed little, but the nickel sulfide undergoes a trans­
fprmation to a low temperature form (fJ') in which the solubility of copper is
only about 2.5 per cent. At 700°F, {3' contains less than 0.5 per cent copper.
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Was~ Efnuents fr~ Electro ! Copper Plants./ _ Q~iCTable 2.

7

!G
/ (s 0,1' DO'O JVt rp L1 P~-I~~, .~

/ PLANTtIDHBER
-

/

1 I 2
3 INET L~ADING

5 6
// NET LOADING NET LOADING NET LOADING NET LOADING NET LOADING AVERAGE VALUES

PARAMETER kg/kkg k~/kkg k~/kkg kg/kk~ kg/kkg kg/kkg kg/kkg metric tons/year

pH / ~---
.,

'.

- - ~-

----~ --~ ---.Alkalinity 0.044 0.04 0.017
COD 0.006 0.472 0.024 0.119 0.305

. Total Solids 0.074 3.40 0.014 0.310
Dissolved Solids 0.068 1.63 0.006 0.173 0.94
Suspended Solids 0.006 1.00 0.008 0.137 0.10
Oil and Grease 0.05 0.003
Sulfate (as S) 0.011 0.066 0.002 0.080 0.03975 2.0
Chloride 1.14 0.003 0.037 0.22 -Cyanide ____ ,~!,'

Aluminum 0.0004 0.010 0.004
Arsenic 0.0001 0.003 0.002 0.1
Cadmium <0.0001
Calcium 0.040 0.28 0.001 0.06 .-
Chromium <0.0001 0.0002

<. ','. .~....

'Copper 0.001 0.0005 ~O.OOOI 0.002 0.43 0.0009 0 •.045
r,..oo 0.0008 0.0003 <0.0001 0.0006 0.00045 0.0225

~d 0.0002 <0.0001 <0.0001 0.005 0.00135 0.0675
.....dgnesium 0.115
Mercury . 0.0001 . <0.0001
Molybdenum 4.72
Nickel 0.0004 0.0001 0.0001 0.006 0.001 0.00152 0.076'
Potassium 0.013
Selenium 0.0002 <0.0001 0.0002 0.0004 0.042
Silver <0.0001 0.0001 0.0001 0.005
Sodium 0.91 0.0001 0.052
Tellurium 0.001 0.052
Zinc 0.0002 <0.0001 0.003 <0.0001 0.008 0.00228 0.114

~

(

(
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Cathodes Solution Slime )
Gold 1.0-1. 5 98.5-99.0
Silver 2.0-3.0 97.0-98.0
Copper 98.0 1.9 0.07
Selenium and tellurium 1. 0-2. 0 98.0-99.0
Lead 1.0-5.0 95.0-99.0
Nickel 15.0 75.0 10.0
Antimony and tin 20.0-30.0 20.0 50.0-60.0
Sulphur 3.0-5.0 95.0-97.0
Iron 10.0-20.0 80.0 10.0-20.0
Zinc 3.0 93.0 4.0

. Aluminium 5.0 75.0 20.0
.Silicon 100
Bismuth 21.8 78.2
Arsenic 20.0 60.0 . 20.0

SOURCE: The Electrolytic Refining of Copper, V.T. Isakov, 1973.

• Assume 95 percent recovery of precious metals.

• Number of starter cells is determined by the following formula:

where N = number of cells in plant (328)
"1 = number of cathodes in production cell (45)
'"2 = number of blanks in cell (28)
K = yield of usable sheets (95%)

-"3 = number of sheets used for the production of one
. starting sheet (1.08) ,
a =average period for growth of cathodes Tn all the

. r.> roduct i on cell s (14)
, M =machine time of production cells (93%)
H = number of starter cells

SOURCE: ,The Electrolytic Refining of Copper, V.T. Isakov, 1973.

• Weight of an~de is 0.35 metric tons •.

• Weight of cathode is 0.125 metric tons.

• Numb~r of days per refinery campaign is 28 days.

• Number of anodes per cell is 44.

• Number of cathodes per cell is 45.

, • Number of cathodes per campaign is 90.
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• Number of cells is 3310

• Number of cells per section is 240

• Number of sections is 140

~
J~
/ .-Weight of nickel cathode ;s 00075 metric tonso

SOURCES: The Electrolytic Refining of Copper, V.T. Isakov, 19730
.Extractive Metallurgy of Cop~er, A.Ko Biswas, 1976.

,C .
~ Assume an overall nickel recovery if 98 percent.
OL
• Nickel recovery as a nickel cathode is assumed to be 85 percento

• Number of days per refinery campaign is 8 dayso

• Number of campaigns per year is 460

• Number of cells per campaign is 450

• Number of cathodes per cell is 390

• Number of anodes per cell is 400

The pyrometallurgical material 'balances which summarize "semi-quantitatively"

:::e::::l:fa::::::~:st::o~:: :e:;:;;~.;;::;~::::a::::sh::.:~~;;::~:~::~~~~
_;.~O percent. This factor, however, wi 11 not detract' from the probable 0 J.M.tb11

values to be anticipated .and/o: expected in the models (i.e. the order of I~ .
magnitude for ~redictable values in most cases, is assumed to be correct). j,t})..'MJ

/X;% fA ?-~of~'-" .1. .~The smelting/refining model incorporates concentrate drying followed by ~~~
flash smelti~g to a bulk copper-nickel matte. Metal separation will be by~~

flotation of the ground copper-nickel matte with the nickel-copper product

being refined by hydrometal1urgical and electrowinning techniques and the

copper-nickel product being pyrometallurgically treated and electrolytically

ref; nedo
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Figure 4 illustrates, in generalized form, the smelting flowsheet for the'

processing of copper-nickel concentrates. The flowsheet establishes the

principal equipment needs, and indicates the major or primary paths for

copper, nickel, slag, gas, dust, and waste heat. Figures 5 through 12

indicate the principal sources of:

)

• recycled dust (i.e" the electrostatic precipitators)

• atmospheric gas emissions (i.e. the stack)

• atmospheric particulate emissions (i.e. the stack)

• fugitive gas emissions (i.e. flash furnace, converters, anode
furnace) ~

• fugitive particulate emissions (i.e. flash furnace, converters,
anode furnace)

• water discharges (i.e. slag cleaning furnace, mineral processing,
anode furnace, double contact acid plant)

• solid wastes (i.e. slag cleaning furnace, mineral processing)

Figure 13 illustrates in generalized form the flowsheet for the refining of

anode Cu and Ni-Cu concentrate ,(intermediate products which are generated

in the smelting of Cu-Ni concentrates). The ·flowsheet establishes the

required, and Figure 15 summarizes the principal sources for water di~charges

(i.e. anode rinsing, cathode rinsing, product casting, electrolytic bleed,

and barometric condenser).

the areas where input water is

and indicates the major or primary paths for

copper and nickel.

~~ Table 3 collectively summarizes the inputs and outputs for the proposed

1{J\t~ smelter/refinery model (quantitative information for this table came .l-"'/,'l directly fro~.~~~mat:rial balances found later in this report With::V

. : ~\ 1~ the numbers). Certain output products identified in Table 3'/''f \ - .. _.... ~
. ',.i­
f



~ .. Fi gure 40 Generalized Flowsher-'f6~ Concentrate Smetting in the
Production of Commercial Grade Copper and Nickel.
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Figure 5. Generalized Flowsheet for· Concentrate Smelting in the
Production.of" Commercial Grade Copper and Nickel
(Principal Sources for Recycle Dust).
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Figure 60 Generalized Flosheei~r Concentrate Smelting in the
Production of Commercial Grade Copper and Nickel
(Pr; nci pa1 Sources for Stack Gas Emi ssi ons) ..
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Figure 7. Generalized Flowsheet for Concentrate Smelting in the
Production of Commercial Grade Copper and Nickel
(Principal Sources for Stack Particul~te Emissions).
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-~ Figure 89 Generalized Flowshe(~for Concentrate Smelting in the
Production of Commercial Grade Copper and Nickel
(Principal Sources for Fugitive Gas Emissions).
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Figure 9. Generalized Flowsheet for Concentrate Smelting in the
Production of Commercial Grade Copper and Nickel
(Principal Sourc~s for Fugitive Particulate Emissions).
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Figure 10. Generalized Flowshee ~'-'·or Concentrate Smelting in the
Production of Commerclal Grade Copper and Nickel
(So~rces for Water Needs).
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Figure 11~ Generalized Flowsheet for Concent 'ing in the
Production of Commercial Grade Copper and Nickel
(Principal Sources for Water Discharges).
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Figure 12; Generalized F'owsher'~-~\for Concentrate Smelting in the
Production of Commet""Jal Grade Copper and Nickel
(Principal Sources for Solid Wastes).
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Figure 13. Generalized Flowsheet for a Copper and "Nickel Refinery.

Nt-Cu CONCENTRATE

SLIMES TO
BYPRODUCT
RECOVERY

KEY

I 1
ANODE
RINSE

SCRAP
ANODES

1
LIBERATOR

CELL

t

I
~

ANODE Cu

REFINING FURNACE

B
4-

I I CATHODE STARTER
~ SHEET FABRICATION

TANKHOUSE

(ElejfrOlYticRef~

CATHODE RINSE ELECTROLYTIC
BLEND

1

?
v

~

TIlICKENING

~
LEACHING

I

TIlICKENING

I
~

LEACHING

FILTERING

I
~

ELECTROLYTIC TANKHOUSE
(Elee trowinning)

I
~

II

CATHODE RINSE (Copper)

.J.
REFINING FURNACE

~
PRODUCT CASTING

~

FILTERING

!
ELECTROLYTIC TANKS

(Electrowinning)

!
CATHODE RINSE

(Nickel)

!

PRODUCT CASTING

R
~

BAROMETRIC
CONDENSER

ELECTROWINNING

1
SCRUBBER

t
GASEOUS FUMES

TO ATM.

EVAPORATION

PRIMARY
MIMI COPPER PATH

PRIMARY
-- NICKEL PATH

f\)
~



-...

Figure 14Q Generalized Flowsheet for a Copper and ·Nickel Refinery'
(Sources for Water Needs).

Ni-Cu CONCENTRATE

<:

KEY

PRIMARY
-- COPPER PATH

PRIMARY
-- NICKEL PATH

1
SCRUBBER

BAROMETRIC I
CONDENSER ~

GASEOUS FUMES
TO ATM.

EVAPORATION

ANODE Cu

I I CATIIODE STARTER
~~ . . SHEET FABRICATION

TANKHOUSE

(E1Ir01YticRef~ I 1
CATHODE RINSE ELECTROLYTIC SCRAP SLIMES TO

I
BLEND ANODES BYPRODUCT

~ l. J, RECOVERY

IL'--- • N1S04~~-·--- _

u

/\

THICKENING LIBERATOR ~g~~

~ t
UTT~r.D ELECTROWINN!NG

!I
~

I
+
I

..;..
THICKENING

I
~

FILTERING

.PRODUCT CASTING

I
~

Ci
.~

N

'") ..•~:j;~,



F1 gure ,15. Genera1i zed F10wsheet for a Copper and. N,i eke1 Refinery
(Principal Sources for Water Discharges).
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(i.e. the metallics and the Fe-Cu-Ni concentrate) will be further treated

for the recovery of individual elements (copper, nickel, precious metals,

etc.)o Assuming that any additional treatment~of a particu~ar output'

product will not result'.in significant elemental losses, several types of

recoveries (depen~ing upon the particular basis used) can be realized.

calculated recoveries and/or losses are"'also summarized in Table 3. Refer

to the key to determine the basis for each calculated percent. Complete,

detailed material balances are not available, and, therefore, it is not

possible ~o calculate the true percent recovery or true percent 'loss of a

p~rticular element or compound. ,As a result, the stated quantity of a

particular output product found in Table 3 is not necessarily the true weight

to be produced from the proposed smelter/refinery model. The material

balances found in the report predict the quantity of the major product

values on the ~asis of the principal flow of copper and nickel, and do not ~

'. take into account the products produced from secondary copper and nickel

flow.paths. Consequently, the amount or quantity of cathode copper as,

stated in Table 3 will necessarily be less than the actual amount or quant'ity

of cathode copper produced from the proposed smelter[refinery model. This

is, likewise, th~ case for the other elements as products in the balances.

Assuming overall recovery factors of 96.31 percent for copper and 91.68

percent for nickel (refer to Table 3 to see how these' values are derived),

Table 3 reduces to the input and output quantities as found in Table 4.

Table 4 will serve as the basis for scaling either upwards or downwards to

a desired size operation (yearly metal production). Figures 16 through 23,

which deal with the total capital costs, direct operating costs, energy

requirements, water requirements, fugitive -'particulate emissions, stack
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Figure 180 Energy RequirementsG
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figure 19. Water Requirements for Smelting.

RECIRCULATING WATER

Figure 20. Water Requirements for Refining.
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Figure 21. Fugitive Particulate Emissions (Major Elements).
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Figure 23. F~gitive and Stack S02 Emissionse
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particulate emissions, and fugitive and stack 5°2 emissions for a smelter/

refinery operation, summarize in graphical form the results of scaling the

quantities found in 4 over the range of 75,000 to 175,000 metric tons per

year of metal production~ Cost data, energy values, and water needs are

based in terms of unit measurement per metric ton of metal produced, and

are mas t accura te1y defi ned for a 100,000 metri c ton per year meta1 producti on.,"

Consequently, the smelter/refinery model will be based on the production of

100,000 metric tons per year of metal, and Table 5 $ummarizes the cost,

energy, water, manpower, land, and air emissions for such an operation

(87,490 metric tons of copper per year, and 12,507 metric tons of nickel·

per year). Figure 24 al~o summarizes the principal final products to be

anticipated based on the above recovery factors for copper and nickel •

. PREFACE

INTRODUCTION

Ore-dressing is but one of the many vertical stages necessary in the process

of isolating metal from its host rock, that is, concentrating or enriching

the mineral. portion of the ore. Further treatment, however, is required

to completely eliminate'the remainder of the gangue and to break down the

mineral into its component elements for the freeing of metal. Just as

different minerals require special methods to effect their concentration,

so the extraction of various metals requires a diversity of treatment.

Pyrometallurgy is one such treatment in which the transformation reactions

are carried out by the applic~tion of heat. supplied by the burning of fuel.

• b



Table 5. Cost. Energy. Manpower. land. Fugitive. and Stack
Particulate and Gaseous Emissions For a Sme'ter/
Refinery Oper~tion Producing 100.000 Metric Tons
of Metal Per Year.
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LAND REQUIREMENTS

Smelter 55 Acres
Refinery 25 Acres

Total 80 Acres

FUGITIVE PARTICULATE EMISSIONS

Cu 965 Metric tons
Ni 174 Metric tons
Fe 1,900 Metric tons
S 1,008 Metric tons

STACK PARTICULATE EMISSIONS

Cu 728 Metric tons
Ni 131 Metric tons
Fe 1,444 Metric tons
S 768 Metric tons

FUGITIVE S02 EMISSIONS 2.987 Metric tons

~TACK S02 EMISS~ONS 14,907 Metric tons

17.2 'X 10'('77 dollars)
7.8 X 10'('77 dollars)

25.0 X 10'('77 dollars)

20_46 X 107 ('77 dollars)
7.96 X 107 ('77 dollars)

28.42 X' 10'{'77 dollars)

2.1 X 108 Gallons
7.9 X 108 Gallons
1.94 X 107 Gallons

'7.7 X 108 Gallons
4.23 X 109 Gallons
2.315 X 108 Gallons

7.'56 X lOll KCAL
3.26 X 1011 KCAL

10.82 X lOll KCAL

Smelter
Refinery

Total

Smelter
Refinery

Total

Smelter
Intake
Recycle
Discharge

Refinery
Intake
Recycle
Discharge

Smelter
Refinery

Total

TOTAL CAPITAL COST

ENERGY REQUIREMENTS

DIRECT OPERATINC COST

MANPOWER NEEDS

YATER REQUIREMENTS

.
I..
I..
I..
I..
I..
I..
I..
I..
I..
I..
•..
I..
I
•

•..
I..
•..

81,493 MTY Cu I
12,501 MTY Nt i

Smelter 435 Men -1.37394 Multiplication Pactor ..
Refinery 186 Men I

I To al '621 Men Overall Cu Recovery 96.31% i
.. t Overall Ni Recovery 91.68% ..
I ;:-... .

I Cu/Ni .. 7.00 . i..
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Figure 24. Principal Final Products from a Cu-Ni Smelting/Refining
Operation (Units are as Metric Tons Per Year; Elements
Should Not Necessarily Balance Out).

37·

Cu
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I
DRY CONCENTRATE

635,259 MTY

Cu 14.30%
Ni 2.15%

Fe 33.29%
S 25.87%

HIGH GRADE }~TTE

138,181 MIT
DISCARD SLAG
553,698 MTY

Cu 65.09%
Ni 9.46%

Cu 0.30%
Ni 0.15%

Fe 36.81%
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METALLJ:CS Cu-Ni CONe. Ni-Cu CONC. Fe-Cu-Ni CONeo
16,615 MTY 95,516 MIT 16,548 MIT 9,502 MTY

Cu 64.6% Cu 78.7% Cu 11.9% Cu 21.7%
Nt 9.1% Ni 0.9% Ni 59.2% Ni 9.4%
Fe 2.6% Fe 0.2% Fe 1.4% Fe 38.3%
S 22.9% S 20.2% . S 25.4% S 27.3%



Fire treatment usually plays an important role in producing metal from ore

or concentrate. Both the quantity of heat as well as the intensity of heat

effect me~al recovery. Following is a review of the operations of roasting,

smelting, and converting as used in the pyrometallurgical treatment of

copper-nickel sulfide ores.

ROASTING

Roasting is defined as a metallurgical ·operation wherein a material is

heated to an elevated temperature in a desired atmosphere to create a

certain desired chemical change. Stated differehtly, during roasting, an

ore is heated under such conditions and to such a temperature (below tha~

of fusion of its mineral constituents) that the metal components of the

ore which is sought for recovery, will be chemically changed from the form

in which it occurs in the ore to some other form which will be amenable to

some definite subsequent treatment. ,Roasting processes are generally of

the oxidizing, reducing, sulfating, or chloridizing type. Oxidizing roasting,

involves oxidation of a portion of the sulfur and iron sulfide content of
. 30

a sulfide are or concentrate to iron and sulfur oxides.

Typical types of roasters include:

1) mechanical roasters

2) agglomeration roasters

3) fluid roasters

Mechanical Roasters

The most widely used mechanical roasters today are of the superimposed

. multiple-hearth type. The ore is continuously raked by rotating rabble

38
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arms from hearth to hearth. During its passage down the furnace, the

( rabbling action continually exposes fresh surfaces to the oxidizi~g action

of air. In the case of sulfides, provided sufficient sulfur is initially

present, once roasting has commenced the heat generated by the reaction is

sufficient to run the sulfur down to a low content without the need for
o

extraneous heat. The gases lea~ing the top of the roaster contain from

2 to 6 percent S02 (l~w for s~lfuric acid manufac~ure) and carry away

approximately 6 percent of the roaster calcine product. Sulfur elimination

in the roaster ;s varied by regulation of air flows. and charge retention
30

time on the hearths (Figure 25)0 -

Figure 25. Cutaway View of a Multiple Hearth Roastero
(Source: Biswds, 1976)
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~g91omeration Roasting

....
..........

, ~~.,~"':' ••,J, t,'" , ,'.

_ ..~-;":' ...-::::. - 40'" -- " ,.

The chain, circular. and Dwight-Lloyd types of traveling grates can be

considered as proven industrial agglomeration roasting machi~es. Reactions
, ,

are usually performed with the beds supported,horizontally, though in some

unusual cases, grates have been mounted on inclines to elevate the discharge

end. Wind boxes and, in some instances, hoods used for confining draft

that is either induced or formed by blowers, ar.e used. as'auxiliaries for

traveling grates. External igniting or firing is perfo~med ,~y the use of

. open torches in cases of sintering, by incandescent refractory heat
-~,.. : " ....

reflectors in cases of ~oal combustion with autogenous ignition, or by

elaborate combustion chambers mounted in the hoods of the traveling grates

w~en substantial quantities of heated draft are required. In so.me

processes, recirculation and recuperation of draft are used by compart-
, .'

menting and connecting the wind boxes and hoods with blower arrangements.

. ,

The circular type of grate operates by having the grate carriers under

co~pression and tension induced by a friction or gear:driven mechanism

'outboard of 'the ring of grate members. The circular .grate revolves 'in a

horizontal plan and offers the unique feature of having grate components

Cn continuous use.throughout the processing period. Discharge is accomplished,

by a tripping mechanism which can be operated 'by.gravity or by a separate

gear-tilting mechanism. This type of grate was' applied very early in the

sintering of ores. For this service, relatively heavy-duty components are

required.

"

The Dwight-Lloyd type of traveling-grate is operated by a tail end drive

which pushes pallet cars (containing grate-bars and side walls) through the

processing zone. Pallets made of castings are arranged as a train of cars

~) .'

. '"i:'

" ~.

"
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under compression. Individual pallets are removable to allow the insertion

of spare palletso The relatively heavy narrow pallet and grate members

serve as a heat sink and consequently allow processing bed temperatures as
Q '

high as 3000oFo The Dwight-Lloyd machine has been extensively applied f~r" ~

high-temperature do\'mdraft operations in the prod~ction of metallic. and
3- . . .'" .

nonmetallic sinter and pe11et~o (Figu~e26)

Figure 26. Simplified Illustrations of Various Types of Traveling
Grates: Chain or Straker Type (A), Circular Type (B}9
Dwight-Lloyd (C.).o:: (Source: Ban)

A

c

". '.

Fluid Roasting

Fluid bed roasting is characterized by a gas-solid reaction ,in a dense

suspension of solids maintained in a turbulent ma'ss"by"the upward flow of

41



'!: .

'._gases, that affect the reaction: The roaster is essentially a cylindrical
.,. ~~; " ,.".. ' .

refractory-lined steel shell used toconta;n the suspended so;ids

(Figure 27).

Figure 27: CA) Cutaway View of a Fluid-Bed Roaster, and (B) Roaster­
Reverberatory Furnace Flowsheet. (Source: Biswas, 1976)

CYCLONE 'OR
CALCINE RECOVERY
(up to 15~)

(A)
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Air is forced into the roaster through tuyeres in a refractory-lined steel

construction plate that is placed at the bottom of the shell. Calcine;s

continuously exhausted from the reactor and recovered ;n cyclone dust



(
collectors. Once started, combustion is self~sustaining. The heated

suspension of solids in the reactor diluted by the air/gas streams acts in

many ways like that of a fluid. Material will flow like water into and

. out of the reactor. It will exert a gravity head which is used to effect

movement of the mass. Upon the introduction of heat, either in the form of

gas or fuel, the fluidized bed, because of its violent motion, quickly
...

reaches a uniform temperature throughout. The temperature of the reactor

can be controlled by regulating the volume of combustion air and by the
21

admittance of spray water to the chamber.

43

In roasting, concentrated sulfide ore is dried and heated until the sulfur

begins to combine with oxygen to form sulfur dioxide gas (502) which is

removed in a gaseous stream. Ores rich in sulfur are roasted to lower the

(~ sulfur content to a level adequate for smelting which is the next operation

to follow (ores low in sulfur content generally bypass the roasting stage).

The affinity between copper and sulfur is greater than that between sulfur

and any of the other metals present. Consequently, in smelting, the copper

will take enough of the sulfur to form Cu2S, the residual sulfur combining

with the iron, nickel, etc. The amount of FeS which will accompany the Cu2S

in the matte is therefore entirely a question of how much sulfur is left to

combine with the iron after all the copper has been satisfied, the amount

being controllable by the preliminary roast, which in turn controls the

grade of the matte. If, therefore, a high-grade (40-70 percent Cu) matte is

required, the roasting is carried to a high degree and for a low-grade matte

the roast would not be pushed to the same extent. The most desirable grade

of matte is a question which is decided on an individual smelter basis.

Several factors assist in deciding the question, e.g., relative amounts of



copper, nickel, and sulfur initially present in the ore, relative furnace

and converter costs, furnace capacity, etc. These factors are by no means

uniform as is realized by the fact that the copper content alone of mattes

produced by various smelters varies from 20 to 70 percent. A compromise is

usually reached on the production under prevailing conditions of the most

suitable grade.

Roasting is usually autogenous, however, some hydrocarbon fuel may be

required if the concentrates are excessively moist. Temperatures generally:

range from 500-700oe in the roasting chambers (temperatures of 500-550oC are

maintained with iron enriched ores in order to avoid the formation of iron

oxides). Roasting is not applicable to blast-furnace, flash, or: single­

step smelting all of which incorporate the roasting reactions in the"

'smelting step.

Roasting produces S02 and volatile oxides of arsenic, antimony, lead and

other trace elements. Roasting, therefore, involves a net elimination of .

sulfur and leads to a smelting product (matte) which js of considerably

higher copper grade 'than the original concentrate.

Dust content generated during ~he roasting reactions depend principally on:

.characteristics of the copper concentrates

.volume of air aspirated by the roasting furnace

.extent to which concentrates remain continuously in suspension
in traveling from hearth to hearth

.size and number of the aperatures in the hearth

44
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SMELTING

Smelting is a process for metal extraction involving the reduction of feed

to molten metal or matte (matte is an artificially created sulfide)>> which

. easily separates from a siliceous iron slag which also forms in the melto

Gangue material usually melts at higher temperatures than the matte, so it

is necessary to add fluxes which allow this gangue to become. sufficiently

liquid at the furnace temperature to form the slag. The major metals

simultaneously combine with sulfur to form the valuable matteo

Treatable materials in the formation of mattes include:

1) naturally occurring sulfides

2) partially roasted sulfides

3) mixtures of sulfides and oxides

In reference to a predominantly Cu-bearing ca1cine~ two theories exist

concerning the chemical reactions taking place during s~elting. The older

version is based on a neutral or slightly oxidizing atmosph~re wherein

copper has a greater affinity for sulfur than does iron. Little or no sulfur

is essentially lost in the system. All of the copper combines with the

avail~b1e sulfur to give the stab~e Cu2S form. The remaining sulfur

combines with available iron to give the stable FeS. fo~mo The remaining

iron and gangue combine as a slag. In the newer version, however, the

affinities of both copper and iron for sulfur are considered to be approxi~

mate1y equal at 1300oC. It is beljeved that the difference in the affinity

of oxygen by copper as opposed to iron is responsible for the separation

of copper into the matte.

1) 2Cu (1) + FeS (1) = Fe (I) + Cu2S (A)

K = 3

45



2) Fe (I) + Cu20 (1) = FeO (~) + 2Cu (!)

K = 1300

3) Cu20 (1) + FeS (1) ~ Cu2S (l) + FeO (1)

K = 3900

The above chemical equations, with their corresponding equilibrium constants,

indicate iron's greater affinity for availab1e oxygen than that of copper

for oxygen. The iron tends to combine. with oxygen, whereas the copper tends

to remain in combination with sulfur. .

For.copper-nickel bearing calcines, smelting occurs in a similar fashion

with copper sulfides and nickel sulfides forming the matte.

With this in mind, a review of available smeltirig apparatus is in orde~.

Typical types of smelting equipment include:
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• Conventional Blast Furnace,
--»...

.... --»...
• Momoda Blast Furnace - ~ _ -+- 0 .... "»..

--+---+-:= ....... ~-~=-~
• Reverberatory Furnace - ~ - ~ - ~ - ~
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~- 0

• El ectri c Furnace - ~ ....

Smelting Furnaces
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• Noranda Furnace.... --....
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--+--~- .... ~
• Mitsubishi Furnace- -+- - -+ - -+- - ~ --..;t-~~Continuous Smelting Furnaces
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B " ~-~- -...,....• rl tcosmaco Furnace- ...,.... - ...,.......,....-
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• USBM Furnace...,.... -



Processing operations for the conventional smelting furnaces include only

the smelting phase. Flash smelting equipment combines both phases of

roasting and smelting in a single confined unit. Continuous smelting

apparatus, on the other hand, combines the phases of roasting, smelting t

and converting (with slag cleaning in some instances) in a single contained

unit.

Conventional Blast Furnace

The blast furnace consists essentially of ~ tall vertical hollow shaft~

rectangular in cross-section, surmounting a hearth or crucibleo Air

required for combustion is supplied by a blower; it passes into the blast

main surrounding the furnace anq from there to the tuyeres, hence into the

furnace. Where the air enters the furnace, very high temperatures are

generated by the combustion of fuel, and as the products· of combustion

ascend, they yield up their heat to the charge. Gases and fumes escape

from the. top of the furnace through a flue located just below the charging

floor. Metal and slag separate according to their specific gravities and

are tapped from the crucible. The blast furnace, although simple in

construction, is elastic in operation and is capable of high erficiencieso

Coarse or sintered ore, however, is required for efficient working ~

30
(Fi gure 28) 0

Blast-furnace smelting was used extensively in the pas~~for producing large

41

quantities of matte from lump sulfide ores. It was also used at one time
":~~

to produce a crude, iron-contaminated "black copper" from oxide ores.

However, depletion of rich lump ores and the increasing prevalence of froth

flotation concentrates have gradually eliminated the blast furnace from



Figure 28. Cutaway View of a Blast Furnace for Producing Copper Matte
from Sulfide Ores. (Source: Biswas, 1976)

matte smelting. The blast furnace is unable to directly treat finely­

ground flotation concentrates because they are quickly blown out of the

furnace by the rising combustion gases. However, the blast furnace still

finds some use (usually with a sintered charge) in Africa where mixed

oxide-sulfide ores are treated, in Canada for Cu-Ni concentrates, and in

Japan. World-wide there are few than ten matte blast furnaces remaining

in operation (1974).

48

)



Typical charge to the blas-t'furnace consists of sintered concentrates,

lump ores, silica fluxes, converter slags, and metallurgical cokes. The

products of the furnace include:

• a· copper-rich 1iqui d matte (~ 50 percent Alu)
• a liquid slag
«» gases containi ng app.roxi ma te ly 5 percent S02

(gases are generally laden with dust)

Momoda Blast Furnace

The Momoda process involves the feeding of plasticized concentrates

directly ~nto a furnace without ~riot briquetting or sintertng. The'

plasticizing step consists of thorough kneading of fine copper concentrates,

flue dust, and other fine material such as cement copper into a stiff

plastic mass containing 10 to 15 percent water. The furnace is charged

alternately at approximately one-half hour intervals through a central

hopper opening, first with plasticized concentrates, and then with a coarse

mixture of coke, silica flux, limestone, crushed converter slag, and

crushed skull material. The plasticized concentrate represents 50 to 60

percent of the total charge to the furnace (Figure 29).

Figure 29. Specially-Designed Hopper Feeds Momoda Furnace Without
Briquetting or Sintering of Concentrates.
(Source: Treilhard, 1973).
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Reverberatory Furnace

The reverberatory furnace is composed of a shallow hearth with side and end

walls surmounted by an arch roof. The hearth is well constructed, being·

built of concentrate overlaid with silica brick and sintered sand. Side walls

are of silica brick with frequently two or more courses of magnesite brick

at the level of the slag line. The arch, or roof, is composed of a span of

silica or magnesite bricks held in place by iron plates which run along

the longer sides of the furnace and are bolted to cast-iron uprights set

in the foundations. The plates take up the thrust, the weight resting on

the side walls. Horizontal tie-rods across the toP. of ~he furnace, bolted

to the vertical uprights, serve to hold the furnace rigid. Heating is

usually by pulverized fuel or gas injected into the furnace via burners

inserted in the end wall. The ore is charged either through holes in the

roof or through openings in the side walls. Metal is withdrawn through a

tap-hole in the side of the furnace, slag either being tapped from the

opposite side or, as in the case of copper, running continuously through a
30

tap-hole in the front end (Figure 30).

The reverberatory furnace is the most widely used unit for smelting. The

dimensions of reverberatory furnaces vary considerably, but modern furnaces

are typically 33 m long (inside)~ 10 m wide and 4 m high -(hearth to roof).

Furnaces of these dimensions produce in the order of 500 to 800 metric

tons of matte (35-40 percent Cu) and 500 to 900 metric tons of discard slag

per day. A smelter usually has from one to three such furnaces. The

reverberatory furnace is also used (simultaneously with smelting) to recover

copper from recycled, molten converter slag.
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Figure 30. Cutaway View of a Reverberatory Furnace'for the Production

of Copper Matte from Sulfide Concentrates on Roasted
Ca1ci nes • (Source: Bi swas, 1976 )
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The extensive use of reverberatory furnaces is due to their high degree of

versatility" The heat for smelting is provided by burning fuel in the

furnace and by passing the hot combustion gases over the chargeo All types

of material, lumpy or fine, wet or dry, can be readily smelted. There are

approximately 100 reverberatory furnaces in use worl.d-wide (1975)o

During the melting phase in a reverberatory furnace, approximately 20 to 50

percent of the sulfur in the charge is oxidized.. The range of sulfur dioxide

concentration in the wet offgas is 0.5 to 2.5 percent depending on the feed'

and operating conditions. Of the sulfur in the charge, 70 to 80 percent is

removed in the matte, 18 to 30 percent in the flue gas, and 1 to 2 percent

in the slag"

( Dust from the reverbe~atory ~urnace is a substantial problem. Heavier

particles settle below the waste heat boilers and into the hoppers of the



2) The 502 concentrations of its effluent gases are readily controlled
by adjusting the amount of air infiltration into the furnace. With
a minimum amount of air infiltration, the S02 concentration may be --)
as low as 0.4'percent, for venting directly to the atmosphere,
while extensive air infiltration and sulfide oxidation leads to S02
concentrations in the order of 5 percent. This latter gas is blended
with converter gases and the S02 is extracted from both as sulfuric
acid.

The electric furnace has the same versatility as the reverberatory furnace.

and this factor plus the environmental advantages have led to its adoption

for new smelting capacity in several environmentally sensitive areas.

World-wide there are approximately 15 electric smelting furnaces in

operation, including those used for producing Cu-Ni mattes.

Mattes and slags produced ;n electric 'furnaces are similar in nature to the

mattes and slags from the reverberatory furnac~. 5°2' gas emissions generally

range from t~o to four percent with minimal dust losses, a consequence of

low gas velocities .

.Flash Furnaces

Flash furnaces for smelting are of two types:

1) The Outokumpu Furnace'

2) The INCO Furnace

In the flash smelting process, flotation concentrates are injected along

with flux and either preheated air or oxygen into' a combustion chamber

maintained at smelting temperature by "flash" combustion of iro.n and sulfur

while the particles are in suspension. The heat of the exothermic oxidation

reactions is used in the smelting, with any heat deficiency augmented by a

small addition of fuel, preheating of combustion air, enrichment of the

combustion air with oxygen, or a combination of the above.



Outokumpu Furnace--Concentrate, dried to less than 0.2 percent moisture is

mixed with heated air in a burner at the top of a reaction shaft. The

melted droplets collect in the settler and develop the two normal liquid.

layers--matte and slag. The off gas has a sulfur dioxide content of

approximately 14 percent and a dust burden of 6 to 10 percent of the charge'.

The matte grade is ordinarily, 50 to 50 percent in Cu. The slag, which

contains too much copper to discard, must be cleaned by settling in an

electric furnace, or by casting, slow cooling, and treating by conventional

flotation-concentration method~o The high matte grade substantially

reduces the amount of converter p~ocessing which follows. However, the

amount of secondaries which can be smelted as coolant in the converter is

limited. The amount of heat available to flash smelting depends upon th~

30
iron and sulfur content (Figure 32).

Figure 32. Cutaway View of Outokumpu Preheated Air Flash-Smelting
Furnace. (Source: Biswas, 1975)
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INca Furnace--The INca flash furnace uses commercially-pure oxygen in the

flash smelting of ,sulfide concentratesG The concentrates are dried to

approximately 0.1 percent moisture and partially oxidized with the oxYgen

in burners located in the ends of the furnace. Afurnace of modest propor­

tions offers a high throughput. The gas volume is very small, containing

approximately 80 percent S02 which can be scrubbed and liquified by

compression and cooling. The slag developed in the furnace is low enough

in value to discard, but the converter slag ;s returned for cleaning.

Thus, slag-cleaning facilities must be included in the smelter design.

The oxygen flash furnace ;s dependent solely upon the oxidation of a portion

of the iron and sulfur for the furnac~'s energy so that its application

generally covers the same concentrate grade ranges as the Outokumpu 'furnace
30

(Figure 33).
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. Figure 33. Cutaway View of INCO Oxygen Flash Smelting Furnace.
(Source: Biswas, 1976)
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Flash furnaces utilize the heat evolved from oxidizing part of their sulfide·

charge to provide much or all of the energy required for smelting. The

principal advantage of the flash smelting processes is that their energy

costs are considerably lower than those of reverberatory and electric­

furnace smelting. Flash furnaces are also excellent from an environmental

point of view-because they produce S02-rich effluent gasses from which the

5°2 can be efficiently removed as sulfuric acid or liquid 502. For these

reasons, flash furnaces have accounted for most of the new matte smelting

capacity since 1965Q The principal product of flash-furnace smelting is a

high-grade (45 to 50 percent Cu) liquid mattea

Currently (~975), there are twentyOutokumpu flash furnaces in operation

(17 built since 1965) and one INCO oxygen flash furnace. Flash furnaces

are usually operated singly as the only smelting unit in a smelter.

Continuous Furnaces

Continuous smelting furnaces include the following:

1) The Noranda Furnace

2) The WORCRA Furnace

3) The Mitsubishi Furnace '.';
.;.1

4) The Britcosmaco Furnace

5) The USBM Furnace

In continuous copper smelting, each metallurgical stage of roasting,

smelting, and converting, with slag cle~ning, is accomplished in an

individual unit with continuous tapping and transfer of matte and metal.
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Noranda Furnace--The Noranda process is based on two considerations: by

combining smelting and converting in the same furnace, the fuel consumption )

can be minimized, and dynamic conditions can be created in the bath which

will allow the production of copper while charging copper concentrates in'

the furnace ..

Pelletized concentrates and flux are fed through a slinger belt into a

cylindrical furnace of the same diameter but twice the length of a large

converter. As oxygen-enriched air is introduced through tuyeres, three

liquid layers are produced and coexist in t~e furnace: slag, matte, and

copper ..

,
Matte and slag flows are controlled as they move slowly to the tapping

ports. Oxidizing gas is introduced into the matte to oxidize the FeS.

Continued injection of the' gas into the resulting white metal gradually

oxidizes Cu2S to metallic copper, which is tapped periodically after it

separates by settling ..

Slag tapped from the reactor is a low-silica, high-~opper product, which

is treated by milling to yield a high-grade.c~ncentrate, which is recycled, .
" 30

.and a low-copper (about O.S'··percent) tailing which is discarded (Figure 34) ..

'. WORCRA Furnace--In the WORCRA process, 'concentrate, and fl ux are introduced

in a mildly oxidizing smelting zone by pneumatic or mechanical injection

at an appropriate angle to ensure particle penetration into the liquid and

to aid the continuous circulation of matte and slag in the "bowl." Some

concentrates may be added in the converter zone closer to the slag exit, .

where they help'to control magnetite formation in the slag.
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Figure 34. Schematic Longitudinal and End View of the Industrial
Noranda Single-Step Reactor. (Source: Biswas, 1976)
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A form of hot solvent-extraction is achieved by for~ing the slag to move

generally countercurrent to the matte. ~ .Unwanted nonvolatile components,

particularly iron, are thus continuously being transferred to the slag-after

oxidation. Conversely, and particularly in the smelting and slag cleanup

zones, va1uab" e copper in the slag can be caused to revert to the matte

phase' by interaction with ferrous sulfide in the matte. In this separate,

but connected, slag-cleaning zone, additions of concentrates or pyrites are

made to cause both separation or settling of entrained matte, which is

continuously returned by gravity to the smelting zone via a sloping hearths

. (

As the matte moves slowly through the smelting and converting zones, it is'

sequentially lanced with air (or enriched air), causing conversion to white

metal and then to copper. Significant differences in specific gravity of

these phases aid.in the separations. The hearth in the converting zone



, '" '.~~
.+_'_,_;:;,-~:i',;"-r.. •

'conti nues to slope downwa rd to an· underpass througn ,wh, ch copper passes

continuously to a "copper well ll which overflows with the blister copper

product.

Furnace gases rich in S02 can be treated for waste-heat utilization and

dust recovery in conventional equipment prior either to venting or to

conversion in a sulfuric acid plant. In a commercial-scale plant, the low

S02 gases generated by the burners that heat the slag-cleaning zone could

be used separately for concentrate drying or combined with the rich smelter

( )
30.

gas Fi gure 35 •
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Figure 35. Plan and Elevation Views of the WORCRA Process Pilot
Reactpr. (Source: Biswas, 1976)
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Mitsubishi Furnace--The Mitsubishi process is a relatively recent development

and utilizes three separate furnaces. In the first furnace, concentrates are

dispersed in air jets which impinge against the surface of the melt, and are

smelted and partially converted to approximately a 60 percent copper matte •.

This matte then flows into a second furnace and is converted by air lances t

while the slag is treated pyrometallurg;cally in an electric furnace. The

basic elements of the Mitsubishi process are similar to those of the flash

smelting process, with the exception that the three furnaces are inter~

connected and transfer of slag and matte between them is by gravity flow

(Fi gu re 36). 30
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Figure 36. Schematic Plan and. Elevation Views of the Mitsubishi
Continuous Smelting System. (Source: Biswas, 1976)
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Britcosmaco Furnace--This process is intended to bring together the best

features currently available in pyrometallurgical methods for the treatment

of sulfide concentrates. It;s based on minimizing the use of oxygen to

not only oxidize sulfur, but also produce a slag of high enough oxygen

potential to allow metallic copper to be made directly in the process.

Dry concentrate and flux are fed into the main smelting shaft with

sufficient preheated or oxygen-enrich~d air to, prov;'de for autogenous

smelting, producing enriched white-metal and slag phases. These collect

on the hearth in two layers.

As the volume of slag increases it flows along the phase-reaction section

of the heartb. Contact with matte and low-grade matte causes more copper

to be rejected. As the slag progresses toward the top hole, it is subjected

to even greater reducing action immediately under the secondary smelting

shaft. In the final stretch between the shaft and the tap hole, fine

particl~s of matte disperse through the'slag, reducing oxygen potential

even further and causing additional rejection of copper.

Meanwhile, at the other end of the hearth? copper falling down the main

smelting shaft is oxidized up to the state of metal, with variations in

oxidation level evening out as the particles work their way through the

slag. The copper dissolves at the top ~f the enriched white-metal layer,

is precipitated from the bottom as metal, when it is removed via a bottom-
30

tapping xyphon arrangement (Figure 37).

USBM Furnace--The USBM process consists of a furnace with a sloping hearth.

Sulfide concentrate and flux are blown into the furnace through a burner.

Flash smelting produces approximately a 50 percent copper ,matte, which flows

down the hearth countercurrent to slag flow.
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Figure 37. Britcosmaco Process Needs Low Energy Input.
(Source: Treilhard, 1973)
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At the converting end of the furnace, oxygen is introduced via a watercooled

lance immersed in the matte layer, where conversion to blister copper

proceeds. Injection of oxygen into the matte by a lance passing through

the slag layer concentrates heat in the matte, where it is needed, and keeps

the slag at lower oxygen potential, thus 10\'/ering its copper content.

Slag formed in the smelting and converting reactions flow to the slag well,

undergoing cleaning enroute by:

1)

2)

3)

4)

contact with lower-grade matte

the roast reaction of copper ~ulfide and copper oxide

the reduction of copper oxide by sulfur and ferrous sulfide
30

the reduction of magn~tite (Figure 38).

All of the continuous smelting processes combine the steps of roasting,

smelting, and converting into a continuous (and perhaps autogenous) singleo

step operation for producing blister copper directly'from concentrates.

Input materials to the processes are concentrates, fluxes, and air; and the

products are blister copper, a gas of high S02 strength, and a slag suffi­

ci~ntly low in copper to be directly discarded.



figure 38. Bumines Autogenous Scheme Combines Multiple Processing in
Single Furnace. (Source: Treilhard, 1973)
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(!)=lah routing land smelting .

2CuF8S;r +OJ ~ Cu, S ... 2FeS'" SO,
2FeS + 30, ... 2FeO'" 250 1

'(Fo,OJ and FoJO. also formed)
3F.,OJ '... FeS -. 7FeO ... 50,
.3FeJ 04' +FoS'" 10FeO ... 50J
2F.O +5iO.1 ... FeISiO.

(®Convening·
:2FeS+·30, .. 2FeO +250,
.:2CUlS+30J'" 2Cu zO'" 250,
(Cu;r5 t2Cu, 0'" 6Cu + SOi
~2FeO'+ Si0 2 ... Fe,. SiO..
\:eFeO +·OJ ... 2.FeJ O•

@Slag cleaning

2Cu,O ... Cu,5'" 6Cu'" 50,
Cu,O + Fe5'" CU z5'" FeO
2Cu10'" 5'" 4Cu + SO,
feS ... 3F.J O..... 10FeO +50;r

The potential advantages of such a single-step process for producing

blister copper would be:

1) a reduced amount of material handling due to the absence of inter­
, mediate steps.

2) a low or zero energy requirement, due to efficient use of the energy
obtained by oxidizing sulfides continuously in a single vessel

3) the production of a single stream of high S02 strength gas suitable
for sulfuric acid or elemental sulfur recovery.

4) the ability to apply on-line, automatic computer control to the
entire copper-making process

5) low capital cost requirements of a single unit as compared to
multiple-unit operations

The Noranda and Mitsubishi processes are operating on an industrial 'scale

and further installations of both are planned. The WORCRA pilot plant was

shut down in 1970 and it has not operated since. )



Generally speaking, smelting produces S02 and ~olatile oxides of arsenic~

antimony, lead, selenium, tellurium, and other trace elementso Depending

on the material being processed, and the particular smelting system employed,

the dusts emitted in smelting may have commercial value when collected or

may pose pollution problems when emitted to the environmento

The behavior of metals other than copper and iron during smelting is

estimated in Table 6~ These data serv~ only as a guide and the precise

distribution of minor elements depends upon the smelting conditions and

the type of processo The most important points are: .

1) Gold, silver, the platinum metals, cobalt, and nickel enter the matte
almost completely, these metals are carried forward to the converting
operation and they are finally recovered as by-products during the
electrorefining of anode coppero

2) Significant quantities of impurities harmful to copper. also enter
the matte; spec; fi ca lly antimony, arseni c, bi smuth, 1ead, sel e~t~m.~ ..
and tell uri urn. Some of these are a1so recovered as by-pro"ducts';'k,",'
during subsequent converting and refining operationso

3) Much of the zinc reports to the slag from which it can be recovered
by "slag fuming" (reduction) if it is present in sufficient quantitieso
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'Tabl e 6~ Estimated Distribution of Elements Other Than Copper and
Iron During Matte Smelting. (Source: Biswas, 1976)

Distribution

Metal Matte Slag Volatilized'"

Alkali and alkaline
earth metals, aluminum. titanium 100

Ag, Au, platinum metals 99 I
Antimony 30 55 IS
Arsenic 35 55 10
Bismuth 10 10 SO.
Cadmium 60 10 30
Cobalt 95 5
Lead 30 10 60
Nickel 98 2
Selenium 40 60
Tellurium ,40 60
Tin 10 50 40
Zinc 40 50 10

III Not including solids blown from the furnace (dust losses).



CONVERTING

The process of converting is essentially an oxidation process, no extraneous

fuel being utilized. Air fQr oxidation 'is admitted a foot or so above

tuyeres, so when the converter is in the 'normal operating position, the

air is forced by pressure from the blower through the mattea,

The conventional-type converter lies in a horizontal plane and is capable

of being rotated on its long axis for purposes of charging and emptying.

liquid matte frQm the smelting phase is charged to the converter together

with silica fluxa In the case of a' copper rich matte, oxidation 'commences

and slag begins to form, the oxidation of the iron producing the heat

necessary to maintain the slagging action.

,2Fe5 + 302 = 2FeO + 2502 + 224,000 calories

'The iron oxid~ produced combines with the silica flux to form an iron

silicate slag which is poured off, more matte and flux added, air readmitted,

and the acti on commences •.

'.2FeO + 5i02 = 2FeOeSi02 (slag)

When sufficient copper sulfide has 'been accumulated in the converter, this

in turn is oxidized, the product being blister copper (98 to 99 percent Cu),

~hich is transferred to furnaces for casting into ariodes prior to electro­

lytic refining.

2Cu2S + 302 = 2Cu20 + 2502

Cu2S + 2CU20 = 6Cu + 502

3CuZ5 + 302 = ~Cu + 3502

In the case of a copper-nickel sulfide matte, separation of the non-magnetic

copper-nickel sulfides is generally affected by flotation, the copper
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sulfide being conveyed to the copper smelter, the nickel sulfide being

sintered for the production of nickel oxide.

Typical types of converters include:

1) The Pierce-Smith Sideblown Converter

2) The Hoboken Horizontal Siphon-Type Converter

3) The Kennecott Converter-Smelter Vessel

Pierce-Smith Sideblown Converter

...
The Pierce-Smith Converter is an efficient machine whose high air-flows

allow both large copper throughputs and the smelting of bulky copper­

bearing materials and scrap tha~ might otherwise be difficult to dispose

of. Outlet gases are generally low in S02 concentration, a consequence

of excessive air infiltration into the off-take hood over the converter
30

mouth (Figure 39).

Hoboken Horizontal Siphon-Type Converter

In the Hoboken Converter, reaction gas is taken off the vessel constantly

through one end, and matte charged to the converter through the small

pouring-mouth while the converter is in the upright blowing positiono

Dilution of the exhaust gas is minimized by controlling the converting

draft to give zero suction at the converting moutho

When the converter is being poured or skimmed of slag, blowing air' is

discontinued and the weak off-gases are vented to an. escape stack rather

than to the acid plant. Significantly, an average of eight percent S02

(--',. gas, is consistently obtained during converting operations, and three or
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Figure 39. Cutaway View of a Horizontal Side-Blown Pierce Smith
Converter for Producing Blister Copper from Matte.
(Source: Biswas t 1976)

68

Charging Blowing Skimming

more Hoboken converters are operating on a continuous basis, it should be

possible to supply an acid plant with a mixed exhaust gas containing all

of the converter off-gases while avoiding excessive fluctuations in gas
30

volume and S02 concentration (Figure 40).



Kennecott Converter-Smelter Vessel

This unit is based on the modification of existing converters to allow them

to double as smelting and converting vessels. Pelletized concentrates and

flux are fed through the mouth of the converter and are smelted and converted

to high-grade matte through the use of oxy-fuel burners and oxygen-enriched

tuyere air.

In the KCS process a high bath of high-grade matte is maintained in the

vessel at .all times; slag is skimmed periodically and treated by milling;

and at hourly intervals excess high-grade matte is transferred to a finishin~

converter for blowing to copper..The process may provide a low-capital

alternative for existing smelters which for some reason do not want to
29

continue operating their reverberatories (Figure 41).

Figure 40. Hoboken Converter Can Improve Sulfur Recovery but Lacks
Pierce-Smith Unit's Smelting Efficiency.
(Source: Treilhard, 1973)
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Figure 4le Kennecott's Converter Process Offers an Attractive Low­
Cost Alternative for Existing Smelters.
(Source: Themelis, 1976)
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In converting, the sulfur from the metallic sulfides is driven off as a

( S02 gas and the remaining iron in th~ system is oxidized. The iron sil1c~t~

slag which forms is poured off leaving the nearly pure metal or metals in 3

liquid form. Refining by electrolytic or other means reduces the metal or

metals to the required purity.

The converting of copper matte is almost universally carried out in the

cylindrical Pierce-Smith type converter. The converting reactions are

exothermic and the process is autogenous. Typical converters treat 300

to 400 metric tons of matte per day to produce 100 to 200 metric tons of

copper. A smelter will-normally have from three to six converters (with

one or more of these in the process of being relined or on standbY),

depending upon the capacity of the smelting furnace.

Converters emit principally S02 as a potential gaseous pollutant. Dust

loads in converter gases (also considered as a pollutant) may amount to

10 to 20 tons/day/unit. Seventy-five to 85 percent of the solids generated

settle in the flue system. The remaining 15 to 25 percent is composed of

smaller p~rticles, and for,the most part is removed in dust collectors.

The dust content depends principally on the chemical composition of the

copper matte. An increase ;n the operating temperature of the converter

causes higher volatilization of the metals and, hence, higher dust content

in the offgaseso

The distribution of elements among blister copper, vapor, and slag is shown

in Table 7. This table indicates that, generally speaking, As, Bi, Cd, Ge,

Hg, Pb, Sb, and Sn are extensively removed as vapors during,converting

while most of the Zn ;s removed along with the iron in the slag. The



precious metals, nickel, and cobalt are ~arried over with the blister

copper and are recovered during electrorefining.
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Table 7. Estimated Distribution (In Percent) of Impurity Elements
During Converting. (Source: Biswas, 19?6)

..
Blister copper Vapou~ Slag·

Ag 90 0 10
Au 90 0 10
Pt metals 90 0 10
As 15 75 10
Bi S 95 0
Cd 0 80 20
Co 80 0 20
Fe 0 0 100 - .
Ge 0 100 0-
Hg 10 90 0
Ni 75 0 2S
Pb S 85 10
Sb 20 60 20
Se 60 10 30
Sn 10 65 2S
Te 60 10 30
-Zn 0 30 70

eNot including ejected droplets of matte and slag.
~ Including entrained matte.

Converter gases often have entrained droplets of matte and slag which have

the approximate composition of their respective liquids at the time of

ejection. The solidified droplets are caught in the flue system (generally­

in the balloon flues and the electrostatic precipitators) and are recycled

. to the converters. The dusts and vapors from the converters are of­

sufficient concentration (contain sufficient copper) to be recycled to

the smelting furnace or to the converter itself.
)
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POLLUTION AND POLLUTION CONTROL'

All of the primary steps in the metallurgical processing of nonferrous

minerals emit pollution to the atmosphere either in a gaseous form or in
-

a solid form. The absolute quantity emitted during a prescribed period of

time is a direct function of the selection (including the type and the

quantity) of auxiliary anti-pollution devices which are capable of.

minimizing emissions to the atmosphereq

The following broad categories summarize the sources of man-made atmospheric

air pollutants:

• transportation.
• domestic heating
o electric power generation
o refuse burning
• industrial fuel burning and process emissions

Of the major sources of m~n-made air pollution, approximately 26 percent is

a~tributable to industrial processes, 30 to 35 percent when pollution from

power generating facilities is included. Major industrial polluters are

classified and categorized in Table 8 with estimated annual emission levelsq

. \ .
Pollution control in the nonferrous metals industry (which includes copper,

lead, zinc, and aluminum) is principally confined to air pollution, water

pollution being of secondary consequence. Specific air pollutants include:

• particulate effluents to the atmosphere
• minor constituents and/or volatile fumes'
• sulfur dioxide emissions

Particulate Matter

Particulate pollution control must deal basically with two constituents:.. "

dust particle~ micron-size and larger, and metallic fumes (metals or

13



Table 8. Major Sources of Industrial Pollution~ (Source: Ross,
1972)
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metallic compounds that have been volatilized at high furnace temperatures,

condensed at lower temperatures, and carried by furnace gases into flues).

The, coarser dust is easily removed; however, fine dust and metallic fumes

are more difficult to treat due to their, size range (particles of fume are

very fine and do not settle easily, rather have the tendency to pass through

the stack with the stack gases). The existance of metallic fumes is

characteristic of the nonferrous metals industry. Table 9 summarizes

particulate emissions for the primary nonferrous metals industries.

The chemical and physical properties of particulate effluents from primary

copper smelters are summarized 'in Table 10. Particulate emissions from the

furnaces are predominantly metallic fumes of submicron size. The fumes are

difficult to wet and readily agglomerate. In addition, they are cohesive

and will bridge and arch in hoppers and other collection lines.



Particulate Emissions-Primary Nonferrous Metal Industrieso
(Source: Jones, 1972)
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Particulate

Particle' Size Solids Loading Chemical Composition

15<10 6 - 24 Cu: 9, S: 10, Fe: 26 ,:::
-I

6.6 Cu: 4.4, Zn: 12.5, S:
7.3

51<37 1 - 6 Cu: 6.2, Zn: 13.0, S:
13.6 Oxides of arsenic,
antimony, aluminum
silicon sulfates (traces).

5.3 Cu: 1.2, Zn: 18.0, S:
10 (also see reverberatory
furnace)

50<44 Cu: 7, S:. 1.5

Reverberato ry
furnace

Source

Roasting furnace
Blast furnace

Capper motte
converter

Copper refining
(coal dust
fired)

Coding Key ror Tobles of Errlucnt Charocteristics

I. General Note: All data for uncontrolled sources unless otherwise noted.

n. Specific Notes:

A. Porticulates

1. Portide size:
)« y, x> y.
)(::: weIght percent, y =particle size (].i).
Measuring technique noted. If no nototion is listed,

measuring technique was not reported or is unknown.
2. Solids looding: groins/sef, unless otherwise noted.
3. Chemical Composition: solids - weight percent (unless otherwise

notcd).

Table 10. Effluent Characteristics-Primary Copper Production.
(Source: Jones, 1972)



Gaseous Pollutants

71

Technology has been developed to provide equipment which, when operated

efficiently, minimizes the negative effects inherent in a particular metal­

lurgical system. Pollutants must be efficiently recovered in a form which is

either marketable or inert under atmospheric conditions for regulated disposal.

The selection of suitable control devices requires careful consideration

of the characteristics of th~ pollutants and the equipment capabilities.

Poor system performance in many cases is indicative of poor equipment

selection.

Control equipment is often classified into two categories:

o equipment capable of removing particulates
o equipment capable of removing gaseous pollutants

Equipment available for each of these two broad categories include:

Particulates
(Including Aerosols)

settling chambers
cyclones
impingement separators
centrifugal separators
bag filters
wet collectors
electrostatic precipitators

gas scrubbers.
absorbers
incinerators

direct incineration
catalytic combustion

condensors

• 16,17
Partlculate Matter Removal

The evaluation of a pollution problem followed by the design of a control

system to meet the particular need is a long and involved process. A well

designed program involving pollution evaluation, engineering study, and

engineering construction is necessary in all situations where a pollution

problem is evident. This means that all potential anti-pollution devices

are studied with respect to a particular situation •

....



There are certain fundamentals which are applicable to all practical

collectors of part~culate matter~ These fundamentals are:

1) All cQ]Jectors clean the gas by continuously removing the dust from
a moving stream of gas.. --- --'. ''-- --.---------,--

. .
2) The size of collector and its cost afe directly proportional to the

gas quantity to be cleaned.. .

3) The collection efficiency is calculated by the following formula
(expressed as a percentage)

%collection efficiency = wt. of input ·dust - wt. of output dust X 100'
wt~ of input dust

4) Fine dust is considerably harder to collect than coarse dust in all
types of particulate' collectors. Many dusts are a collection of
fine and coarse with the proportion of fines dictating the collector
efficiency. Heavier concentrations of dust are usually easier to
collect than low-grain loadings~

Table 11 summarizes the basic types and subtypes of particulate c9llectors .
.....

Table 12 summarizes various characteristics of the control equipment

described in Table 11. Included are the efficiency factors attainable by

each class of equipment. Efficiency values are based on many factors,

some of which directly correlate with the parameters and characteristics

of the original ore concentrate being treated..

4,,-'
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Table 11.. Fundamental Operating Characteristics of Commercial
Particulate Col1ectorsQ (Source: Ross, 1972)

COST IN $1C:)O FOR Ii. COLLECTOR

TyplclJl Enorgy
TO CLEAN 100,000 CFM

EffoelOn
"Iyplcsl Roquired Roquired and % I'.nnu::1 Cost Cofloe lion 01

Plan Area 10/ Colloclion Cost 10 101 Main lon- Oporlllion .,
Collector 10 Clean Efficiency on Purchase lob IInco IJnd Ovor 01 Und01

Typical Capscity 100,000 elm" Fine Dust" Shop snd ins/all Powor Caplleily4
In clm 01 Gall

88"/c e.slc MesslJrs por Basic
Operating and U"il 01 Measure 01 Inchos fob in- main- pow-

Saslc Typo Spoclfic Type Force CapOJcity Capacity eq. tr. w.g. 9/. shop· &tall tenanc. erG ovor und,r

,ettling gravity casing 20 2600 0.2 25 10 3 1 0.5 down up
chamber volume

(cuft)
M~hanlc.l baffie (ntertia inlet area 1200-3600 300 0.5 40 13 4 2 1.3 up down
Coll~tore (sq ft)

hi~h. centrifugal inlet area 3000-3600 125 4 80 20 5 2 10 up down
efficiency (iq ft)
cyclone,

manual filter fabric 1-4 1000 4 99 35 20 7 10 down no
cleaning cake area change

filtration (sq ft)

Fabric automatic filter fabric 1-4 1000 5 99 60 30 10 13 down no

FUtcrs sh:lker cake area cbanse
ckanin~ fillration (sq ft) .

aUlum:ttic felt fa'bric '3-8 600 8 99 80 35 15 20 no no
revcrlie jeC fabric area chanse change
cleaning filtration (sq ft)

lmpin!:ernent liquid bamc cross- 500-600 300 4 80 30 15, 7 10 up down
balTIc capture l5ectiollal area

(Sf) ft}

Wc~
packed liquid bed cross- 500-700 250 7 90 : 40 20 9 17 down up

Scrubbers tower capture section:tl area
(sq ft)

venturi llquid throat area 7,000-- ---100-- 30 99 50 50 11 75 up down
capture (sq ft) to

30,000

lingle electric collectrode 5 270 0.5 95 75 55 .- 1.3 down up
field area

Electric (sq ft)
Precipitators multiple electric collectrode 3 500 0.5 99 100 70 5 1.3 down up

field area
C5q ft)

·~ob shop cuSIS. JnstaU.alion and maintenance costs are based on 1970 mild steel connruc- 'Energy COitS arc based on electric power Ilt $0.015/kwh.
tion CO!>t5, and uo not. mclullc auxili:lry equipment such 11' iupportinc structure, connecting 'Fine dust i. comldered to be 70% by wollght minul 10 ;4'

Sues, thermal In~ul:.uon. foundatiOnl. 'tacks, etC. They llfe subject to substantial variation ·Some collectors can be moditi\:d to mamtain collection efficiency a¢ over or und" capac!lJ.
duo to the Ipc:cific ,.cqulrcments of ollch installatIon inchldin; GeOGraphic location. Use only 'Pian areag do not include connectln, fluel.
tor ceneral co."parlson pU'SWIleo.

~



REQUIRED UTILITIES

Control Equipment

1:
!!
~
o
Q"

Optlmum tJ

Size
Particle

(microns)

Optimum
Concen­
tration

(grains/cu ttl

Temperature
Umltatlons, ,

(OF):

Approximate
Pressure

Drop
(In. w.g.)

:ill-.
uc:
Q)

:~
~

~c:
CD
e

• cu
CD·~
u ;:)
llSt7
Q.CD
Cl)CC

...
CD
3::
~

...
~::

e
lQ

~
(IJ

Ci
~

•';j
::
;g
o

CI)

.!
I/)

~
~
;:)

!Z
...t

Collected
PolJutant Remarks

. ': 40-700'
. ~-~:

x X

x X

x X
X X

,bags sensitive to humid­
ity. filter velocity &
temperature

contaminants could
poison catalyst

operating costs prime
consideration

{

good all precleaner
low initial cost

(
~~ .

1. waste treatment re­
quired

2. visible plume possible
3. corrosion
4. high-temperature .'

operation pcssible

sensitive to varying con-
ditions & particle
properties

same as wet collector

ads~rbent life critical

dry or
wet dust

none

liquid

solid or
liquid

none

liquid

liquid
liquid
liquid

dry dust
dry dust
dry dust
dry dust

dry dust

x­
x
X

X

X

x

x

x
x
x
x
x

x

x
x
x

x

x

x
x
x

x
x
x
x
x

M

L

L

M-L

L

L

L
L
S

L
M
M
S

L

>98

>98

>90

>97

<80

<80
<eO
<99

95-99

<50
50-90
<80
>80

>99

>2.
»2

1-60

0.5

<1

<0.1
1-5

Fan
<4

>4

>1

<1

,~tP
.~1" :

"'<.10

~:'< 10

700 ,j

700
700
700

500

1400

1000

40-700'
40-700'
40-700'

2pOO

40-100 .

40-100d'

>1
>1
>1

>0.1

:, e

>5
>1
>1
>1

>0.1

, >~.1

combustible
vapors

<1

2.5

5
5

<1

>50
5-25

> 10
> 10

<1

•:sg
Ul
CII

to!)

12 -,
~'

Direct incinerator

Cyclonic
Impingement
Venturi

Electrostatic precl~ltator

Catalytic combustion

Wet collectors:
Spray tower

Mechanical collectors:
Settling chamber
Cyclone
Dynamic precipitator
Impingement separator

Bag filter

Gas scrubber

Gas adsorber

··Minimum particle size collected at approximately 90% efficiency under usual operating dAdsorber: concentrations less 2. ppm non regenerative system; greater than 2 ppm re-
conditions. generative system.
·Space requirements: S. sm~ll. M. moderate; L, large. ·See Chaptet:s 8 and 9 for specific requirements.
cDependent on solubility of pollutant. . 'Limited by materials of construction when spray. not in operation.

Table 12. Control Equipment Characteristics. (Source: Ross, 1972)
~ ..t ,
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Mechanical Collectors--Mechanical collectors are designed to take advantage

of differences in specific gravity between typical industrial dusts and

the gases in which they are entrained, separating the heavier dust from

the lighter gaso Refer to Table 13 for a summary of the types of equipment

which fall into this categoryo

TYPE CHARACTERI STI CS UNIQUE nISADV~~TAC!S

Lov collection
efficiencies on fice
and moderately flce
dust.

Physical Size-very large
Installed Cost-Iov
Energy Cost-very lov
Maintenance Cost- lov
Collection Efficiency-very low
Reliability-excellent .
Efficiency At Lov-increasea

loads
Efficiency At -decrease~

overloads

Gravity 8ettling
chamber

Collection efficiency
. Dot sufficient to meet

current emls.ion control
requirements

Recirculating baffle
collector

Physical Size-small
Installed Cost-lOll
Energy Cost-lOll
CoHec tion Ef ficiency-IOll
Reliability-excellent
Efficiency At Low-lovers alavly

loads
Efficiency At -increases alightl,

overloads

Higb Efficieucy
Cyclonea

fractional efficiency
(efficiency drops off
rapidly below a certalD
aize of dus t)

Draft losses (propor­
tional to the square of
the inlet velocity)

Chip trap or cinder tray
tr~p louvre separator
Dynamic Precipitator
Centrifugal Inertial

Separator
Ordinary Cyclone
Vet Cyclone
Cyclonic Drouplet Collecto~

Ultra High-Efficlenc1
CoUecto!'

I
! Tabl e 13 .. Mechanical tol1ectorso

Fabric Filters--Fabric filters are versatile collectors used in the removal

of dry, particulate matter from a gas stream. Dust bearing gas is passed

unidirectional1y through a fabric filter medium of woven or felted cloth$

The principal function of the fabric filter includes the trapping of dust



on the dirty-gas side of the fabric while allowing the gas to pass through
. .

the interstices between, the woven threads of the fabric. Interstices as

large as lOO~ in typical commercial bag filters (woven fabric media) trap

dust particles as small as O~5~.

The capability of the woven fabric filter to collect fine dust is a direct

consequence of the buildup of a fragile, porous layer of dust on the dirty­

gas side of the cloth. This layer, be~ter known as the filter cake, blocks

the larger interstices preventing the finer dust particles from passing

through. The thicker felted fabrics are less dependent on the formation

of the filter cake. They, however, cannot be cleaned effectively by shaking

and must be cleaned frequently with high-pressure reverse flow air jets.

The mechanisms responsible for the formation of filter cake include:

• agglomeration of upstream particles
.. impaction of larger particles on the fiber
.. electrostatic attraction and repulsion
•. th~rma1 effects
o coarse sieving by cloth
.. fine sieving by'filter cake layer

Table 14 shows a typical operating cycle' of one compartment of compart­

mented, automatiG fabric filter. Dust collection efficiency is also

indicated.

The major advantage of the fabric filter is its relatively high efficiency

at all particle loads from zero to maximum gas flow. Disadvantages
• - (..i:... •

include large size and high maintenance due to the cost of bag replacement.

Additional problems result from the exposure of the bags to elevated

temperatures causing destruction, or exposure to moisture resulting from

operation below the dew point causing blinding or plugging.

82
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Alr-to-Cloth
Ratio or

Cycle Filter Cloth Filter Cake Filtering Velocity Draft Loss Collection
Number Cycle Status Thickness (tt/min) (In./W.G.) Efficiency

1 new clean zero 2-3 <0.5 no dust

2 precoat clean to coated zero to minimum 2-3 < 0.5 to 2-3 low to high

3 filtering coated partial 2-3 3-5 high

4 filtering full coated maximum 2-3 4-6 high

5 cleaning shaking maximum to dampered off Zero not operating
minimum

6 filtering coated minimum 2-3 2-3 high

7 filtering full coated maximum 2-3 4-6 high

The following ('omments arc kc)'cd to c)'de numbers:

(l) 'Vhen new nnel dean, tlle draft loss across the fabric filter
media Is much below 0.5 in. W.G.

(2) DurinC the precoat C)'de the draft loss will gradually illCre25e
as the la)'cr of .filter, cake Is hullt up; The efficiency will in-

cruse to operating levels of plus 99 percent; the gas diJ.
charge will become clear.

(3-4) During the filtering cycle the draft loss will Increase to tJu:
maximum acceptable !t'\'el as the layer of filler cake thickens.

(5) The conventional bag house will damper off the coml':1J'tment
being cJeam'd. Maximum filter cake is shaken c;ff the cloth
and drops into a hopper under the influenl;c of gra\·ity. The
vigor llnd duratil)n of shaking must be ade(/uate to reduce
filler cake thiekT1e~s from maximum tu minimum. Exc'esslve
shaking may reduce collector efficiency by reducing filler cake
thickness Lo:iuw minimum.

(6) Compartment is restored to filtering cycle. Cycles (5), (6).
and (7) arc repealed for each compartment by a predetermined
program so th:u no more than one compartment Is rcmo\'ed
from service at one time.

Table 14. Operating Cycle of One Compartment of Conventional
Compartmented Bag House With Woven Fabrico (Source:
Ross, 1972)

(

Table 15 summarizes the basic types of fabric filters available for

commercial use ..

Wet Scrubbers~-Wet scrubbers are mechanical type devices which use a liquid,

usually water, to capture and then remove particulate matter from a moving

stream of gasC)

The collection efficiency of all well designed wet scrubbers is related to

the total energy expended. Low energy collectors have low efficiency.



84

NORMAL DIRECTION
OF GAS FLOW DURING Cost per

FILTERING CYCLE A/rlo Square
Basic CLEANING TUBES Cloth Space Foot 01

Type 01 Type 01 Thru Thru Ratios Require- Filter
B.ghouse Bag Collector Tube Method Cycle (It/min) ment Media

inter- woven up inside manual or periodically 1-4 very low
mittent cloth to powered during large

tube outside shaking shutdown

Conven- woven up inside automatic intermittent 1-4 very low
tional cloth ,to mechanical or by isolated large

tube outside pneumatic compartment
shaking

Reverse woven up inside .Jlutomatic tube intermittent 1-4 very low'
air flow cloth to collapse by by isolated large
cleaning tube oU,tslde low pressure compartment

"r :"'. ," reverse flow

Reverse felted down " inside travelling continuous on 3-8 large high
ring jet cloth -.

to compressed heavy dust
cleaning tube outside air ring loadings or

intermi tten t
on light dust
loadings while
gas flows

Reverse felted up outside high pressure programmed 3-8 large high
pulse jet cloth to pulsed jet by manifolds
cleaning tube inside while gas

flows

Table 15. Basic Types of Fabric Filters Using Cloth Tubesc
(Source: Ross, 1972)

correspondingly, high energy collectors have high efficiency. The energy

is introduced either in the water cycle or the'gas cycle. For most

commercial collectors, the energy is usually introduced in the gas cycle.

The major advantage of the wet scrubber ;s the ,great variety of types,

allowing selection of a collector suitable for almost any collection

problem. Collection efficiencies range as high as 99 percent.

Primary disadvantages include:

• disposal problems associated with wet sludges
• high energy costs associated with the high efficiency

scrubber



(

• increased material costs where chemical corrosion is evident
• potential problems of plugged nozzles
• unavailability of scrubbing liquids of sufficient clarity
• the presence of a visible plume discharging to the

atmosphere

Table 16 summarizes the basic types of scrubbers available in this category.
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WATER PERCENT COLLECTION
VS. WATER DRAFT EFFICIENCY ON

GAS FLOW CIRCULATION' LOSS FINE DUST

Concurrent or gpm Inches
counter or per water

Basic Type Specific Type cross 1,000 elm gauge Low Moderate High

tangential inlet concurrent or 3-5 1-4 X X
wet cyclone cross

Impingement spiral baffle concurrent ,1-2 4-6 X X
baffle . wet cyclone

single plate concurrent 2-4 1-8 X X
multiple plate concurrent 3-5 6-12 X

fixed bed concurrent or 10-20 2-4 X

C
counter

Packed fluidized bed counter 15-30 4-12 X Xtower
flooded bed concurrent 2-4 4-8 X
multiple bed counter 20-40 4-12 X

Submerged
wide slot concurrent 15-30 2-15 X X

Orifice circular slot concurrent 15-30 2-15 X X
multiple slot concurrent 15-30 2-15 X X

high-pressure 5-7 30-100 X

Venturi
medium-pressure cross or 3-5 10-30 X X
low-pressure concurrent 2-4 3-10 X X
flooded disc 5-6 30-70 X X

cross-flow packed cross 1-4 2-4 X X
Miscellaneous centrifugal fan concurrent 1-2 X X

and
combination multiple venturi concurrent 4-6 20-80 X X

scrubbers combination venturi concurrent 5-7 15-60 X X
combination fan type concurrent 2-3 • X

-v.r hp per 1,000 cfm.

~ -<,_ •.•':..:*:::~_7'~-:::;;--'-' c ••

(

Table 16. 'Bas i c Types of Wet Scrubbers 0 (Source: Ross, 1972r



Electrostatic Precipitators--The industrial electric precipitator, invented

by Frederic Gardner Cottrell in 1910, separates entrained particulate matter

from gas streams by: ':~

• charging the dust to a negative voltage (x 50,000 V)
• precipitating the dust onto grounded collecting electrodes
• dropping the agglomerated dust into a hopper

The energy consumption is low and the draft loss is the lowest of all high­

efficiency collectors.

In commercial units, the dirty gas is passed horizontally through narrow,

vertical gas passages f9rmed by parallel rows of grounded collecting

electrodes. Electrically insulated high-voltage wires are spaced precisely

on the center lines of each gas passage, thereby causing the dirty gas to

pass between the high-voltage wires and the grounded plates.

Oust particles carried through the gas passages by the entraining gas,

collide with negative gas ions and are charged negatively. The charged

.dust particles move rapidly toward the grounded (positive) plates and are

held by powerful electric forces.

The dust particles build a thickening layer on 'the collectors, and the

negative charge gradually bleeds from the dust into the grounded electrode.

-As the layer thickens, the·chargeson the recently precipitated dust must

be conducted through the layer of that previously precipitated. The

resistance of the dust layer to this current flow is termed "dust resist­

ivity." Precipitators are successfully operating on d.usts whose resistivity

is in the range of 107 - lOll 0 - cm.

86

After a 1/16 - 1/4 inch layer of dust been precipitated, the dust
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particles next to the collectrode have lost much of their charge to the

grounded plate. The electrode attraction has been weakened. The recently

arrived dust particles still hold much of their charge, being electrically

insulated from the plate by the dust layer, thereby holding the entire

layer against the collectrode. A sharp rap causes the dust layer to shear

away from the collectrode. The force of rapping is restrained so as to

allow the layer to be shattered into relatively large agglomerations of

dust particles, but not back into the original submicron particles.

The relatively large agglomerites fall into the hoppers under the influence

of gravity just as in tne gravity settling chamber. Most electric precipi~

..... '"

tators are operated at gas velocities in the range of 3-6 ft/sec to allow

ample settling time. The high voltage remains on to recharge and repre­

cipitate any fine particles which may become re-entrained during the

rapping cycle.

The major advantage of the electric precipitator is its high collection

efficiency with a minimum of operating cost. Other advantages include:

• minimum energy requirements of all high-efficiency collectors
• reduced maintenance requirements
• high reliability at any required collection efficiency from

maximum to zero gas flow

Among the disadvantages are:

• high installation costs
• unpredictable collection efficiency on certain high­

resistivity dusts
• loss of collection efficiency at gas flows above the

designed rating
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Gases

As pointed out in the report "Exhaust Gases From Combustion and Industrial

Processes" by Engineering Sci'ence Incorporated of Washington, D'.C.,

"published as report PB' 204,861 by NTIS, (October 2, 1971), the 'ga's'eous

emissions from copper smelters consist of sulfur ox1des (Jones, 1972).

The chemical and physical 'properties of gaseous effluents from primary

copper smelters are summarized in Tabie 17e

Sulfur Dioxide Removal 4 .

:- ", -.-: .:':" :... '.\:' .

Over 90 percent of the worl d' s primary copper ori ginates in sui/f'; di~~:'<~";::."
. t~· .;.. : ' '-;" .' :: ";,.~f~!:,'

minerals so that sulfur in some form ;s a 'by-product of most coppei';'~'}2<

processing. Furthermore, most of the sU1f~~;'is:,emi~te~ ,~~""'S02' gas'.
. . :":

In the past, and even today, S02 has been, vented dlrectly into the atmos­

phere; however, this practice is now prohibited in many areas of the world.
, .

ihe'standards for clean air vary from country to country, but representative

requirements for controlling copper smelter emission~ are (U.S. Environmental

Protection Agency):

1) not more than 10 percent of the sulfur entering the smelter can be
emitted to the atmosphere

2) the yearly average 502 content anywhere at ,ground level must not,
exceed 0.03 ppm (by volume)

3) the average S02 content anywhere at ground level on anyone day
must not exceed 0.14 ppm

There has been a tendency to build increasingly taller chimney stacks

(380 m, INCa, Sudbury) which might possibly meet criteria 2 and 3, but

these will not satisfy requirement 1.

" .
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Carrier Gas

Source Flow Rate Temperature

Roasti ng furnace o. 60 - 131 600 .. 89G
b. 47.3

Blast furnace a. 21.2 .248
b. 76.5

Reverberatory a. 50 ... 460 350 .. 750
furnace b.71

Copper motte o. 102 - 750 300 - 650
converter b. 364

Copper refining a. 16 ~10

furnace (cool
dust fired)

Moisture Content

.4 ... 10

Chemical Composition

502: 8

C02: 6.5

02: 5 ... 6, C02: 10 ... ·
17, N2= 72 .. 76, CO:
0-0.2,5°2: 1-2

502: 4

89

/-­,
Table 170

B. Corrier Gos

1. Flow rate: flow-rote doto presented in two Forms:
0) thousands of standard cubic feet per minute, M scrm,

unless otherwise noted.
l» thausands of standard cubic feet per ton of product

processed, M scf/ton, unless otherwise noted.
2. Temperature: OF.
3. Moisture content: volume percent, unless otherwise noted.

Dew point is in of. if listed under moisture content.
4. Chemical composition: volume percent, unless otherwise noted.

Effluent Characteristics-Primary Copper Production~

(Source: Jones~ 1972)



the coppe~ smelter is faced with two major problems:

~(: 1- .
11 how t~~caPture most of the S02 and fix the.sulfur in a useful or

stable form (e.g. ele~ental sulfur, liquid S02' or sulfuric acid)

2) what to do with the product resulting from 1.

Three basic techniques are used to fix S02 (and ~ther oxy-sulfur compounds):

1) reduction to elemental sulfur

2) manufacture of sulfuric acid (or liquid 502)

3) direct manufacture of ammonium sulfate (fertilizer) from ammoniacal
leach solutions

All of these products are suitable for use ;n industry or agriculture, but

only solid elemental sulfur is suitable for long-term inexpensiv.e storage,

possibly tn worked-out quarries or mines. It has been suggested that S02

gases or sulfate solutions might be treated with Jimestone or dolomite to

form discardable CaS04 or Mg504, but these products are of limited

usefulness and their long-term stability is open to question.

Process selection is determined by:

eeconomic conditions for sulfur by-product disposal
e variation in the nature of the offgases

sulfur dioxide concentration
, impurities carried over from smelting operations

fluctuations in gas flow rates
e geographic locations
e nearness of markets for sulfurous products
e availability of land for product disposal
ewater pollution problems

Contact Sulfuric Acid Process--The contact sulfuric acid process is a well-
,

established chemical process for removing sulfur dioxide from smelter

gases.
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Smelte~ gases are first cleaned of particulates, sulfur trioxide removed in

a mist cattrell precipitator, the remaining gas stream dried with strong

sulfuric acid. The sulfur dioxide in the dry gas is then oxidized to sulfur

trioxide in a catalytic converter. The sulfur trioxide is absorbed in

strong (98 percent) sulfuric acid to yi~ld the product of the plant. The

tail gas 'is treated to remove droplets of acid and normally is vented to

the atmosphere. Tail gases will contain from o.? to 0.5 percent S02'
. 8

(Figure 42).

Cominco Absorption Process--This process is an ammonium sulfite-bisulfite,

absorption process which involves chemical regeneration with sulfuric acid

to release 502' and form ammonium sulfate (Figure 43)0

Sulfur dioxide-bearing gas, free of sulfur trioxide and particulates, is

absorbed by an ammonium sulfite-ammonium bisulfite solution. The sulfur

'dioxide in the gas reacts with ammonium sulfite to form the bisulfite.

Ammonia is added to convert part of the bisulfite to sulfite which is
t '

recycled to the absorption scrubbers.' The remaining bisulfite solution is

diverted to the stripper, ,acidified with sulfuric acid, and stripped with

"air to produce approximately a 25 percent sulfur dioxide gas and a solution

of ammonium sulfate containing' approximately 10 percent of the feed sulfur.

The process will remove 90 percent of the sulfur dioxide from dilute flue

gases, even at concentrations as low as 0.5 percento Tail gases contain
I

as little as 0.03 percent sulfur dioxide.

Dimethylaniline ,(DMA) Absorption Process--This process, developed by the

American Smelting and Refin~ng Company is used for recovering sulfur dioxide

from smelter gases containing 4 to 10 percent S02' (Figure 44).
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Figure 42. Contact Sulfuric:A~id Process. (Source: Jones, 1972)

Comments

The contact sulfuric acid process is the only well established chemical
process for removing sulfur dioxide for smelter gases.

Strong gas is a primary consideration for acid production (matter of
economics) ..

The normal economic minimum concentration of sulfur dioxide in acid plant
feed gas is 3.5-4.0 percent.

The major factor limiting production of sulfuric acid from smelter gases
1s the ma rketabi 1i ty 0 f aci d• ,

Disposal of neutralized acid poses serious problems for some smelters.
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Comments

Developed by the Consolodated Mining and Smelting Company of Canada, Ltd.,
it has seen only limited application.

The process will recover 90 percent of the sulfur dioxide from dilute
flue gases.

A serious disadvantage of process is the high cost of ammonia.
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Figure 44. DMA Process. (Source: Jones, 1972)

Comments

Developed by the American Smelting and Refining Company, the process has
seen limited use.

The process can recover 90-95 percent of the sulfur dioxide from weak
gases and 95-98 percent of the sulfur dioxide from strong gases.
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Flue gases are first cleaned, the cleaned gas stream then passing through a

bubble-cap tower where the S02 is 'absorbed by dimethylaniline. Tail gases

from the DMA absorption section in the bottom of the tower are scrubbed

. with a dilute sodium carbonate solution in the middle section of the absorption

tower, t~ereby recovering residual sulfur dioxide from the gas stream. The

sodium carbonate also neutralizes the sulfuric acid used for DMA vapor

recovery as well as any acid formed through sulfur dioxide oxidation. The

upper section of the absorption tower scrubs' with dilute sulfuric acid to

remove any remaining DMA vapor.

the loaded DMA solution"is stripped with steam in the stripping section of

th~ stripping column. Dimethylaniline and sulfur dioxide are recovered

from the combined aqueous scrubber solutions by steam distillation in the

lower section of the stripping tower. The hot gas .stream leaving the

stripper, containing sulfur dioxide, steam, and dimethylaniline vapor, is

cooled in the upper or rectifier section of the strippi~g column. In the

presence of the sulfur dioxide, dimethylaniline vapor is recovered as water

soluble dimethylaniline sulfate. This leaves essentially pure sulfur

dioxide which can be liquified. The process can recover from 90 to 95

percent· of the sulfur dioxide from a gas stream containing 2 to 4 percent

sulfur dioxide, and as much as 95 to 98 percent from a gas stream containing
8

8 to 10 percent sulfur dioxide.

Monsanto Cat-Ox Process--The Cat-Ox process is particularly suited for gas

streams lean in sulfur dioxide. As indicated in Figure 45, the incoming

lean gas is partially heated by exchange with product gas effluents from

the converter. The gas is then preheated to approximately 800 to 900oF,

and finally is oxidized to sulfur trioxide in the presence of vanadium

pentoxide catalyst. Conversions are ori the order of gO percent.
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Figure 45. Cat-Ox System for Smelter Gases. (Source: Jones, 1972)

Comments

The Monsanto Cat-Ox system is essentially an adaptati6n of the contact
sulfuric acid process.

Feed gas entering the system must be at a temperature high enough for
conversion, otherwise additional heat must be supplied to the system.

The system operates on wet gas.

Th~ heat of the exit ~as is used to concentrate the sulfuric acid formed
in this final absorption step.

)



Product gases from the converter are heat-exchanged against feed gases, the

sulfur dioxide then absorbed in watero Product acid ranging in concentration

from 80 to 93 percent is then recovered in a cooler, with offgases going to

the stack after cleansing in a mist eliminatoro ~ Critical areas in the

process include:

1) fly-ash removal upstream of the unit

2) life and efficiency of the catalYs~

3) quality and concentration of the acid product
30

4) corrosion in the heat exchanger unit .

Wellman-Power Gas Process--The Wellman-Power Gas system is based on a

cyclical absorption-desorption phase, with sodium sulfite solution as the

absorbent (Figure 46)0 During the absorption cycle~ the sulfite reacts

with sulfur dioxide to form· sodium bisulfiteo The reaction is reversed

in desorption, with concentrated sulfur dioxide released and sulfite

regenerated and recycled back into the absorption systemo

Gases coming from the smelter must be cleaned of particulate matter before

treatmento Upon entering the absorber the gases come in contact with the

sodium sulfite solution and the sulfur dioxide is tripped out by converting

the absorbent to the biosulfite formo Exit gases contain approximately

500 ppm when input gas has a sulfur dioxide concentration of 1 to 2 percento

Desorption is accomplished quite easily by stripping the enriched bisulfite

solution with steam in a countercurrent tower {7-15 # stream per,#;.S02)o

Any entrained stream in the sulfur dioxide gas is removed in a two~st~ge

condensation process which removes the bulk of the water vapor at a rela~

tively high temperature, and most of. the remainder at approximately 120oFo
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Figure 46. Wellman-Lord 5°2 Recovery System for Smelter Gases.
(Source: Jones, 1972)

-Comments

App11cation of the Wellman-Lord process to smelter gas is only speculative
and cost estimates recently published are discouraging.
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The product sulfur dioxide gas contains appro~imately 10 percent water

vapor, which makes it suitable as feed to a sulfuric acid plant or a sulfur
30

dioxide reduction plant.
,. '.'1

Allied 502 Process--The ~llied 502 process involves the removal of sulfur,

dioxide from relatively rich sulfur ~ioxide gas streams. The process

invo~ves direct catalytic reduction of the sulfur dioxide to sulfur using

natural gas as the reductant. (Figure '47).

Gas purification is optional, but generally-is considered 'necessary in

order to remove particu)ates and excess'water vapor. The cool, clean gas

leaving this step';'s preheated by exchange with hot roaster gases before.

going to the reduction section.

Figure 47. Allied 502 Process Preserves Reaction Heat.
(Source: Treilhard, 1973)
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In the reduction section, approximately half of the sulfur dioxide is

converted to elemental sulfur by reaction with methane, creating in the

process H2S. In the subsequent sulfur recovery system, sulfur formed in

the reactor is condensed and the remaining sulfur dioxide and H2S are

reacted in a multistage claus conversion system to produce additional

sulfur via the reaction:

2 H25 + S02 = 2 H20 + 35

All sulfur recovered in the condensers is sent to storage and exit gas

incinerated to remove traces of H25 before it is exhausted to the
30

atmosphere.

Bureau of Mines Citrate Process--In this process sulfur dioxide bearing

gases are cleansed of dust and fume by precipitation or filtering, followed

by water scrubbing. The wet gases have the mist removed by another preci­

pitator"then pass into an absorber system where they are· contacted with a
..
partially neutralized solution of citric acid. Ninety to ninety-five

percent of the sulfur dioxide is cl~imed to be removed.

The' sulfur dioxide strea~ next goes to a reactor unit where hydrogen sulfide

.reacts with the absorbed sulfur dioxide to yield elemental sulfur. This is

separated from the citric acid's'olution by filtration, with the solution

recycled to the absorber.

~

A small portion of the sulfur product is diverted to a H2S generator, where

it is burned with steam and methane to produce H2S and CO2, the latter

'passing through the process and exiting from the reactor (Figure 48).30
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Figure 48~ Citrate Process .. (Source: Jones, 1972)
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limestone Scrubbing Process--A system for removal of sulfur dioxide from

effluent gases by exposure of such gases to materials such as limestone

exists. Designed systems convert the sulfur dioxide to an innocuous form

(Figure 49) ..

Flue gas is precleaned of fly ash, then blown into the bottom of a spray

tower where it is sprayed with a slurry containing 7 to 10 percent powdered

limestone. As contact is made, the limestone. reacts with the sulfur

dioxide to yield insoluble calcium sulfite and sulfate. Slurry effluent'

drains by gravity 'into a delay-and-mixing tank, wherein supersaturated

calcium salts settle out before the solution is recycled back to the

scrubber. Fresh limestone is added in this tank.

A portion of the recycle stream is directed to'a clarifier that returns a

fairly clear overflow stream to a wet electrostatic precipitator into

which the treated gases flow after scrubbing. Underflow from the classifiers

is filtered so that precipitated calcium salts can be eliminated from the

system and filtrate returned to the mixing t~nk ..

8
Other limestone-based processes exist, many in, various stages of development.

Closed-Loop Control System--This approach to control of sulfur dioxide

,'emissions involves the use of special automated instrumentation for the

continuous measurement of sulfur dioxide in the air. The system includes

designed monitoring stations, digital computers which question each monitor

a~d printing out average 502 values for each station periodically, a full­

time nwteorologist,.plus supporting staff with extensive weather data

recording and receiving equipment.

)

)
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Comments

Figure 49. Lime or Limestone Wet-Scrubbing Process~

(Source: Jones, 1972)

In the Limestone Wet-Scrubbing process, a good 9rade of Limestone is
required, hence, substantial costs in mining, hauling, grinding, and
calcining will be realized.. ' ...

Disposal of the final product will involve.problems similar to those
encountered in aC,id neutralization.. ..

Is flexible and applicable to variable gas flows and ~ulfur dioxide~ .
concentrations 0



Two techniques are used to limit sulfur ~ioxi~e emissions. The first

involves reaction to increasing concentrations of sulfur dioxide, the

second involves utilization of meteorological data in the prediction of

low winds and inversions.

Athird technique in the developmental stage involves continuous measurement

of sulfur dioxide emissions with the simultaneous prediction of downwind

S02 concentrations at ground level.

SUMMARY

Pyrometallurgy

Table 18 compares the production features attributable to existing smelting

type operations. Also, refer to Table 19 for a statistical review of the

salient features of each principal piece of pyrometallurgical equipment;

refer to Figure 50 which illustrates, in a very.generalizea combined

flowsheet, the various choices in current and developing technology offered

to smelter designers.

Figure 51 compares and contrasts the quality of metal, product produced

from the various pyrometallurgical systems. The reverberatory and ·

electrical furnaces produce a matte of composition A, unless they are

preceeded by fluidized or hearth roasters, in which case matte is converted

slightly to the composition of point B. The flash smelting furnace and

also the converting furnace of the Mitsubishi process produce a matte of

approximately 55 to 60 percent copper, near point C. In the Noranda

proce~5 reactor, the matte can be converted all the way to point E

(98 p~rcent Cu), unless there is an electrorefining problem due to the

r@t~ntlon of high bismuth or antimony content in the anodes produced. In
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this case, the conversion in the reactor proper is stopped at the white

metal stage of point D. The Kennecott converter-smelter process also
29

converts concentrates to the white metal stage of point Do

Table 18. Production Details of Smelting Furnaces~

TYPE BLAST REVERBERATORY ELECTRIC FLASH CONTINUOUS

Hearth Area (M'-)

Solid Charge Rate
(Total Metric
tons/day)

6.6-11.4

250-1300

31-5-360

400-1°300

84-350

250-1650

133-140

1100-1600 115-1075

Y.atte
/"~tr1c tons/day)

~~tte Grade (i. Cu)

Slag
(Metric tons/day)

110-650

46-63

120-700

250-800

34-47

260-900

150-1100

22.5-40 '

160-1360

550-850

47-49

300-550

20-180 (Blister CU,
~98A Cu)

65-700

0.50-12.0

3.0-9.07.9-11.6

0.55-1.00.16-0.63:'

3.0-5.81.2-3.6 ','

0.38-0.6'0',: '
.j. .' .

0.15-1.0

35-130

Slag Grade (% Cu)

Productivity
(Netric tons of
charGe per day/~2)

Total Energy in Fuel _ 6xI05-8xlOS
(Kcal/~k·tric' ton ":-, ,;~;~" -
of-c~,~r~~). " ,,' ,,'

Total En~reY as an
Avcrcge (Kenl/metric
ton of charge)

130 33x105 4.18x105 4.45xlOS lOxl0S (without air
enrichment)

(



.Table 19. Salient Features of Pyrometallurg1ca1 Equipment and
Apparatus.

AnA!'.ATt"S

~tiple Hearth !D.-tar

l)!!C1UPTION Am> DIM!NSIONS

CYlindrical-brick-lined veasel

CAPACln GAS GRADES

2-6% S02

MAJOR. DISADVA!t"'!'AGES

More expensive to operate in comparison to
other,calcining operations.

Calcine Carryover of 6% in outlet gaaes.

MAJmt A!1fA..'ffAC't!J

,--------------------------------------------------------------------------------_.Fluid Bed P~a8ter Cylindrical-refrActory-lined
Bteel shell

1600 TPD
Concentrate

12-14% S02 Processing difficulties.

Excessive calcine carryover of 80% in outlet
gases.

Poo IIIOv1ng paru in the cOl'lbust1o'C c:b.acber.

Maintenance re~uire:'!!ntll are ·t II c1nilC".m.

Uniform bed temperatures an~ co:poaltion
are eaintained in the fluid bed.

Little excess air i. required.
______________________________________________________---------------------- 1

Sintering ~~chine Traveling straight line grate 1.5-2% S02" Requires a very careful adjustment of the Excellent hearth efficiency.
physical and chemical conditions of the charge.

25 ft. - 35 ft. long
5 ft. - a ft. vide Sulfur control Is not very practical•

The typical blalt f~rnace ~8es a relativel,
81Ilall amount of fuel.

.----------------------------------------------~----------------------------------ConventionLl Blast furnace Rectangular in plan with vertical 1000 !PD 5% 502 The blast furnace is unable to treat finely The blaat furnace has a high proluctivity
aides at the top, inwardly sloping 'Coneentrate ground flotation concentrates. Tating.
81~cs 1~ the center section, and a
vertically sided hearth at the
bottoo

1.5 m x 7 m x 5 m

._--------------------------------------------------------------------------------.~~da !last Furnace 500 TPD
eharge

7.3% 802
9.5% C02
3.1X 02

Lacks capacity for larger smelter operations. Lower BTU requirements per t~n of c~arte

vhen compared with the B~ require=enta
per ton of wet charge in reverberatory.

----------------------------------------------------------------------------------Reverberatory Furnace A long horizontal furnace vith a
roof designed to reflect flame
down onto a charge on the hearth

120-150 ft. long; 30-40 ft. wide

Hightecperatures 140o-1700oC
Tapping temperature 1100-13000 C

Gas tecperatures ll000 e

1600 TPD
charge

.5-1.0% S02
11-20% of
sulfur
content
removed

Thermal efficieney of the reverberatory is lov. Furnace possesses flexibility ~ith res?ect
to feed.

Capable of handling large tonnages of hot
charge per day.

._------------------------------------------------~--------------------------------!lectr1c lurnaee Rectangular in cross-section with a
firebrick spring-arch roof and a
basic-brick inverted-arch bottom

2-4% 802

'~J

High hydrostatic heads attributable to deep
layered slags constitute a definite furnace
operating hazard.

Bath runaways are a major hazard.

It is cotr:pletely versatile and it can be ue«
to smelt any and all ~terials.

It produces emaIl vol~es of effluent g8a
(consisting of N2 from infiltrated air .. CO '

...a.
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~eetylc !'u:n1ace (cont.)

(contd.)

Copper matte is more difficult to produce
than nickel matte.

Furnace makes little uee of the enereY vhich
is potentially available from oxidizing tho
sulfide minerals of the charge.

The operntinc costs tend to be high due to
the high price of electrical energy.

~"

and C02 from electrode-slag reactions and
S02 from sulfide oxidat!on).

The S02 concentration of ita ~'fluent gaa
Is rpadily cont~ollee by aljustinR th~

amount of air vhlch Is lofl1tr~tee ioto the
furnace.

It makes efficient use of electrical energy.

---------------------------------------------------------------------------------_.r1ash !UrT.8ce (Outok~u)

(not autogenous)
f~qu!res ~ the fuel of 8n
e~uivelent {lrylrever-­
beratory aceiting procese.

20 .. X 7 • X 3 III 1200 TPD­
1400 TPD
Coneentrate

14% S01 Slags are too high in copper content to be
discarded. An additional electric furnace
is needed to trent both flash furnace slag
and converter slag.

Its &~ll physical size 8upporta 8 larr.e
throu£hput.

It is very econocical in its use of fuel,
the greater portion used for air heatir.;,
and therefore, of lov quality.

The gas produced is a good feelstock for an
acid plant.

Direct production of ele~ental sulfur 1n
the flash-snelting ecission syste~ is
being levelopcd.

-----------------~----------------------------------------------------------------Flash r~ac. '(INCO)
(.utogeno:Wl)

,1
\t

Small hearth-type furnace

U.x6.x5a

1600 TPD
dry charge

15-80% S02 Slags are too high in eopper content to be
discarded" Additional ~rentment is needed
for both flash-furnace slag and converter
81ag.

It has a ~uch lover oversll energy
requircccnt.

Its volu~e of effluer.t gas (per ton of
charge) i3 snaIl ~ue to the a~sence of
nitrogen nod hydrocarbon co~~~stion products.
vhich ~eans that ite gas-collection e~uip­

ment requirer-ent is scalI.

The S02 concentratioc in its effluent gas
is very high (eO~) vhich sir.plifles SOl
removal as sulfuric acid, liquid S02, or
ele~entnl sulfur.

Dust losses are low lue to a relatively
small vol~etr1c gas-f~ow rate.

Its productivity (toos of cnarge per day/y'2
of hearth area) is approx~tely 30: hiRher
then that of the Outok~~u process.

----------------------------------------------------------------------------------P1erce-:S:dth Sideblovn '
Converter

Cylindrical steel vessel lined
with basic refractory bricks.

~

13 ft. diameter; 30 ft. lengtb

2-6% 502 Relatively loy concentration at S02 in outlet
gas.

Very efficient as a ~elting machine unler
certain ~dified conditions.

..A
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Table 19. (contd. )

----------------------------------------------------------------------------------Hoboken Horizontal Siphon­
Type Converter

56.5 TPD
blister
copper

8% 502 Capital coats are high than Pierce-Smith
converter

Capacity per unit 8ize is lover than
comparable units.

Efficiency as a smelting machine 1s low•

._------------------------------------------~-------------------------------------Hlt4ubisht Proees. (Cont1nuoua) 500 TPD­
1500 TPD
concentrates

12-15% 502 The Y~tsubishi process may not be suitable
for treating hir,h irepurity concentrates.
(Concefitration of iu.purities in the
blister copper is likely to be high.)

The multi-~tep Ydtsubishi process produces
S02-bearing gas in each of ita three
furnaces and a more extensive gas­
collection system is required.

The system i. pollution free. all exit ~a.e.

have a S02 content greater t~~n 10% ~h1eh

viII pe~it recovery of sulfur aa sulfuric acid

Capital investoent i. 70% of that needed to
build A conventional 5Celter.

Operatingcost8 are reduced due to a ~ller

\lork force.

Blister copper requires relatively little
fire refining due to its relatively low
(.1-.9% 5) sulfur content.

Slag recycle to the celting furnace 1a kept
to a minim~ by the seall produetioQ of
slcg •

• - ~ l

~O~CPA Process (Continuous)
(rtilizes &ubcerged lanees)

9-12% S02

\- ;!
"'~

The heat from the oxidation reactions is
not available to the settling branch. As
A eonsequence, hydroearbon fuel must be
burnt in the settling branch and large
volumes of combustion gas, dilute in 502
(lor 2%) are produced.

Only a small part of the furnace is devoted
to copper-making reactions and hence the
productivity of the furnace is low, 2-3
tons of charge per M2 of heArth area.

Capital costs 20-301; l:elow that of rever:eratoT
eonverter plants.

Lower operating costa, with savings ~eper.dent

upon local costs for fuel. paver and labo~.
) .

Economic viability at low annual t~rough~ut.­

possible 10,OCO to 20,000 tons/year of cop~er.

Efficient recovery of byproduct .J~fur frem
continuous 502 emission•.
Process rakes metal rather tha~,.matte directly
froQ concentrates.

¥~st of the exothercic oxidation reaetio~B arG
generated and continued ~~thin tbe liquid bath.

Injection of oxygen-containing gases via
lances creates turbulence and continuous flow
in the sQelting and converting zones.

In the converting zone, slag moves by gravIty.
generally countercurrent to ~tte and metal.

Copper content of the slag is recuced to
thro~a~~y levels as the slag flo~5 through
the 6~elting and slag-cleaning zones; there
is no revert slag.
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"I' -~ 19. (contd. )
,~,

lUl.C1A Process (cont.) Of!~a8e. g~nerated 1n the smeltln~ an~ eon­
ve~ting stages are coeblned and leave the
furnace continuously. S02 concentration 18
mostly in the 9 to 12% rany,e.

----------------------------------------------------------------------------------~oran~a Process (Continuous)
(~gel lubcerged tuyeree and
I ro~table reactor)

Rorizontal cylindrical furnace
vith a raised hearth at one end.
and a depression near the middle
in ~h1ch the copper collects.

13 ft. diameter;,~O ft. length

MOTPD­
1600 TPD
concentrate

The sulfur content of Noranda process blister
copper (1-27. S) is considerably higher than
that of conventional converter copper and
hence requires ~re air and a much lower
oxidation period in the anode !urnace.

The Noranda process may not be suitable for
treating high lwpurlty concentrates.
(Concentration of i~urltles in the bliBte~
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Figure 50. Combined Flowsheet Shows Variety of Choices' in Current
and Developing Technology Offered to Smelter Designers.'
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Figure 51. Copper Matte Composition Dia'gram. (Source: Rutledge, 1975)
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Data gathered from existing operations have been tabulated in graphical

form and are displayed in Figures 52 through 91. The first family of

curves (Figures 52 through 61) represent computer print plots 'of the

distribution of the major elements of the concentrate into the matte,

slag, and other phase categories (product categories resulting from the

pyrometallurgical treatment of the, concentrates). The "other" phase

category includes elemental distribution into the particulates, gases, ,

fugitives, etc. All curves relate elemental distribution to the matte

grade (percent copper in the matte) •. Assuming that the curves are truly

indicative of the distribution of the elements during smelting, these

plots indicate the change in the distribution of said elements with a

change in matte grade. As the matte grade increases:

the distribution of copper;

decreases in the matte phase
increases in the slag and "other" phases
reaches a minimum value in the matte phase at approximately

a 40 to 50 percent copper matte grade

the distribution of nickel;

• decreases in the matte phase
• increases in the slag phase

the distribution of sulfur;

• decreases in the matte phase
• increases in the "other" (gas) phase

the distribution of iron;

• decreases in the matte phase
• increases in the slag phase

This information may be of use to the metallurgist in predicting trends to

be ant;~ipated with changes in operating procedures. The error bars,

112
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Figure 65.
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however, indicate the questlonab.le reliability of these curves, and suggest

that only general trends be deduced, and that specific metallurgical

balances not be hypothesized.

Figures 62 through 91 indicate the change in chemistry of the matte, slag,

and dust fractions, also, asa function of matte grade. These curves,

assuming that they are accurate, are indicative of elemental distribution.

As the matte grad~ increases:

• the percent iron in the matte decreases
• the percent sulfur in the matte decreases
• the percent nickel in tne matte decreases
• the percent copper in the slag increases
• the percent iron in the slag slowly decreases
• the percent sulfur in the slag is unchanged
• the percent nickel in the slag is unchanged
• the percent copper in the dust slowly increases to a maximum

value at a 50 percent copper matte grade
• the percent iron in the dust slowly increases to a maximum

value at a 50 percent copper matte grade
• the percent sulfur in the dust decreases to a minimum value

at a 70 percent copper matte grade

The error bars again indicate the questionable nature of the curves, and

suggest that only genera~ inferences be made. As more detailed operational

data is gathere~, perhaps these curves will become more accurately defined.

Pollution Control

Figure 92 compares a variety of natural and man-made particulates by their

s i'ze ra-nyes. Fi gure 93 ill ustrates the genera1 gui de1i nes whi ch are used

in the preliminary evaluation of control equipment.

Table 20 lists the particular choices made by operators for specific

applications in a variety of industries. For many applications, the choice

of the type of collector is well ~stablished by operational precedent.
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Figure 92. Characteristics of Particles and Particle Dispersoids.
(Source: Ross, 1972)
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GASEOUS POLLUTANTS
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General Notes on Table

(1) The selection of e<Juipment for rerno\'ill~ aerosols from air
streams depenJs on the properties of the particles.

(n) Low concentration mists can be collected with an electro­
static precipitator, a wet collector, a high density fibrous
filter, or a packed hed mist climinator.

(b) SpraJs can he removed with mechanical separators or
co:use-packed beds.

(c) Fumes can be collected with high·energy wet collectors,
bag fillers, or electrostatic precipitalors.

(d) Dusts can be removed from an airslre~rn with wet collec­
tors, inertia or impingement separators.

(e) Coarse p:lrlicles can be removed from exhausts with settling
chambers or cyclones.

(I) A prim:lry c1e:lnl'r, cyclone, or settling chamber should be
considered for exhaust loadings greatcr th:1ll 10 grains/ft'
to reduce the load on the principal abatement equipment.

(g) Abrasive p:lrticles can be collected with wct collectors or bag
filters operated at reduced flow velocities. Electrostatic pre­
cipitators can be used, but the unit must be sized to reduce
erosIon wear.

(h) Adhesive or hYb'To~copic materials arc best collected with
wet collectors. Uag fillers, clectrostatic prccipllators and
cyclones arc not effective conlrol devices.

(1) Dusts wilh low resistivity characteristics arc effectively col­
lected with electrostatic precipitators.

(2) The selection of control tquipment for gaseous pollutants
is dependent on the chemical nature of the contaminant. Some
guidelines for organic pollutants can be summarized as follows:

(a) Vapors present in high concentrations and wilh high dew­
point tcmperntures can he removed by condensation either
by direct cooling or cOlllpression.

(b) Highly soluble organics can be rcmoved from the exhaust
by scrubbing with liqUid or a suiwble solvent.

(c) Pollutanls which have molecular weights higher than the
nonnal components of air can be removed by adsorption.
Generally, adsOl pIlon is practical for renJoval of organic

vapors which can easily be evaporJted from the adsorqent
at low pressure steam temperatures.

(d) Combustible vapors c;'In be burned ill direct or catalytic
units.

(e) Vapors which arc highly explosiv':l or flammable, and soluble
in water, arc best collected in wet systems.

(3) Inorganic gaseou~ pollutants c:ln he removed from air­
streams by condensation, scruLiJing. and with aclsorbcnts such as
silica gel, alumina, or :"'lIvarl'd carLon, The usc or aJ~orl>ents for
Inorg:lIlics has II/llited application so that scruhhinJ.: and sometimes
condensation reOl:lin the principal treatment methods.

Fi gure 93. Control Equipment Guidelines. (Source: Ross, 1972)
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~OCIt "ROO\H.""

W"c r,un.. u",l'nt "lin .IC,t' ce.ws "'Dry I'r.~.." ....m.:"l kiln MC.EP, FF CC WS
C"Plc"l null, FF EP,MC Wli,ce

CC'mcnl .J1u. "'R"w "'.1''''1,,1 pr.·puIUIon MC.", tP WS.ce
A...hall pbnl dryCf MC.WS I:P.FF ce

Co.al elryln. MC,WS ",EP
Co.al ",.11. rF MC.WS EP.CC
AI"",lna Iliin )IC,rr.EP WS ee

lolUlllw IIUn "C.EP ",.WS CC
C;J~II'" kiln ale,n,EP WS ee
""&Ruillm ollide "Ie FF,WS,EP

LITn.. IIlln MC.EP n.ws
'h~ph.1t. IIUn .IC, WS,EP FF
flnllhlnl ff MC,EP wS,ee

IRON AND STEEL

Ib.t fllrn.lnc:e WS.!:P MC FF
Op:n hcarth WS. EP FF )tc,ee
la.lc OllYl:cn fumanc:e WS,EP

Electric: furnanc:e FF.WS EP tolC.Ce
Sintoedni MC,FF,EP ws.ce
Cupol.lt WS MC.FF.EP ee
Ott bendcbtlon )IC FF,EP, WS
Ott pellitUing ),IC WS.EP
Ole rou""g MC.WS,EP n,ce

Taconite tote FF,WS.EP ce
P}ritCJ rcaltine )tC, WS, EP FF,CC
HOI .,;;artlnc WS,EP MC,FF,CC

Cok. ovcns EP ws MC,fF.CC
fmo-",ang3nese bla.t fllrnan... Jote,EP cC,WS. "'Senp prt:healing WS Me.n,EP

WNl1IlG AND METALLURGY

Ott pt"ep1ratlon and heneJiciadon itCoFF, WS EP ee
Aluminum pou FF,WS,EP Me ce
~Dlental phosphorous Ell WS FF,WS

Copper con-'erter . EP FF,WS,ce Me
Copper re\'er~tory furnace EP WS ..tc,FF,ee
Copper roaster MO,EP wS,ee FF

nm.nlte ore drrer MC,EP CC FF,WS.
Molybdenum WS EP FF,Me.CC
Precious Dletab n,EP Me,WS CC

LIthium k1ln EP
Lead fumacc n,ws MC,EP
Titanium dioxide n,ws EP MC,ee ~.:

ZInc cupola U WS
Zinc Nutcr Me,EP FF,WS c:c
Zinc: smelter 'IF, WS,EP Me,CC

FOUNDRY AND INDUSTRIAL

Ferrous cupola WS MC,EP FF,ee
Non-ferrous cupola n,EP MC,WS CC
Foundry cleaning room n, WS EP "sc,ee
Sand preparation and bandllnc f'F WS,EP MC,ee
Vent.ilallon FF MC,FF,EP
Machinin. MC,FF WS EP
reed and Bour mllUnc MC,FF WS,EP,CC
Lumber mill. lICe n WS,U
Wood worklns; tdc,n ws EP

,ULP AND PAPER

Ilack Uquor recovery furnace E!' WS Me,n
Lime kiln MC,WS EP,CC FF
Chemical dissolver tank WS MC,FF,EP

ILECfRIC POWER-TYPE OF FUEL
Stoker ~red coal MC U,CC.WS n
Spruder Itoker rlffd coal atC EP,CC, WS FF
'uyedud CQ:s1 fired 'P,CC WS n.MC
OIJ Arcd Me EP FF,WS,CC
Natural Cas tlred 110M 110M
l1cnlla /Ired Me,EP,ec ws f'F
Wood and bark lircd tote WS,EP n,ee
laeau« 6sed )IC WS 'F,EP,ce •
fluId coke MC,EP WS fF,ec

WASTE DISPOSAL INCINERATORS
Apartmenl houae WI I:P MC,n,CC
Indu~rrlal (lb~rm.1 ollldlzn) EP WS MC,fF,CC
Municipal £P,WS Me,CC FF

CHt1>UCAL AND OIL REFININC

ltdocry cal 'cracker-ructor MC 110M
-"'Ilcneratot' MC MM
-CO boiler EP Me.WS ",ee

lulphurlc acid milt [P,WS MC n,ee
Ibo'phonc acid milt WI
Nunc a,"l mitt WI
Carbon bl.rk " MC.f. ... WS ee 1OU .hale dl\Ullallon MC,CC F.P FV,WS
••• malerl.1 pUl"ratlon Me WS,EP,'F CC

:cC,,;...;,*''''0'''"1 colloclot. " • '.lmc 1111", WI .. wei ec'u...... ,. ,.p ...kelt'" ,'""Iplla,.." CC .. combln,d c"llw'o, ..

Table 20. Typical Use of Particulate Collectors. (Source: 'Ross,
1972) •



Figure 94 is a generalized diagram showing some of the more popular

alternatives in current and developing S02fcontrol systems. While each

system is unique in detail, many contain similar basic steps.

It is technically feasible to fix over 95 percent of the sulfur entering

a pyrometallurgical smelter. This is particularly true if the smelting

furnace is of the electric, flash, or in the future, the continuous

copper-making type. The sealed Hoboken type of converter will also be

advantageous for improving 502 collection. With extraordinary care it

should be possible to prevent 99 percent of the sulfur entering the

smelter from entering the atmosphere.

Sulfur dioxide is most easily fixed as H2S04 and techniques are available

to treat gases containing as low as 2 percent 502, The tail gases from

even the best acid plants contain in the order of 0.1 percent 502 which

can only be recovered by scrubbing with basic solutions. The products of

these scrubber systems are small quantities of basic sulfates (CaS04'

MgS0 4, Na2S04) which are water soluble and hence not good for sulfur

storage. They can, however, be recycled to the smelting furnace (after

evaporation) to keep this part of the sulfur stream in a closed circuit.

Elemental sulfur is the best form for permanently storing sulfur. The

production of elemental sulfur from gases -containing 5 percent 502 is

technically feasible but plants to date have not operated on gases con­

taining less than 10 percent 502, The elemental sulfur plants have been

able to fix only 90 percent of their input sulfur, but existing Claus

Plant technology could raise this to 95+ percent.
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It is admitted that many of the sulfur treating processes are only in the

testing stage and have not been proven in large scale situations. The most

popular selection today is that of the contact sulfuric acid plant (a fully

proven system) where sulfur dioxide gases are converted to sulfuric acid.

This system might be considered in tandem with some sort of pyrometal­

lurgical scheme should this type of metallurgy be utilized.
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.INTRODUCTION AND BACKGROUND

The copper and ni cke1 ores 0 f northeastern Mi nhesota generally occur as
f·k'.~.",,< .. · ,..

sulfides. Concentration of these ~lementsas minerals in the ore-body,
: ,: .• 1; ..

however, is low, therefore, some type of treatment beyond physical concen-
.; '.,

160

.I

t ..

. tratibrr'is ne~essaryin order to recover the copper and nickel in a metallic

form (a form which is lIsable in the manufacturing sector of the Minerals

Industry) •

Sulfides are not readily treated 'by hydrometallurgical methods (i.e. they
4

are not easily leached), consequently the' vast majority of the extraction

is by,pyrometallurgical techniques star~j~g with copper, copper-nickel,
"

nickel-copper, or nickel conc~ntrates .. The extraction consists of the

following steps:

1) concentration by froth flotation

2) roasting (optional), drying, smelting, and converting:

3) refining

The most important aspects of steps 2 and 3 will be introduced here and

each discussed in some detail later. The format for the detailed discussion

will be that of a smelter-refinery model, in which a hypothetical copper­

nickel concentrate (a concentrate blend which is typical of a Minnesota

copper-nickel concentrate) is treated for recovery of its copper and nickel

content.
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SMELTING OF COPPER AND NICKEL

Drying

Prepared concentrates are generally too high in moisture content to be

successfully smelted using present-day pyrometallurgical processes. The

principal purpose of dryers, then, is to dry and heat the furnace ch~rge

prior to smelting. Water is removed to a level which will allow further

treatment.

Smelting

Concentrate drying is followed by smelting in which dried concentrate,

subjected to intense heat, melts, forming a liquid sulfide (matte) phase

containing the copper, nickel, and precious metals, and a liquid slag phase,

. essentially free of copper and nickel. Smelting is generally accomplished

by melting the entire furnace charge at approximately 12000 C, usually with

a silica flux. The silica, alumina, iron oxides, lime, and other minor.

oxides form molten slag, the copper, nickel, sulfur, unoxidized iron, and

the precious metals form the matte. The slag is lighter than, and almost
. 4

immiscible with, the matte and is easily tapped off sep~rately.

An important objective of matte smelting is to produGe a discardable slag

which is as low as possible in copper and nickel content. This is accomplished

by keeping the slag near silica saturation (which promotes matte-slag

immiscibility), by keeping the furnace sufficiently hot so that the slag

is molten and fluid, and by avoiding excessively oxidizing conditions.

This last condition is necessary to minimize the formation of solid

magnetite which creates viscous conditions and consequently hinders the
• 4

separatlon of matte from slag.
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The principal reactions which take place during smelting may be explained

in terms of the differences in the thermodynamic properties of the metallic )

compounds. Thermodynamics provides the basis for predicting whether a

reaction will take place or not. The speed with which a reaction takes

place is a consequence of its chemical ,kinetics. At elevated temperatures

roost thermodynamically possible reactions take place (i.e. they will occur

as rapidly as the reactants are brought into intimate contact with each
5

other).

Figure 95 illustrates in graphical form the relative affinities that the

metals copper, nickel, iron, and cobalt have for sulfur and oxygen. At

smelting temperatures iron sulfide is thermodynamically only slightly more,

stable (less likely to decompose into its constituent elements) than is .

nickel sulfide. Nickel sulfide and cobalt sulfide, on the other hand, have

nearly equal stabirities, while ,the stability of copper sulfide is greater
'.

.than that of the iron sulfide.' Generally ,speaking, all the sulfides of
- . 5

the above mentioned metals are in the same stability range.

In the presence of oxygen, each of the above sulfides is unstable with

respect to its corresponding oxide. Iron has the greatest affinity for

.oxygen, followed by cobalt, nickel, and copper. This thermodynamic

rel~tionship between sulfides and oxides provides a key to separating the

iron from the ~ickel, copper, and, to a' lesser extent, cobalt values. If

a mixture of the sulfides of the four metals is brought to equilibrium with

a supply of oxygen insufficient to oxidize the mixture completely, the

available oxygen will combine preferentially with the metals in the order
5

of their oxygen affinities: iron, cobalt, nickel, and copper.



Figure 95. Diagram Showing· the Effect of Temperature on the Sulfur and
Oxygen Affinities of the Principal Metals Encountered in
Smelting. (Source: Boldt, 1967)
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When a mixture of metal sulfides, iron oxide, gangue, and siliceous flux

are melted together, the iron oxide, gangue, ~nd silica form a layer (slag)

which is lighter than the molten sulfides (matte). The slag is normally

discarded leaving the matte which ;s a homogeneous solution of nickel,

copper, cobalt, iron, and sulfur, with small amounts of other base elements,
. 5

precious metals', and oxygen.

The affinity that a particular metal or element has for another metal or

164

element in a mixture is related to its ~oncentration in the original mixtu~e.

Iron as a sulfide clearly demonstrates the greatest affinity for oxygen;

however, as the oxygen combines with the iron to form an oxide compound,

thereby decreasing the iron sulfide concentration, the affiniti~s of the

other sulfides for available oxygen, (i .e. cobalt, nickel, and copper sulfide

in the original mixture) now become prevalent, that is, cobalt, nickel, and

,'copper sul fi de react to form thei r respecti ve oxi des. A separati on, conse­

,quently, is never complete and precise, simply because the various affinities

and reactivities of one element for another element are constantly changing

as reactions proceed.

Physical Chemistry of Smelting--The major constituents of a copper-nickel

smelting charge are the sulfides and oxides of copper, nickel, and iron.

The charge also contains the oxides of A1203~ CaO, MgO, and Si02, which

are either concentrated in the charge feed originally or are added as flux.

The factors which control the process'reactions are:

'1) chemistry of. the original feed (the amount of iron, copper, nickel,
sulfur, and oxygen present in the feed which largely controls the
chemistry and physical constitution o~ the matte-slag system)

2) the oxidation/reduction potential of the gases which are used to
hea t and me 1t the cha rge -4
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The first purpose of smelting is to ensure the sulfidization of all the

copper and nickel present in the charge so that it enters the matte phase.

The presenceof'FeS in the matte ensures the above conversions by sulfidizing

the nonsulfidic copper and nickel of the charge by the f01lowing principal

reactions:

FeS(l) + Cu20(R, slag) ~ FeD(l, slag) + CU2S(1)

and

7FeS(l) + 9NiO(l, slag) t 7FeO(1, slag) + 3Ni 3S2(l) + so (g)

where l denotes the liquid matte phase, slag denotes the slag phase
( ) denotes location

In the liquid state the matte is a homogeneous solution of copper, nickel,

iron, and sulfur, with small amounts of other base elements, precious

. metals, and oxYgen. The quantity of iron in the matte can be controlled

by adjusting the degree of oxidation of the charge to the smelting furnace.

Since the amount of sulfur removed as sulfur dioxide is proportional to the

amount of iron oxidized, the amount of sulfur in the feed becomes a

convenient measure of the extent to which the charge is oxidized. The more

sulfur present in excess of the amount required to combine witn the copper

and nickel in the matte, the greater the iron content of the matte will be,

and the lower will be its grade (percent Cu). Each smelting operation has

its optimum grade matte. As a rule, smelting is carried to the point at

which substantially all the iron sulfide has been eliminated from the

original feed to the slag phase, and the metal values are concentrated in'
s

a high grade matte.



Isolating Copper in Matte--The efficiency wit~ which the copper of the

charge is isolated in the matte depends upon some general operating

conditions which promote a matte-slag separation with a minimum loss of

copper to the slag phase:

• Silica in slag. Silica promotes the formation of separate matte
and slag phases. The most complete isolation of copper in matte
occurs at near saturation conditions 35 to 40 percent Si02.
Silica is added directly and in recycled converter slag to
achieve these conditions.

• Lime and alumina. Addition of these oxides tends to stabilize
the slag structure and they are beneficial up to about ten
percent'in slag. '

• Matte'grade (percent Cu in matte). Experimental and industrial
studies with mattes of industrial grade, 30 to 50 percent Cu,
show that the concentration of copper in the slag phase is
proportional to matte grade. Thus, with constant slag wei'ght,
a high matte grade cause~ a high loss of copper in the slag.
This situation is reflect~d in the ratio

Wt %Cu in slag
Wt %Cu in matte

which is typically 0.01 to 0.02 in industrial operations .

• Slag weight. The weight of copper lost in siag is proportional
to the weight of slag, other conditions being constant. Slag
weight ;s minimized by charging concentrates of high copper
grade and by avoiding the recycle of converter slag to the'
smelting furnace.

• Temperature and oxygen potential. Ah;gh smelting temperature
( 120QoC) leads to a more' fluid slag, and a matte-slag
separation with low copper losses in the slag. ' Highly
oxidizing conditions lead to high copper losses in the slag.

Copper Converting.
Smelting is generally followed by converting, where the matte from smelting

is oxidized (with air), removing the iron and sulfur from the matte. The

process is almost universally carried out'in the horizontal basic refractory

lined cylindrical Pierce-Smith Converter. Matte is added to the converters
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at 1IOOoC and the heat generated in the converter by the oxidat~on of iron
4

and sulfur is sufficient to make the process autogenous.

Copper converting is carried out in two sequential stages, both of which

involve blowing air into the molten sulfide phase. These are:

1) The FeS elimination slag forming stage

2FeS + 302(air) + Si02(flux) + 2FeO · SiOZ(slag) + 2S02
.

2) The blister copper (98.5% - 99.5% copper) forming stage
4

Cu2S + 02(air) + 2Cu(blister copper) + S02

Copper making (stage 2) does not occur until the matte contains less than

one percent iron. In normal industrial practices, the converter is charged

with matte in several steps, each being followed by partial oxidation and

slag removal. This results in a gradual accumulation of Cu2S in the

converter and it is followed by a final "copper making" blow.
4

The product of the converting process is blister copper, which contains in

the order of 0.02 to 0.'1 percent sulfur. Significant formation of copper

oxide .does not occur until the sulfur content is below 0.02 percent so that
4

oxidation of the copper is not a problem.

Nickel Converting

In nickel converting, iron and sulfur are oxidized, eliminating substantially

all of the remaining iton sulfide. Nickel, copper, precious metals, and

most or all of the sulfur that was combined with them remain in the matte.

A new.pyrometallurgical process is top blowing with oxygen in a rotary

furnace. Cylindrical in shape, the furnace is rotated continuously about
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its longitudinal axis. While this device can perform normal converting,

the excellent mixing and thenmal efficiency of the arrangement permit

operations not possible with standard converters. For example, molten

nickel sulfide can be oxidized directly to liquid nickel metal, according

to the overall reaction:

The succe's's' of this,..operation requires high temperatures and intimate

contact between the gas, the molten nickel-sulfur, and solid nickel oxide.

With appropriate ~ontrol of temperature, agitation, and gas addition, this

turbulent bath concept 'can also be successfully applied to copper-nickel

mattes and copper mattes to produce directly cupro-nickel and copper with
5

low impurity levels.

The principal factors which determine the production rate of converters are:

• rna tte grade
• air blowing rate

.The quantity of air required for conversion of sulfide to oxide or metal

decreases dramatically with an increasing ma~te grade. This is, of course,

due to the fact that there is much less iron sulfide to be oxidized. Thus,

the rate of matte conversion can be appreciably increased by charging a

high-grade matte .. Increasing the air blowing rate will also increase

productivity. An, upper limit, however, exists above which the liquids are

excessively ejected from the converter.

REFINING OF COPPER AND NICKEL

4
Crude anode copper often has the following approximate composition:



Element

Cu
Fe
Ni
S
Zn
Pb
Sb
As
Sn
Bi
Se
Te
02
Ag
Au

Anodes (Range of %)

97.5-99.5
0.01-0.1
0.1-0.5
0.03-0.3
0-:-0.03
0.05-0.26
0-0.3
0-0.12
0-0.1
0-0.05
0-0.1
0-0.1
0-0.1
0-0.1
0-0.005
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5
Crude anode nickel has the following approximate composition:

Element

Cu
Fe
Ni
S
Pb
As

Anodes (Range of %)

4.0-17.0
0.8-2.0
76.5-93.5
0.6-1.4
0.01-0.05
0.05-0.5

Crude copper and crude nickel must be subjected to a refining type process

in order to remove the various impurities present. Generally speaking,

there are two methods of refining (i.e. pyrometallurgical and electrolytic).

With the pyrometallurgical process it is only possible to obtain low grades

of copper, since the impurities are not completely removed in the process.

In order to remove the impurities most completely and to recover the

valuable elements, the crude metals must be subjected to both forms of

refining separately.

Fire Refining and Electrorefining of Copper

Electrorefining requires strong, flat, thin anodes to interleave with the

cathodes in the refining cell; however, these cannot be obtained by directly



casting blister copper. Residual sulfur and oxYgen contained in the impure

copper form large blisters of 502 during solidification which: 1) unaccept­

ably weaken the anodes (in the region of the ,5°2 blisters); and 2) cause

rough surfaces of-uneven thickness. Thus-, the sulfur and oxygen are removed

by fire-refining techniques prior to anode casting; the sulfur by injecting

air into the molten blister copper; and then the oxygen by injecting
.­

hydrocarbon ga~.

Fire refining is carried out in rotary-type refining furnaces (anode

converters) resembling Pierce-Smith converters. or ;n small hearth furnaces.

The temperatures of operation is approximately 1130 to 11500 C which provides

sufficient superheat for the subsequent casting of anodes. There is very

little heat produced by the refining reactions, therefore, some combustion

fuel is necessary to maintain the temperature of the furnace.

The essential reaction for the removal of sulfur by air is:

[S]Cu + 02'(g) + 502(g)

while simultaneously oxygen is dissolving in the copper by thereactiorr:

The oxygen concentration in the desulfurized copper is reduced and/or

'removed from the molten copper with hydrocarbons such as natural gas (CH4),

reformed natural gas (CO + H2), propane (C3Ha), or wood, producing carbon
~

monoxide, carbon dioxide, and water as residual products from the chemical

reactions.

In the past, a final copper product was produced by fire refining in this

manner; however, many impurities cannot be removed by this technique and

the product must undergo electrorefining.
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The electrorefining of copper consists of the electrochemical dissolution

of copper from the impure anodes and the plating of pure copper (without

anode impurities) onto copper cathodes ..The electrolyte is generally an

aqueous solution of H2S04 and CUS04 usually with a trace amount of chlorine.

Many of the anode impurities are insoluble in this electrolyte (Ag, Au, Bi,

Pb, Pt, Sn) and they do not interfere with the electrolysis. Other

impurities such as As, Fe, and Ni are partially or fully solubie and these

must be kept to a low concentration in" the electrolyte to prevent them

from being occluded with the copper o~ the cathode. This is accomplished.

by continuously bleeding part of the electrolyte through a purification
4

circuit.

Typical anode to cathode voltages are 0.20 to 0.25 volts at current

'densities of 200 amperes per square meter of cathode.

The applicatinn of an electrical potential between a copper anode (positive

electrode) and a copper cathode (negative electrode), both immersed in a

~ell ..containing an acidified copper sulfate solution, causes the following

reactions and processes to take place:

1) Copper is electrochemically dissolved from the anode into solution,
o +2 - 0

Cu Anode + Cu + 2e E = +0.34V (a)

2) The electrons produced by reaction (a) are conducted towards the
cathode through the external circuit and power supply.

3) The Cu+2 cations in the solution are conducte~ to the negat~ve .
electrode (cathode).

4) The electrons and the Cu+2 ions recombine at the cathode surface
to produce copper metal which plates on the cathode,

Cu+2 + 2e- + Cuo EO = +0.34V (b)
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The net effects are the electrochemical dissolution of copper from the

anode; the migration of electrons and copper ions towards the cathode; and

the plating of copper on the cathode surfa~e. The overall electrochemical

reaction is the. sum of reactions (a) and (b),

Cuo -+ Cuo

for which the theoretical (reversible) potentia~ (i.e. the difference
. ..

between the electrode potentials) 1S °volts.

Electrowinning of Copper

Copper can be recovered in marketable form by electrowinning from strong

leach solutions or from the electrolytes produced by solvent-extraction

techniques. Electrowinning is similar to electrorefining except that the

anode is composed of an inert material, usually anti~onial lead. The ov~rall

reaction for copper electrowinning may be written:

CuS04 + H20 II cuOcathode +t~ 02anode + H2S04

Copper is produced at the cathode which is started on a copper base, evolves
..

at the anode,. and sulfuric acid is regenerat~d ~or. reuse as a leachant ..

Electrowinning requires approximately ten time~ the voltage' used in electro­

refining and thus it uses considerably more electrical energy. In addition,

the cathode product is less pure than electrorefined copper, mainly because
..

of contamination from the lead anode which is not completely inert.

Electrorefining of Nickel

In nickel refining, nickel anodes and thin "starting sheets" of pure nickel

(starter cathodes) are immersed in an electrically conducting aqueous

solution called an electrolyte, and connected to each other through a
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source of direct current electricity. The current source creates a

potential difference, or voltage, and as the current flows through the

cell, the nickel and some of its associated impurities in the anode dissolve'

in the adjacent electrolyte (the anolyte). This solution is pumped from

the cell, treated for removal of impurities, then returned to the cell as

catholyte (the electrolyte adjacent to the cathode). Nickel from the

catholyte is then deposited on the cathode.
s

In the refining of crude ,nickel anodes, the principal anodic reaction is

the dissolution of nickel metal as n1ckel ions, leaving two electrons in

the anode to be transmitted to the cathode:
.+2 ' -

,Nianode = N'anolyte + 2eanode

The principal. cathodic reaction taking place in the cell is the reduction

of nickel cations from the catholyte by their picking up two electrons at

the cathode and depositJng as nickel atoms:

N·+2 + 2 -, - N'
'catholyte ecathode - ,'cathode

The net cell reaction (the sum of the principal anodic and cathodic

reactions) is zero, a result characteristic of any electro~efining process.
s

Electrowinning of Nickel

Pure nickel cathodes may also be produced by electrowinning. Two different

methods of electrowinning nickel are currently in use:

1) electrolysis of soluble anodes of nickel sulfide

2) utilization of insoluble anodes to extract nickel from a leach
liquor
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Electrowinning with Sulfide Anodes--Nickel sulfide anodes (essentially

Ni 3S2 in composition)..).~v.~Jve anodic reactions where oxidation of sulfide

sulfur to the elementa-l'.~:fate takes place with 'the release of metal ions

into solution and electrons to the anode. The reaction is summarized

below. 5

Ni 3S2 = 3Ni+2 + 2S + 6e-

The cathodic reaction is represented by:

3(Ni+2 + 2e-) = 3 Ni

and the net cell reaction is represented below as:

Electrowinning'With Insoluble Anodes--Electrowinning with insoluble anodes

provides a means of recovering nickel from leach liquors. Since the nickel

being extracted at the cathode enters the electro-lyte by a leaching reaction,

the only function of the anodes is to transfer electrons to the external

clrcuit for del ivery to the cathode. .For this reason the anodes are made.

of an insoluble material,. such as antimonial lead, that has a long life in ..-.

sulfate electrolytes. Thus, there is no need to cast and handle anodes

or to collect, tank slimes. 5

Electrolyte (the purified leach liquor) is an aqueous solution of nickel

sulfate, sodium sulfate, and boric acid.' In order for current to pass

through the cell, a chemical reaction must occur at the anode. Since the

, anodes are insoluble, this reaction must be either decomposition of water

-or the oxidation of anions. The former reaction ;s';n fact the principal

anodic reaction:



HydroxYl ions are also oxidized at the anode potential employed, but their

concentration in acid solution is so low that this reaction accounts for

very little anodic current. Since the electrode potentials required for

the oxidation of sulfate anions are much greater than that for the decom­

position of water, this reaction does not proceed. Adding the principal

anodic reaction to the principal cathodic reaction

2(Ni+2 + 2e- = Ni)

the net cell reaction'is found to be:

2Ni+2 + 2H20 = 2Ni + 4H+ +02

or

The sulfuric acid generated at the anode is utilized by recirculating the
5

anolyte to the leach circuit.

SMELTER-REFINERY MODEL

Assuming that the preliminary and/or feasibility engineering studies

indicate continuance of the development of the mining operation, the next

logical step is to predict and/or develop concepts or models of each and

all of the vertical stages of mineral development (i.e. exploration,

mining, milling, processing, smelting, refining). The various physical

models are necessary as they establish the specific and detailed criteria

which form the basis for actual operation.

GENERAL ASSUMPTIONS

The models which follow represent "generic regional" smelting and refining

operations. The following general assumptions have been made relative to

each of the models.
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• A "material balance" is assumed to represent the quantitative flow
of constituents through a process flowsheet~ 'A "complete material
balance" represents the quantitative flow of all the constituents
of an input material through a process f1ows~eet. (This assumes
that a complete and total chemical analysis is known with,regards
to the input material.) A "smelter/refinery material balance"
represents the quantitative flow of constituents through a process
flowsheet ich involvesth~ smelting and refining of said constituents.
A "complete smelter/refinery material ba1ance ll represents the quanti­
tative flow of all the constituents of an input material thro~gh a
process flmoJsheet which involves the smelting and refining of said
input material. (This assumes that a complete and total chemical
analysis' is known with regards to the input material.) A Ilfully"
integrated stre1ter/refinery material. balance" represents the
quantitative flow of all input constituents through a process flow­
sheet which involves the smelting and refining, of said input
constituents to a final product (this assumes that no intermediate
products exist in the balance which could be' further treated, stored,

,or discarded) .

• All fuodels developed from the various material balances contained in
,this report were without the aid of specific and detailed data
relating to the treatment of Minnesota copper-nickel concentrates.

-, "':~' Hence, all quantitative data have minimum acceptable accuracies of
'!50 percent. In many cases the true accuracy of individual numbers
will exceed ~100 Dercent~

'.The flowsheet as outlined in Figure 1, which is the basis for the
material balances found in this report, is itself, an assumption.
Flowpaths have been hypothetically selected and are used as a tool
in order to predict end-use quantities of metals, acid, concentrates,
etc. The particular flowsheet chosen here mayor may: not be real,
and hence, mayor may not be indicative of treatment of Minnesota
copper-nickel ores.

e The rna teri alba1ances are based on the production of ~ 100, 000 MTY
of high grade copper-nickel matte. The smelter/refinery model is
based on the production of :: 100, 000 MTY of metal (coppe r + ni cke1) .
This, of course, means that the quantities of anyone particular
constituent appearing in the material balances will have to be
multiplied by a "multiplying factor" to yield the quantities as
would be indicated by the smelter/refinery model •

• The output products as indicated in the smelter/refinery material
balance are:

metal1ics
Fe-Cu-Ni concentrate

i,cathode copper
cathode nickel
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• To convert the output products to a final metal product basis
(copper + nickel), it will be assumed that the metallic fraction
and the Fe-Cu-Ni concentrate fraction (both of these fractions
contain copper and nickel) will be treated for copper 'and nickel
recovery with no losses of either element. An overall copper
recovery of 96.31 percent and an overall nickel recovery of 91.68
percent. These recoveries yield a Cu/Ni ratio of 7.00, which implies
a "multiplying factor of ll 1.37394 to be used in scaling up the
numbers found in Table 1 to yield a smelter/refinery model production
of 100,000 MTY of metal (copper + nickel). Refer to Figure 2 to
determine the II mu ltip1ication factor" for other size operations.
Note how the "mul cip1ication factor" will change as the copper and
nickel recoveries change. .

• The multiplication factors to be used in the scaling of the quantities
. found in Table 1 are determined by the .equationbelow:

MF - "A
- (xeB + yae)

where
MF = the multiplication factor
A = the desired size of operation (metric tons of metal (copper +

nickel) per year)
X = the copper in the concentrate feed to the smelter (metric tons

Df copper per year)
B = the overall percent copper recovered
Y = the nickel in the concentrate feed to the smelter (metric tons

of nickel per year)
C = the overall percent nickel recovered

• Material balances found in this report do not represent IIcomplete
material balances. II

• Smelter/refinery material balances found in this report do not
represent IIcomplete smelter/refinery mater5al balances."

• Smelter/refinery material balances found in this report do not
represent IIful1y integrated smelter/refinery material balances. 1I

• OxYgen is not considered in ~e material balances. It is not
possible to predict oxygen or air pa'thways, efficiencies, or air
dilution values. Therefore, it is assumed that sufficient oxygen
as air and/or pure oxYgen will be available to carry out the required
reactions in the smelting and convertinq of copper-nickel ores.
Total gas flow volumes are not known; however, estimates of gas flow,
based on historical information, will be .attempted. '

• All models are considered to be 1I 0 ff site ll models with respect to
all parameters and variables (i.e. capital and operating costs,
manpower requirements, surface land use, water needs, etc.). The
only exception to the above assumption will be with respect to
transportation costs. Detailed transportation cost data was not
generated at the time of the writing of this report. .Smelters and/or
refineries located lion site" will necessarily incur lower capital and
operating costs, reduced manpower requirements, smaller surface land
use, etc.
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• Values predicting sulfur removal, fugitive emissions, stack emissions,
metal recoveries, and so on, are assumed values.

• Specification sheets relating to quantity, size, and type of equipment
used in the smelting and refining operations have not been included
in the modeling. Flowsheets have been generalized to include only
major types and quanti ti es of equi p~ent needs 0

• Capital costs, operating costs, energy requirements, water require­
ments, manpower needs, and so forth, are broken down by genera 1i zed
categories. (These values will exclude any contributions resulting
from any intermediate mineral processing which might occur. Mineral
processing values will be interpolated from the main mineral pro­
cessing model.)

SMELTER MODEL

The smelting model which follows is broken down into two parts, namely:

• concentrate dry; ng
.• concentrate sme1ti ng

Concentrate Drying

.' Figure 96 illustrates, in generalized form, the flowsheet for the drying

of copper. Table 21 summarizes the material ba"ance for the drying

flowsheet, and includes the major metals, trace elements, and principal

impurities contained in the wet concentrate. Please refer to Table 22 for

a list of'the specific assumptions made here •. Figure~ 97 through 122

i~dicate quantitatively the principal contaminants (principally fugitive

and stack particulate emissions) to the atmosphere resulting from the drying

of copper-nickel concentrates. (The starred values are' those values assumed

in the material balance.) The solid black lines indicate how each starred

value quantitatively changes as the assumptions relatin~ to particulate

matter removal or fugitive particulate matter generation (the x-axes)
.

changes. The dashed lines and the consequent shaded areas indicate the

extent of the error (±50%}.associated with each value represented, again,
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Table 21. Metallurgical Material Balance of the Principal Constituents
of a Typical Cu-Hi Concentrate (Concentrate Drying)
(Quantities are in Metric Tons Per Year). .

Elements

I Cu Ni 'Fe S SiO, CaO MgO Al20J As Pb Zn Cd Ag Au Rh Pt Pd

INPUT

Concentrate
(Dry Basis) I 66,118 9,929 153,911 119,613 66,586 6,546· 23,436 12,879 13.52 41.62 1,965 17.72 23.26 0.72 .0088 0.89 2.11

O~

Concentrate 65,536 9,842 152,557 118,560 66,000 6,488 23,221 127,66 13.40 41.25 1,947.3 17 .56 23.06 0.71 0.00870 0.88 2.09

Fugitive
Particulates 331 50 769 598 333 33 117 64 0.07 0.21 9.8~ 0.09 0.12 .• 004 .00006 .005 0.01

Stack
Particulates 251 37 585 455 253 25 98 49 0.05 . 0•.16 7.88 0.07 0.08 .006 .00004 .005 0.01

BASIS: 100,000 Metric Tons Per Year Production of White Metal Matte.

......

......
(0



by the solid -black line. (Similar figures-125 through 144-found later in

this report should be interpreted in like fashion.)
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Fi gure 96 . Generalized Flowsheet for Process Concentrate Drying.

•.••••••...•...............................•..••.....••..••••...........•.•.....••............••......•••...•.

r +- ELECTROSTATIC PRECIPITATOR +- +- DISCHARGE

.. t
t- t

WET CONCENTRATE -+- +- +- DRYER-+- +- +- +- STORAGE BIN+- +- +- +- +-TO SMELTER

•........... -....••.•..••..•.•..•........•....•..••.•••..••••.••.•••..••••••...•.•...•..••••••.......•...•..•••

Table 22. Table of "Drying" Assumptions.

• The moisture content of the concentrate to the smelter is 15 percent.

• Ten percent by weight of the concentrate will become entrained in the
dryer gas stream.

• Five percent of the total dust generated will be considered to be
fugitive.

• Ninety-six percent of the dust generated (excluding fugitive dust) is
treated and removed and returned to the system •

•............~.~ ~ ~•.•...............•..... .....•.....•..................•..••........••••••...•..•
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STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE.

PER YEAR AS A FUNCTION OF THE

DEGItEE OF EFFICIENCY

lARSENICl

80 82 84 86 88 90 92 94 96 98 100

% EFFICIENCY OF PARTICULATE REMOVAL

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 106,.

STACK PARTICULATE EMISSIONS TO THE ATMOSPHEREI PER YEAR AS A FUNCTION OF THE
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STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

DEGREE OF EFFICIENCY

(ZINC)
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% EFFICIENCY OF PARTICULATE REMOVAL

BASIS: 100,000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 108.

STACK PARTICULA'fE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

DEGREE OF E-FFICIENCY

(CADMIUM)

')
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% EFFICIENCY OF PARTICULATE REMOVAL

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THt= '~ATERIAL BALANCE CHANGE.
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STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

DEGREE OF EFFICIENCY

{"SILVER}

• 1
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% EFFICIENCY OF PARTICULArE REMOVAL

BASIS: 100,000 MTPY WH.ITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure ll().

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE.. .

PER YEAR AS A FUNCTION OF THE

fERCENT OF TOTAL PARTICULATE

MATTER GENERATED (COPPER)

10 9 8 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO TU~ATERIALBALANCE CHANGE.
........

......
CD
~



........

en
z
o
to-
t)

c:
to­
W
~-to­
J:
C)

LU
;:

Figure 111.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED (NICKELl

10 9 8 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100,000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 112.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE
': . - ~. ~, . I '

PER YEAR AS A FUNCTION OF THE

.. PERCENT OF TOTAL PARTICULATE
MATTER GENERATED (IRON)

10 9 a 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASS·UMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 113.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPIIERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED (SULFUR)

~

10 9 8 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 115.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED CCAO)

10 9 8 7 6 5 4 3 2 1 . 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.

.....
<.0
<.0



......
UJ
Z
o
.....
o-a:
f­
w
~-.....
J:
C'-UJ
;:

1<·

. ~;il
aooe!

~i%~

Figure 116 ..

FUGITIVE PARTICULATE EMISSIONS'TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE. .

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED Cr1;O)
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10 9 8 7 6 5 t4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100•.000 MTPY WI-liTE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO Tr \1ATERIAL BALANCE CHANGE.
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Figure 117.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE
~(:(:[:~~

~j~j!j~~ PER YEAR AS A FUNCTION OF THE
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% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure. 118.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED rARSE~IC)

10 9 8 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WilL CHANGE

AS THE ASSUMPTIONS TO T' MATERIAL BALANCE CHANGE.
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Figure 119.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE
MATTER GENERATED (LEAD)

10 9 8 7 6 5 4 3 2 1 o
%. OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.

I\)

o
CN



,.....
rn
z
o
I-
o
r:r:
I­
w
~-...
:J:
<!'
w
;:-

Figure 1200

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

I ~ER YEAR AS A FUNCTION OF THE
t:::::~

PERCENT OF TOTAL PARTICULATE
'MATTER GENERATED (ZINC)
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% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

~ASIS: 100.000 MTPV WHITE METAL MATTE'

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WilL CHANGE

AS THE ASSUMPTIONS TO 1"" MATERIAL BALANCE CHANGE. (
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Fi gure 121.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED.(CADMIUM)

10 9 8 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 122.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED (SILVER)

~-
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0A» OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Concentrate Smelting

Figure 123 outlines in generalized fo~m the flowsheet for the smelting of

copper-nickel concentrates. Concentrate drying is included in this flowsheet

so as to show its relationship to concentrate smelting. Figure 124 takes

the flow of liquid-solid material from drying, through smelting and inter­

mediate mineral processing, to refining. All numbers (both quantities and

chemical analyses) were derived hypothetically using existing information

as a guide. Three principal material balances in Figure 124 have been

identified as being critical from a material balance point of view, and

these balances are included individually in Table 23, and summarized

collectively in Table 24. Please refer to Table 25 for a list of the specific

assumptions which have been made here. Figures 125 through 144 indicate

quantitatively the principal contaminants to the atmosphere as a consequence

of smelting copper-nickel concentrates. Fugitive and stack particulate and

gaseous emissions are the obvious environmental contaminants. Figures 145,

146, and 147 summarize the combined discharges from the drying and ?melting

of copper-nickel concentrates (both fugitive and stack, particu~ate and gas

emissions) as a function of copper and nickel production. As the quantity

of mined crude ore increases, the undesirable discharges will necessarily

also increase.

Sulfur-rich gases discharged from the smelting complex will be treated for

sulfur removal. Figure 148 shows how the total SCFM of cleaned discharge

gas will vary with: 1) the concentration of S02 in the discharge: gas; and

2) the total quantity of S02 discharged.



Figure 123" Generalized Flowsheet for Concentrate Smelting in the
Production of Commercial Grade Copper and Nickel.
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Figure 124. Materia; Products Flowsheet.
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Metallurgical Material Balance of the Principal Constituents
from the Flash Smelting of Cu-Hf Concentrate (Quar+~ties are
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--_.................._._-_.-._-_._..-........-.._.-.............................................................._............,......................................-......................................................................
liAS ISI 100.000 .... uic Tone Per Y.ar Production oC \./hitlll Metel Mattill.

In"IlIent Table 24. Metallurgfcal Materfal Balance 5U11Yl1ary (Quantitfes are 11'1
2Hctric TOI\Jl of Ele.ent Metrfc Tons Per Year).
)Elemcnt D1etribution
~ChcDllclll An.lyDia oC Input-Output Product
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-'"
-'"



T~bl. 25. Table of "Smelting" Assumptions.

e The input feed concentrate has the following chemical composit10n:

Element ~ Element !iU
Cu 14.3 Pb 2: 0.000
N1 2.14 In -0.42
F. 33.2 Cd ~ 0.0058
S 25.8 Ag -0.005
5102 14.3 Au -0.00015
cao 1.4 Rh :lIJO.000OO19
MgO 5.0 Pt .0.00019
A1Z03 2.8 Pd -0.00045
As 30.0029,

-Converter slag 'and portions of captured flue dust are recycled and
added IS feed to smelter.

• E~haust gases contain some molten or semi-molten dust particles.
Volatile co~pounds tend to be concentrated in the dust. Gases plus
dust are assumed to be a homogeneous mixture at the exit port of
tach emission location.

• Individual dust particles emitted at the various point source locations
w1thin a smelting complex assume the same chemical composition as the
mterfal from which it is derived. Dusts generated from the flue
bed reactors assume the same chemical analysis as the produce calcine.
dusts generated from the smelting furnace assume the same chemical
analysis as the metal matte. as so on.

• Zinc: major portion of this constituent is oxidized and distributed
into the slage. Aportion is partly volatilized.

212

85~ goes into the slag
15~ removed as dust

(true for concentrates high in zinc)
(volatilization rate is =20-30%)

.0, Lead: major portion goes into the matte. PbS in the matte is then
oxidized partly to PbO in the converting furnace and distributed
into the slag.

90% 'goes into the matte
10% removed.as dust

(true for concentrates high in lead)
(volatilization rate is =60%)

,1)

oCaO. MgO. A1 203: these constituents are principally distributed, into
the slag.

eArsenic: 90 percent of the total amount present is removed as dust
or particulates (volatilization rate is ~10%).

• Cadmium: 90 ·percent of the total amount present is removed as dust
or particulates (volatilization rate is ~10%) .

• Cobalt: approximately 70 percent of the total amount present goes
fnto the matte. Thirty percent is removed as dust or particulates

,(volatilization rate is ~10%).

e It is assumed that some flue dust is more easily collected then others.
The ease of collection is dependent upon where dust accum~lates in
the system. Also. it is assumed that some dusts or particulates are

'specially treated for removal of certain constitui:!nts. It is assumed
that w73 percent of the As. Pb. Zn. and Cd is either:

contained or isolated in the system where collection occurs
less frequently. or .

2) removed by special treatment prior to recirculation •

• Five percent of the total dust generated in the smelting system(s)
1s considered to be fugitive. as as such. is never treated for
removal.

• Ninety-six percent of the dust generated (excluding fugitive dust)
is treated and recovered and returned for use in the smelter. The
remaining four percent is discharged as a stack emission.

GOne percent of the total sulfur generated as S02 is considered to be
fugitive. as as such is never treated for removal •

• Ninety-five percent of the sulfur generated as S02 (excluding
fugitive sulfur emissions as S02) is treated for removal as sulfuric
acid and sold as a byproduct. The remaining five percent is dis­
charged as a stack emission •

• Ninety-six percent (96%) removal efficiency on particulate cleaners
is assumed. Deviations from this efficiency will dramatically change
particulate emissions •

• NInety-five percent (95~) removal efficiency of S02 in the sulfuric
acid plant is assumed. Deviations from this efficlency will drama­
tically change gas emissions.



Table 25. (contd.)

• Assume Cu, Ni, Fe, S in the matte are as CU2S, Ni3~ Fe7S8' and Fe.
Assume in flotation 95 percent recovery of CU2S in a Cu-concentrate,
85 percent recovery of ~i3S2 in a Ni-concentrate, and 85 percent /
recovery of Fe7S8 in a Fe-concentrate. The remainder of each consti­
tuent is split equally a~ng the three concentrates. The analysis
of the three concentrates is determined after summation. Assume
12,000 metric tons per year of metallics will form from every 100,000
metric tons of white metal matte averaging 63 to 68 percent Cu. The
analysis of the metal lies is determined by difference (X Elementmetallics·

%Elementwhite metal - ~ Elementcu cone. - %ElementNf cone. -

~ ElementFe cone.) (Figure 3).
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Figure 3. Cu-Ni Equilibrium Phase Diagram. (Source: Boldt, 1967)

APPROXIMATE ANALYSES. WT. "

..
III

..
31

to...

c:..
W
u.z
13.0
5.7
U

<0.5

"' sii:O <IT'5.. <0.4
167 < Q.3

69.' 2•.5
71.0 26.5
n.' 26.'

This equilibrium phase diagram is a concise graphical representation ot
the amounu and composilions ot the solid phases that crystallize from a nickel­
c;.opper.sulfur melt held al a panicular temperature until all chaDge ceasc. All
mattes with compositions that fall ....ithin the. boundaries at the cenler triangles will
contain thrcc separate distiDct phases. the composilioDs of ....hich may be read from
the comen of the a?propria!e triangle. At the ternary eUlectic. temperature of
1067"F the three solid phases co-<:xisting arc: copper sulfide of 20 per cent sulfur
and less than a.S per cent nickel; melallic pha..se (a) of about IS.S per cent copper,
less than O.S per cent sulfur, and about 84 per ceDt nickel; and nickel sulfide (p) of
about 6 per cenl copper. At the eutectoid temperature of 968 =F the copper sulfide
and metallic phas<:s have changed lillie, but the nickel su lfide undergoes a traDS­
formation to a low temperature form (P') iD which the solubility of copper is
only about 2.S per cent. At 700"F, p' contains less than 0.5 per cent copper.
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STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE
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Figure 126.

STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

DEGREE OF EFFICIENCY

( NICKEL)
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STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

I PER YEAR AS A FUNCTION OF THE
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'F; gure 128.

STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE
r::~t!M PER YEAR AS A FUNCTION OF THE
f:rJ~ .
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~~~t~/~..

(SULFUR)
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Figure 129 ..

STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

DEGnEE OF EFFICIENCY

( LEAD J
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Figure 130.

STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

.~, PER YEAR AS A FUNCTION OF THE
~!~~iii~{f~~~:~~
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STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE
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Figure 132.

STACK PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

DEGREE OF EFFICIENCY

( CADMIUM)
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STAOK PARTIC,ULATE EMISSIONS TO THE ATMOSPHERE

I PER YEAR AS A FUNCTION OF THE
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Figure 134.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

en
z
o
I-
U
a:
I­
W
2

t­
:c
(!}

ill
?;

oj 00 Igimlffill@ij.!l~It~Il_Ml_"'ilifliTh.~,~:::::~:~mmr~
10 9 8 7 6 5 4 3 2 1 0

% OF TOTAL PARTICULATE MATTER GENERATED AS FUGITIVES

BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.

f\)
f\)
(..)



I·~~::f..::;:.

~ ~i~i~~~~~
(f) 500 ~z
o
I-
o
0::
t-
UJ
~-....
J:
C)

UJ
~

Figure 135 ..

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE
, .
PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED ( NICKEL)
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Figure 136.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR .AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED l IRON)
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Figure 137.

FUGITIVE PARTICULATE EMISSIONS TO :THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED ( SULFUR I
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Figure 138.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE
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Figure 139.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE.1' PER YEAR AS A FUNCTION OF THE
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Figure 140.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED (ARSENIC)
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. Fi gure 141e

FUGITIVE BARTICULATE EMISSIONS TO THE ATMOSPHERE·

I PER YEAR AS A FUNCTION OF THE
t::;:5,t

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED (CADMIUM)
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ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Fi gure 14.2.

FUGITIVE PARTICULATE EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTION OF THE

PERCENT OF TOTAL PARTICULATE

MATTER GENERATED (SrC2)
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Figure 143e

80.0001 STACK GAS EMISSIONS TO THE ATMOSPHERE
it:::~ .

!~illl PER YEAR AS A FUNCTION OF THE DEGREE OF :mFFICIENCY

70,000! (STACK EMISSIONS SO 2)
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BASIS: 100.000 MTPY WHITE METAL MATTE

ABSOLUTE QUANTITIES OF A PARTICULAR ELEMENT WILL CHANGE

AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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Figure 144.

FUGITIVE GAS EMISSIONS TO THE ATMOSPHERE

PER YEAR AS A FUNCTiON OF THE PERCENT OF TOTAL

GASSES GENERATED ( S0 2)
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AS THE ASSUMPTIONS TO THE MATERIAL BALANCE CHANGE.
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figure 145. fugitive Particulate Emissions to the Atmosphere Per Year ~s

i function of Copper and Nickel Production.

Figur~ 146. Stack Particulate Emissions to the Atmosphere Per Year as a
function of Copper and Nickel Production.
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Figure 147. Fugitive and Stack S02 Emissions to the Atmosphere Per Year
as a Function of Copper and Nickel Production.
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Ffgure 148. Cleaned Exit Stack Gas Flows as a Function of Quantity
and Percentage Concentration of S02. .
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REFINERY MODEL

Copper Refining

Figure 149 illustrates in generalized form the flowsheet for the ~efining

. of blister type copper. Table 26 summarizes the material balance for the

above flowsheet, and includes the major metals and trace elements. Refer

to Table 27 for a list of the specific assumptions made here.

Nickel Refining

Figure 150 illustrates in generalized form the f10wsheet for the refining

of nickel concentrate. Table 28 summarizes the material balance for the

above flowsheet, and includes the major metals and trace elements. Refer

to Table 29 for a list of the specific assumptions made here.

SIZE CONSIDERATIONS IN NONFERROUS SMELTiNG

.Smelters, unlike mining and milling operations, are generally large in their

throughput requirements. The minimum economic output is that of a single

fully-used smelting furnace, generally on the order of 225 to 275 metric

tons of copper per day. In this situation, in addition to the smelting

furnace itself, two or three converters, an anode furnace, and an anode
4

casting machine would be required.

Figure 151 summarizes the major worldwide copper smelters (and e1ectrowinning

. plants) by number and capacity. The worldwide average copper smelter size

is computed at 87,200 metric tons per year; the USA average is 93,000 metric

tons per year. Additional sources define the minimum economic size of

smelters as ranging from 55,000 to 94,000 metric tons of copper per year

(refer to Figure 151). It is concluded that the average size of a copper-
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f1g~re 149. Generalized Flowsheet for a Copper Refinery.
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Table 26. Metallurgical Material Balance of the Principal Constituents
in Copper Electrolytic Refining (Quantities are in Metric
Tons Per Year).

Cu Nt Fe S As Pb Zn Cd AS

INPUT

Anode eu 52,929 212 5 11 .64 13 138 0.80 11.13

OUTPUT

*Cathode Cu 48,560 29.91 .47 .41 .12 .37 3.89 ? 0.26

Scrap Anode 3,142 12.58 .30 .65 .04 .77 8.19 0.05 0.66

*Solution 374 149.00 3.73 .26 120.56· ? .005

*Slime 52 19.94 .47 9.94 .12 11.86 5.16 ? 10.20

Discharge
Waters 0.045 0.08 0.02 -- 0.1 0.1 ? 0.005

Cathode Copper
(from electro-
lyte purifica- 801 .49 .01 .002 0.6 ?
tion) (copper
sulfate conver-
sion to
metallic copper)

BASIS: 100,000 Metric Tons Per Year Production of High Grade Copper-Nickel Matte.
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T.ble 27. Table o( ·Copper Refining- Assumptions.

240

1) Ave~.ge values tor vaste effluents from the 'copper refinery-are taken trom the
cable below (50,000 metric tons cathode copper/year production is assumed).

u.ate lffluent8 From Electrolytic Copper Planta.

Pt.\1lT lI\;M1IF.R

1 I Z I ) I 4 I ~ I 6'"" LQADIKC In:t LOADtllC lttT U1ADIKG IIET LOADtNC NET LOADING K£t LOADING AVUACt VALUtS
.AhMnn 11.1.11. k./kk" k./lL... k../kk.. I<./kl<.. I< .. /kll .. I<./1t1<.l. ..etrIc: ton.I,.••r

tit
0.011AluUAlty 0.044 0.04

CIID 0.006 0.472 0.014 o.n, O.lOS
1Ia~.1 SalU•. 0.074 '.40 0.014 0.310
1tt460lYa4 So ltd. 0.068 1.61 0.006 0.173 0.94
hap....ad Saltde 0.006 1.00 0.008 0.137 0.10
011 end Cr.... 0.05 0.003
...ltec. (u 5) O.Oll 0.066 0.002 0.080 16.1 0.03975 2.0
Cl\lodd. 1.U. 0.003 0.017 0.22
c,wcl.
Al"",ta.. 0.0004 0.01111 0.004
Anlll'llc 0.0001 1.003 0.174 0.002 0.1
Caohdl8l <0.0001
Calcl... 0.040 0.28 0.001 0.06
CIte-I_ <0.0001 0.0002
Clopl"l' 0.001 0.000' 0.0001 0.002 0.43 0.0009 O.OU
lntl 0.0008 0.0003 <0.0001 0.0%7 0.0006 0.00045 0.0225...... 0.0002 <0.0001 <0.0001 0.005 0.00135 0.0675
","",.d.. 0.U5
Mercury 0.0001 cO.oool
IIol,b<l.1S18 4.72
1I1ch1 0.0004 0.0001 0.0001 0.006 0.001 0.00152 0.076
I'Vu ..1.... O.Oll
a.l.a.i_ 0.0002 <0.0001 0.0002 0.0004 0.042
l11ft1' <0.0001 0.0001 0.0001 0.005
ladl.... 0.91 0.0001
feUud... - 0.001 0.052
I1tlc: 0.0002 <0.0001 0.003 cO.OOOl 0.008 0.00228 0.ll4

SOURCE: Development document for interim final effluent limitations
ruidelines and proposed new source performance scandards for the primary copper
emelting subcategory and the primary refining subcategory of the copper segment
of the nonferrous metals manufacturing point source category, United States
IRvironmental Protection Agency, February, 1975.

Jot considered in computation of average values.

2) The volume of copper sulfate production converted to metallic copper amounts
to 1.S-l.8~ of the amount of copper produced. (1.6% of the amount of copper
p~oduced is ass~ed for the copper refinery balance.) Source: The Electro­
lytic Refining of Copper, V.T. Isakov, 1973.

3) The approximate distribution of the principal elemencs contained in the anodes
between the cathodes. electrolyte, and slime is given below in percent.

Cathodes Solution Slime
Cold 1.0-1.5 98.5-99.0
Silver ~. 0-3. 0 97.0-98.0
Copper 98.0 1.9 0.07
Selenium and tellurium 1.0-2.0 98.0-99.0
Lud 1.0-5.0 95.0-99.0
Mckel 15.0 75.0 10.0
Antimony and tin 20.0.30.0 20.0 50.0-60.0
Sulphu.r 3.0-5.0 95.0-97.0
Iron 10.0-20.0 80.0 10.0-20.0
Zinc 3.0 93.0 ".0
Aluminium 5.0 '75.0 20.0
SlUcon 100
Bismuth 21.8 18.2
Araen!c 20.0 60.0 20.0

SOUICI: The !lectl:Olytic 1lefining of Copper, V.T. Isakov. 197:1.

4) Assume 9S percent recovery of precious metals.



Table 27. (contd.)

5) Number of starter cells 1s determined by the following formula:

where N - number of cells in plant (328)
01 - number of cathodes in production cell (45)
02 - number of blanks in cell (28)
~ - yield of usable sheets (95%)
03 - number of sheets used for the production of one

starting sheet (1.08)
a • average period for growth of cathodes in all the

production cells (14)
H - machine time of production cells (93%)
B • number of starter cells

SOURCE: The Electrolytic Refining of Copper, V.T. Isakov, 1973.

6) Weight of anode is 0.35 metric tons.

7) Weight of cathode is 0.125 metric tons.

8) Number of days per refinery campaign is 28 days.

9) Number of anodes per cell is 44.

10) Number of cathodes per cell is 45.

11) Number of cathodes per campaign is 90.

12) Number of cells is 331

13) Number of cells per section is 24.

14) Number of sections is 14.

Assumptions 6-14
SOURCES: The Electrolytic Refining of Copper. V.T. Isakov, 1973;

Extractive Metallurgy of Copper, A.K. Biswas. 1976.
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Figu~ ISO. Gene~aT.ized Flowsheet for a Nickel Refineryo

1
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Table 28. Metallurgical Material Balance of the Principal Constituents
in Nickel Electrowinning (Quantities are in ~'etric Tons
Per Year).

243

Cu Ni Fe 'S Ph Zn Cd Ag

INPUT

OUTPUT

1,439 7,134 165 3,054 13 227 .8 11.13

Cathode Nt

*Cathode Cu

*Residue + Anolyte
(Returned to
system)

.18 6,064 .06 .06.04?-

750 .46 .01 .01 .01 .06

688.82 1,069.54 169.93 3,053.93 12:95 226.94

? ?

? .004

? 11.1126

BASIS: 100,000 Metric Tons Per Year Production of High Grade Copper-Nickel Matte.

*Speculation.



Table 29. Table of -Nickel Electrowinning" Assumptions.

-Assume an overall nickel recovery if 98 percent •

• Nickel recover~as' a "nickel cathode is assumed to be 85 percent•

• Weight of nickel cathode is 0.075 metric tons •

• Number of days per refinery campaign is 8 days.

-Number of campaigns per year is 46.

-Number of cells per campaign is 45•

• Number of cathodes per cell is 39•

• Number of anodes per cell is 40.

244



r't'e 151. MAJOR WORLD-WIDE SMELTERS
-4 12 13 20

(NUMBER AND CAPACITY) , , ,
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--- WORLD-WIDE

,ua USA ONLY. . .

ANNUAL METAL CAPACITY, METRIC TONS X 103

SOURCE

HAYS

MRRC

BISWAS

MINIMUM ECONOMIC SIZE

IN METRIC TONS

90,700 CU-NI/YEAR
55,300 CU/YEAR

150,000 CU-NI/YEAR
93,600 CU/YEAR

91,250 CU/YEAR

WORLD-WIDE
. AVERAGE
87,200 METRIC

TONS PER YEAR

U.S.A. AVERAGE
93,100 METRIC

T.ONS PER YEAR

EPA 90,700 CU/YEAR



nickel smelter is 100,000 metric tons of metal (copper and nickel) per

year.

SIZE CONSIDERATIONS IN NONFERROUS REFINING

The copper (and nickel) throughput of an electrolytic refinery is usually
4

equivalent to the anode output of a smelter. In cases, however, where

electrolytic refineries treat anodes or other materials from several

smelters, the throughput of the refinery will necessarily be larger than

the throughput of anyone of the smelters feeding it.

ENERGY CONSIDERATIONS IN THE NONFERROUS METALS INDUSTRY
(Sme.lting and Refining)

All the vertical stages which are necessary to transform copper' and nickel

ores into copperam nickel metals use or consume energy. In practice, the

energy necessary to make mechanical and chemical tran~formations is normally

two orders of magnitude greQter than that which is theoretically calculated
28

~s being necessary. Many physical realities account for this phenomenum.

Among the more important are:

• ore grades (diminishing with time) (lower than expected)
• incomplete combustion of fuels
• heat losses due to inefficient equipment
• radiation losses
• energy losses in electrical current efficiency and resistance losses
• energy losses in fuel conversion

Table 30 summarizes the efforts mqde by various individuals and groups to

determine the total energy necessary in the mining-refining of copper.

Table 31 summarizes similar information pertaining to nickel. The information

on mining, milling, and concentrating appears for convenience, and also to

demonstrate that the smelting and refining categories, when treated as

246

)



Table 30. TOTAL ENERGY REQUIREMENTS
MINING-REFINING COPPER 1,4,6,11,12,18,19,20,24,28

CATEGORY SOURCE

i------I---------'---------r-------~---------I---------r------------r---------j--------,
I , Battelle (1974(1), Battel'. (l97SG) \ f/.RRC (19750 ! Bfswas (1976) " Chap1lliln (1974~ ',J.e. A9arWa1, J.R. Sinek (1975) I H.H. Kellogg (1976), USBM (l976) I
I I (KCAlII'o£T. Ton Cii) I (KCAL./MET. Ton Cu) , (KCAL/MET. Ton Cu-Ni) I (KCAL/MET. Ton Cu) (KCAL/HET. Ton cur (KCAL/MET. Ton Cu) ,(KCAL/MET. Ton Cu) I (KCAl/I".ET. Ton Cu) II ' , , (Power Requirements) I ,. I '
i Mining I 1.667,000 i 6.004.000' 800.000 I 4.000.000 ! 2,905,OOO! 2.994,000 \ 4,657,000* ! 4,201,000 i
, H1111ng' 3,890,000 , 8,359,000 ! 4.522,000 i 1,938,000· I 5.078.000· I 5,292.000* ! 7,606.000· I 6.977,000· 'I
I ' I I I (2.769,000). i (7.254,000) \ (7.560,000) \ (15.523,000) , (9.967,000)

L_~~·.:::~·:.~__~:~__l--...:-~~O~--J---~.:~~~- !~__~:I~O:_~ __~:76.0~O:"'_ ! ~~.ooo: L_:~~~__! __~~:o~_-l
I SMELTING 14.029.000- ,8.207.000- i 9,834.000 1 6,307.000 , 4,278.000 1 6,048,000 i 8.467.000 r 9,959,000 ,

i !6.529,000 i 11,335,000 , ! \ ! \ ! i
tREFINING-t,2-:2-23.-ooo-ri.slS:-o00__L"-==:=:=--t2~15~O 00--+\-~15 5:OO-0--t---1:"9g;~oo-o--1-4:234':ooo-1-3~341:Oool
, L I' \ - J '
~------~--------~---------~--------- -----------------~-------------~-------- --------~

AVERAGE VALUES

(KCAL/ MET. TON CU)

FLOTATION 2.252,000

MILLING 5.458,000

MINING

SMELTING

REFINING

3,404.000

7.499,000

2,559,000

* Values adjusted to fit category.

1. Average 0.6% copper ore. reverberatory smelting. no gas effluent treatment.

2. Energy estimates based on data from eight open pit mines. reverberatory-smelting. sulfuric
acid plant treatment.

3. Electric furnace smelting.

4. Open pit operations.

I\)
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Table 31. TOTAL ENERGY REQUIREMENTS
MINING-REFINING NICKEL

ll

•

12

248

CATEGORY . SOURCE

Data derived from literature.



individual stages, under certain situations and conditions, consume less.

energy than the mining and concentrating phases. This is evident in

Figures 152, 153, 154, and 155, which illustrate the effects of grade change,

on the percentage of total energy needed in the various mineral phases

. (mining, concentrating, smelting, and refining). Figure 155 dramatically

illustrates the sensitivity of energy distribution to the ore grade.

Incidentally, the curves were generated at· the discretion of this author
, .
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(

to illustrate a trend or pattern, and mayor may not be representative of

the real curves. Figures 156, 157, 158, and 159 depict ,similar (but limited)

information for nickel.

Returning .to the categories .of smelting and ref.ining, the average values

indicate that 7.5 X 106 KCAL/metric ton copper are required for smelting

and 2.6 X 106 KCAL/metric ton copper'are required for refining. Inherent

savings in energy will become apparent l~t~r in the ~iscussion when specific

smeltingfur;naces are consi dered on an individual basis. Table 31 indicates

that 16.7 X 106 KCAL/metric ton nickel are required for smelting and

7.9 X 106 KCAL/metric ton nickel are required for ~efining (these are also

average va1ues).

ENERGY REQUIREMENTS FOR VARIOUS TYPE SMELTING FURNACES
(Smelting and Refining)

New technology has made it possible to include more energy saving furnaces

other than the conventional reverberatory furnace in the design criteria

of contemporary smelting complexes. Table 32 compares and contrasts th~

inherent differences in energy consumption for six different type smelting

furnaces. Each furnace has been described in earlier reports, so a

discussion of each will rot be included here.
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Figure 152. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUCTION OF COPPER
MINI NG AND CO'NCENTRATI NG 1,2,4,6,11,12,18,22,28 J

(AS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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'Figure 153. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUC·TION OF COPPER
SMELTI NG 1,2,4,6,11,12,18,22,28
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(AS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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figure 154. DISTRIBUTION OF ENERGY CONSUMED ,

IN THE PRODUCTION OF COPPER
REFI NI NG 1,2,4,6,11,12,18,22,28

CAS A'PERCENT OF TOTAL ENERGY CONSUMPTION)
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Figure 155. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUCTION -OF COPPER
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• "Ii

(AS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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Figure 156. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUCTION OF NICKEL

MINING AND CONCENTRATING 9,11,12
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(AS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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Figure 1'57. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUCTION OF NICKEL
9 11 12

SMELTING I I
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(AS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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, Figure 158. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUCTION OF NIC'KEL
REFINING 9,11,12

CAS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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Figure '159. DISTRIBUTION OF ENERGY CONSUMED

IN THE PRODUCTION OF NICKEL
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(AS A PERCENT OF TOTAL ENERGY CONSUMPTION)
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SOURCE FURNACE TYPE
1106 KCALIMET. TON CU 1

258

UYERB£.RATOItY ELEcnuC OUTa..-uMPU tNCO 1l0R,A.'{DA HITSUBISHI

1
Bhvas (1916) '.'99-16.153 S.011 6.307 1.385 5.077 7.538

V5)H (1916) S.663-8.31S 7.21S· 3.354 1.904 2.348

EPA. (1916) 6.390-7.224 3.667-4.167 3.473 3.334

~tdle (1975) 7.567

kttelle (1974) 4.029-6.529
3

'illeJDelb (1976) 7.640 4.862 3.473 3.473 3.473
3 2. 2

ncme1u (1976) 15.975-23.616 10.974-19.448
3

Iba...... (1976) 12.627 8.891 5.876 6.418
3 2 2 2 2

lbanr.. (1976) 21.810 11.905 8.140 8.168

"B. B. le110gg (1976) 4.498 5.849 3.441 2.057 4.647 .3.073'
4 2 2 2 2 2 2 .

.. B. lel10lt (1976) 5.129 6.747 4.286 2.762 S.876 3.876

IIqdenOQ (1974) '.909-7.186 9.098 05.188

AVERAGE VALUES

SOURCES ACCOUNTING FOR 15.447 1.910 8.249 2.762 9.909 6.707

ACID TREATMENT

SOURCES NOT ACCOUNTING 6.965 7.183 4.167 1.782 4.072 3.293

fOR ACID TREATMENT

ALL SOURCES 8.192 1.466 4.790 2.027 6.990 4.259

I. Data a4Ju.t&d 81irfttly to 1nclude eaergy for anode casting. a1ao includes energy requirements for acid plant treat~nt.

J. »,'a jnclud•• 4nefEY r~qulrementa for acid plant treatment.

J. Ce.c«n&rate "Iu~d to 3~r.&e 201 copper.

4. c.n«@ft&r.t@ averleel lOX copper, po nIckel, no impurities (numbers .how only how process design influences ener&1 use).



Referring to the average values of Table 32, it is possible to realize

savings of energy of 25 to 80 percent depending, of course, upon the parti­

cular choice or selection of furnace. The more recent smelting furnace .

designs indicate a distinct advantage in the effective use of energy over the

conventional smelting furnace designs.

WATER RE UIREMENTS OF THE NONFERROUS METALS INDUSTRY
Smelting and Refining)

Very limited data is available for making estimates on typical amounts of
)

water needed in~the smelting and refining of copper (and nickel). The EPA,

however, has summarized data which suggests that an average of 7700 gallons

of water. per metric ton of copper are required for a smelter operation, and

an average of 2100 gallons of water per metric ton of copper are required
7

for a refining operation. Battelle reinforces the figures relating to

smelting. No information has been found re)ative to nickel smelting and/or

refining.

Table'"33 indicates the typical water discharges experienced in copper

smelting and refining processes where discharges occur. Since no information

has been found relative to 'the treatment of nickel, it will be assumed that

discharges occur similar to that of copper.

CAPITAL AND OPERATING COSTS FOR SMELTING AND REFINING PROCESSES

Tables 34 and 35 outline the capital and operating costs of the major copper­

extraction processes (smelting and refining). Emphasis is placed on the

well-established processes of smelting and ~ef~ning, as well as the newer

processes.
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Table 33. WATER DISCHARGES FROM COPPER
10 27 33

SME~TING AND REFINING PROCESSES' ,

260

WATER POLLUTION SOURCE

Smelter Discharges

Slag Granulation l-later l

Anode Contact Cooling Waterl

Acid Plant Bleed l

Demister Acid Drip
Scrubber Water Bleed
Electrostatic Precipitator

Sub Total l

Refinery Discharges

Cathode Contact Cooling Water!

Product Casting Cooling Water2

Other
Electrolytic Bleed
Scrap Anode Rinse
Scrubber Water Bleed
Barometric Condensor

Sub Tota13

'tOTAL

l EPA (1976)

2EPA (1975)

~il1iams (1975)

DISCHARGE
CGALLONS/METRIC TON CU)

1323

198

794

198

320

- 276



Tab'~ J4.

CAPITA COSTS FOR VARIOUS TYPE SMELTERS
'INCLUDING SULFURIC ACID TREATMENT

FURNACE TYPE

SOURCE
(1977 $/ANNUAL METRIC TON Cu) AVERAGE

Biswas(1976) 1 USBM(1976) MRRC(1975) Hay~Ll274) EPA(1976)2 Gray(1977) VALUES

Reverberatory

Electric

Outokumpu

INCa

Noranda

Mitsubishi

1329.00

1550.00

1108.00

1108.00

1108.00

1218.00

952.00-1532.00

1242.00

1211. 00

1159.00

1335.00

1772.00

1635.00 745.00-859.00

859.00

859.00

859.00

1175.00

1521. 00

1166.00-1458.00 1160.00

1134.00

1101.00

1039.00

Electrolytic
Refining 332.00 512.00 420.00-525.00 447.00

1Copper ore @ 1% Cu.
2Copper sulfide concentrate @28.6% Cu, 29.3% Fe, 33.41% S.

f\)
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Table 35.

E
10 SG COSTS Fa

I G S F RIC
E

IC

FURNACE TYPE

SOURCE
(1977 $/METRIC TON Cu)

Biswas(1976) 1 USBM(1976) MRRC(1975Y EPA(1976)L Gray (1977) AVERAGE VALUES

Reverberatory 288.00 157.00-188.00 204.00-208.00 209.00

Electric 195.00 177.00 186.00

Outokumpu 166.00 166.00 162.00-194.00 172.00

INCa 166.00 166.00

Noranda 173.00 148.00 160.00

Mitsubishi 163.00 163.00

Electrolytic
Refining 111.00 84.00 53.00-64.00 78.00

1Copper ore @1% Cu.

2Copper sulfide concentrate @28.6% eu, 29.3% Fe, 33.41% s.

I\J
en
I\J
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Smelter and electrolytic refinery direct capital costs are almost independent

of the, type and grade of the ore. Refineries (copper in particular) are

standard in nature, and their capital costs can be predicted accurately.

Smelter direct capital costs vary slightly according to the type of smelting

method (Reverberatory, Electric, Flash, INCO, Noranda, Mitsubishi). This

effect, however, is not large due to the fact that the smelting facilities

(flues, stack, dust collection, acid plant, converters, anode casting
4

facilities) are common to all smelting methods.

ENERGY, WATER, COST, MANPOWER, LAND, AND MAJOR EQUIPMENT NEEDS
FOR THE SMELTER/REFINERY MODEL

Table 36 summarizes the energy, water, cost, manpower, land, and major

equipment needs for the smelting model. Energy requirements are broken

down by percentage and category as found in Table 37.

Direct (fixed) capital costs are broken down by percentage and category a

found in Table 38. Indirect capital costs (i.e. engineering, project

management, contingencies, fees, purchases, etc.) are assumed to equal

76 percent of direct capital costs. Direct operating costs (i.e. ex­

cluding depreciation, capital repayment and income taxes) are also broken

down by percentage and category as found in Table 39.

t .. ,

Manpower requirements have been determined on the basis of a singlet

smelter/refinery complex apd_ is as shown in the smelter/refinery ~rganilction

chart (Figure 160). It has been assumed that 70 percent of the total w~~k

force will be associated with the smelter, and that the remaining 30 percent,

with the refinery.
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Table 36. Energy, Water, Cost, Manpower, Land, and Major Equipment
Needs for a Copper-Nickel Smelter (Values Exclude
Contributions from Intermediate Treatment by Mineral
Processing) ..

, 264

.),

CATEGORY

SMELTER

Energy
Copper
Nickel
Metal

Water
Intake
Recirculating
Discharge

Cost
Direct capi tal
Indirect Capital
Operating

UNIT OF MEASURE

19: KCAL/Met. Ton Cu
106 KCAL/Het. Ton Ni Cu
10 KeAL/Met. Ton Hetal(Ni=7.00)

Gallons/Met. Ton Metal

1971$/Met. Ton Metal

AVE.
VAl.UE

6.249
16.7
7.56

{

7,700
42,300

2,315

'{' 1,160'·
886
172

NUMB ER OF UNITS

Land Requirement Acreage

Manpower
Administrative
Operating, Maintenance,

& Other
Number of People { 41

394

SS

Principal Equipment Needs
Dryer
Flash Furnace
Electric Furnace
Converter
Anode. Furnace
Boiler Systems
Cas Cleaning Systems
Electrostatic Units
Scrubbers
Ibuble Contact Acid Plant (includes Spray 'towers, Demisters, Scrubbers,

Precipitators, etc.)
Support Equipment
Grinding, Processing, and Flotation Equipment

1
1
2
2
1
3
3
9
3

1



Table 37. Summary of Energy Requirements for Flash Smelting.
4
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CATEGORY

Receiving of Concentrate, Crushing
and Storage

Furnace Smelting

Converter Operation

Anode Furnace, Anode Casting

Sulfuric Acid Plant

TOTAL

PERCENT OF TOTAL
ENERGY USE

0.3

51.4

10.3

8.9

~

100%



Table 38. Capital Costs of the Various Parts of a Smelter Expressed
as a Percentage of the Total Direct (Fixed} Capital Cost.
The Costs Include Insta~lation and Housing of the Units. 4
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CATEGORY

Concentrateltandling FaciH ties,
Conveyin~Equipment, Cranes

Smelting Furnace, Including Wasteheat
Boilers, and Slag-Disposal
!4uipment

Converters, Including Running Gear '.
and. Blowers

Jotary Anode Furnace

Anode Casting Wheel

Gas Collection~ Flues, Chimney Stack

frec., Dus~ Removal and Collection

Sulfuric Acid Plant

TOTAL

l'ERCEN"I OF TOTAL
DIRECT CAPITAL COST

5

35

15

5,
10

IS

-!Q.
lOO%.

Table 39. Dfrect Operating Costs for Producing Anodes in a Srnelter. 4

CATEGORY

Receiving of Concentrate, Storage,
Distribution

Smelter Furnace Operation, Matte Delivered
to Converters, Slag Disposal Complete,
Includes Refractory Costs

Converter Operation, Includes
lefractory Costs

Anode Furnace, Anode Casting, Handling~

Loading for Transport

Prec. and Acid Plant Operation

!ngin~ering (Maintenance Labor, Supplies
and Equipment, Not Including Purchast
Cost of Refractories, Replacement of
Moving Equipment)

SUB-TOTAL

Local Administration, Supervision,
Laboratory, General Local Overhead

TOTAL

PERCENT OF TOTAL
DIRECT OPERATING COST

33

19.2

7.1

11

.:J.d..
88.S

~

100%



Figure 160. Smelter/Refincr,y Organization Chart.
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Table 40 summarizes the energy, water, cost, manpower, land, and major

equipment needs for the refinery model. Direct capital costs are' broken

down by percentage and cateQory as found in Table 41. Indirect capital

costs are assumed to equal 78 percent of direct capital costs. Direct

operating costs are al so broken down by percentag~. and category as found ..

in Table 42.

......., ~'"

Manpower requirements for the refinery have been 'explained earlier in the

smelter model. Refer to the smelter/refinery organization chart (Figure 160)

for more detail.

~•••~ , ..

/'



Table 40. Energy, Water, Cost, Manpower. land, and Major Equipment
Needs for a Copper-Nickel Refinery.

269

CATEGORY

REFINERY

Energy
Copper
Nickel
Metal

Water
Intake
Recirculating
Discharge

UNIT OF MEASURE

6 .
10

6
KCAL/Met.Ton Cu

106 KCAL/Met. Ton Ni Cu .
10 ~CAL/Met. Ton Metal(~7.00)

Gallons/Met. Ton Metal

. AVE.
VALUE

2.6
7.9
3.26

{

2,100
7,900

794

NUMBER OF UNITS

Cells (Production)
Cells (Starter Sheet)
Cells (Electrolyte Purification)

Refining Furnace
Support Equipment

Nickel
Grinding Mill
Filters
Leaching Tanks
Thickeners
Tankhouse

Cells (Production)
Agi ta tion Tanks
Support Equipment

Cost
Direct capital
Indirect Capital
Operating

Manpower
Administrative
Operating, Maintenance,

&.other

Land Requirement

Principai Equipment Needs
Copper

Anode Furnace
Tankhouse

'.

1971$/Met. Ton Metal

Number of People

.Acreage

{

{

447
349

78 .

17

169

25

1
331

19
10
1

1

1
5
5
2
1

45
5



Table 41. Direct (Fixed) Capital Costs of Various Parts of an
Electrolytic Refinery Expressed as a Percentage of the
Total Direct (Fixed) Capital CO$t.4
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J

CATEGORY .

,Anode Receiving Facilities, Anode and
Cathode Transportation Equipment

Anode Scrap Furnaces, Anode Casting
Facilities

Starting Sheet Preparation Equipment,
Including Starting Sheet Cells and
Electrical Equipment

Production Electrolytic Cells, Including
Transformers, Rectifiers, Electrical
Distribution System

Electrolyte Purification (Liberators)

TOTAL

PERCENT OF TOTAL
DIRECT CAPITAL COST

14.3

14.3

14.3

so.o

-l.:.!
100%

Table 42. Direct Operating Costs for Producing Cathodes from Anodes
in an Electrolytic Refinery.4

CATEGORY

Receiving and Handling of Anodes, Including
.Remelting and Casting of Anode Scrap

Starting Sheet Preparation

Production Electrorefining

Purification of Electrolyte (not including
byproduct recovery)

Engineering, Maintenance, Replacement of
Moving Equipment

Local Administration, Supervision, Laboratory,
General Overhead

toTAL

PERCENT OF TOTAL
DIRECT OPERATING COST

9.9

10.0

50.1

9'.9

10.0

..lQ..J.

100%
l



APPENDIX A

Production data of various industrial metallurgical
processes.
(Source: Biswas, 1976)
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PRODUCTION DATA

Lubumbashi, Zaire, Shisakajima. Shisakajima. Copper-Nickel,
(Claus and Guebels. Japan Japan Falconbridge

1967) (Momoda tt al., 1970) (Momoda et al., 1970) (Falconbridge, 1%3)

furnace size
W x I x h (inside) (m) J.5 x 6.1 x 6 1.3 X 7.3 x 5.6 1.2 x S.5 x 4.3 1.5 x 7.6 x 5.2
Shaft volume (m l

) 55 60 28 60
Hearth area (m2

) 9.2 9,5 6.6 11.4
Production details

Type of charge Sinter + solid Wet cone. (31% Cu) Wet cone. (31% Cu) Sinter 8% Ni +4% Cu
conv. slag + solid conv. slag + solid conv. slag (plus ore and solid

conv. slag)
Solid charge rate (excluding 1190 320 • 250 1300

coke (tonnes/day)
Average % Cu in charge 27 20 20 6Ni,3Cu
Matte (tonnes/day) 490 140 110 650
Matte grade % Cu 63 46 46 12Ni,6Cu
Slag (tonnes/day) 700 160 120 600
% Cu in slag l.~, 0.4 0.4 0.16Ni,O.15Cu

Productivity (tonnes of charge 130 35 35 liS
per day/m2

)

Fuel
Coke (tonnes/day) 131 15 U J26
Oil in tuyeres (tannes/day) none 8 &- none

Total energy in fuel 8x 10' 6x 10J 6x 10' 7xlO'
(lccal/tonne of charge)

Table A-I. Prod~ction details of copper matte and copper-nickel matte
blast ,fttrnacese
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Mount lsa Luanshya Kennecott. Utah Onahama
(Middlin It aI., 1970) (Verney. 1967) (Anderson. 1970) (Niimura It a/.• 1973)

Noranda
wet charge

(1914)

NoramJa
calcine charge

(1974)

Furo.aee size
W)llxb (m) IOx]]x4 9lxJ,4x4 9x 35 >< 4 10><34x4 t~x35><4 101 x 35)( ..
Hearth area (m2

) 330 320 31S 340 360 360
Fuel Pulverized coal Pulverized coal Natural gas Bunker C oil Bunker Coil Bunker Coil

Rate (tonnes/day) 11.5 10 l.3x la' Nm'/day lIS 76 80
The air is enriched Natural gas (plus 10~ Nm' o(

to 23% <h 2.8x 10·Nml natural gas per
(plus 1.2 x 10· Nm l day (or air preheating)
of nat. gas per day
for air preheating)

Production details
Type of charge Calcine (21~ Cu) Wet concentrate Wet concentrate Wet concentrate Wet concentrate Calcine (19% Cu)

(30% Cu) (29% Cu) (30% CUI (25% Cu)
Solid charge rate (toMes/day)- (Total) 1300 (Total).coo (Total) 900 (Total) 1150 (Total) 720 (Total) 1100

(Calcine) 1100 (Cone.) 350 (Cone.) 800 (Cone.) 950 (Cone.) 625 (Calcine) 1000
Average % CU in charge 19% 269IJ 30% 25% 22% 18%
COQvc:rter slaa (toMes/day) .coo 260 420 4SO 480 470
Matte (tonnes/day) 6SO 150 700 800 6SO 600
Mane I"ade (% Cu) 36 47 41 34 J,4 40
Discard slag (Ionnes/day) 7~ 260 480 840 450 900
"Cu in slag 0.38 0.6 0.41 G.47 0.43 0.57

Productivity
(tonnes o( charge per day/m2

) 3.6 U 2.9 3.4 2
Enersy requirement

ax 10' ISle 10' J]lC 10' 15x tOJ 8)( to'kuJltoonc o( challC With <h enrichment.
(plus an additional Ilx 10' plus 1)( 10' plus 1>< 10' ror

2)1 10' ILeal in Without t6>< 10' for air preheating combustion air heatinl
tho roaster) plus 1)( 10' in

lOi15ters

• ExclUding converter slag.

Table A-2. Production details of industrial reverberatory furnaces.
Charges and analyses are on a dry basis.



Cu-Ni matte
smelters·

INCO
(Thompson) Rustenburg

(Boldt and Queneau, (South Africa)
1967) updated to 1975 (Mosten, 1973)

Furnllce size
Wx 1x h (m)
Hel\rth area (m')
\tV A (kilovolt-amperes)
Power density (IeW/m')

Electrodes
Numher
Diameter (m)
CUf{ent density (Alcm')
Consumption (kg/tonne of charge)

Boliden (Sweden)
(Herneryd tt at., 1954)

6 x 24 x 3
144

12,000
60

6
1.2

2-3
1.6

Jinja (Uganda)
(Treilhard, 1965) !

6x 14 x 3
84

5500
60

3
1.1

2-3
2.5

Inspiration
(Arizona)

(Dayton, 1974)
design data

only

10 x 35'x 5
350

50.000
120 (max)

6
1.8

2 Furnaces
8.5 x 30 x S

260
30.000

itS

6
1.4
2.0
2.1

7 x 26 x4.5
181

19.500
100

6
1.1

2.6 (max)
2.7

Copper smelting from
dead roasted
concentrates

Brixlegg. Au!!tria
(Kellner d at. 1972)

5 m diameter
20

2500
125 max

3
0.8

2.5

-0
::u
o
o
c::
n
-f......
oz
o
)::lo
-f
)::lo

-n
o
:::::J
M­
e.

......,

Production details
TyfIC of charge

Solid charge rate (tonnes/day)

Average % Cu in charge

Converter slag (tonnes/day)
Malle (tonnes/day)
Malle grade (% Cu)

Discard slag (tonnes/day)
% Cu in slag

Hot calcine (700"C)
and dry concentrate

500 (total)

450
(calcine plus
concentrates)

15

130
200
36

400
0.4

Concentrate
(7% H20)

250

20

150
150
30-40

160
0.63

Dry concentrate

1650 (total)

1500
(concentrates plus

precipitates)

1100
40

Calcine

1500 per furnace
(including 300
tonnes of ftux)

0.2
(5%Ni)

360
330
22.5

(Cu + Ni)
1360

0.18
(Cu+Ni)

Dry concentrate
pellets (2% H20)
56S (total)

435
(concentrates)

2
(4%Ni)

110
ItO
27

(Cu + Ni)
500

0.16
(Cu + Ni)

Dead roasted
calcine
75 (total)
plus
6 (colee)

55
(calcine)

25

nil
20 (metal)

92.5

35
0.7

Productivity (tonnes of charge per day/m') 3.5 3.b 3.7 5.8 3.1 3.8

520690

5.9 X 10'''3.7x 10'

430420

3.6)( 10' 4.5 x 10'
plus

I

colee 5.5)( 10'
oil 0.9 x 10'

,... •• • , • ••• . Total 10.9 x 10'

3.5 x 10'

400
Energy requirement

kWh/tonne of charge
or

Iccal/tonne of charge

Table A-3. Product details of industrial matte smelting electric furnaces.
I\)
......
~



PRODUCTION DATA - (contd.)

INCO, Canada
(Merla It al., 1972. Tamano. Japan

updated to 1975) (Kitamura et 01.• 1973)
Hitachi, Japan
(Yasuda. (974)

Toyo, Japan
(Ogura, 1973, (974)

214

Furnace size
WXlxh (m) 6x23x5 7x20x3 7x19x3 7x20x3
Hearth area (m2) 138 140 133 140

Burner tower none
Diameter x height from roof (m) 6x6 S.7)( 6 6x6
Concentrate burners 4 .. 3 3
Inlet air temperature 20ee ..SO-C 930"<: 4S00C

Gas offtake
Length x width (m) 6x3 2.5 diameter 1x] 7x3
Height (m) 6 7 6 6

Production details
Type of charge Dry concentrate Dry concentrate Dry concentrate Dry concentrate

(30% Cu) (30% Cu) (26% Cu) (28% Cu)
Solid charge rate (tonnes/day) (Total) 1600 (Total) 1200 (Total) 1200 (Tot~l) 1100
Average % CU in charge 25 24 20 25
Converter slag (tonnes/day) None None None None
Matte (tonnes/day) ,850 600 SSO 550
Matte grade (% Cu) 47 47 49 49
Flash· furnace slag (tonnes/day) S50 (500) 450 300
% Cu in slag 0.7 0.55 ... 1 ... 1
% Si01 in slag 36 36 34 40
Auxiliary Cu recovery system None Electric furnace Electric furnace Electric: furnace
'% Cu in final discard slag 0.7 within flash fur- O.S 0.45

nace, 0.5S% Cu
-'.__0-'-·.-·- _ .....____.

Productivity (tonnes of charge per day/m1
) 11.6 8.6 9.0 7.9

Fuel (Bunker Coil. tonnes/day)
Flash furnace combustion tower 37 II 32
Flash furnace hearth 7 plus 5.2 x 104 17 16

kWlt/day
Air preheater none 31 IS (est.)
Charge dryer -i 7 9 None

(uses waste gases)
Total -1 51 68 63

+0.5 x loJ kWh
Oxygen (tonnes/day) 300 None 40 None

(95-97% Ot> (99.S% Ot>
Energy requirement. including 0 1 manufac· 1.1 x loJ ".5)( 10' 5.8x 10' 5.8 x 10'

lUre (kcal/tonne of charge)
Energy in auxiliary Cu recovery system "0.3)( loJ 0.3 x loJ

(kcal/tonne of flash-furnace charge)
Total energy requirement J.I x loJ 4.5 x loJ 6.1 x loJ 6.1)( JoJ

(kc:a1/tonne of charge)

Table A-4 .. Production details of industrial flash smel~ing furnaces.



PRODUCTION DATA - (contd.l

INCO flash furnace
(Merla, 1972 updated)

Outokumpu type flash
furnace (Table 8.1)

275 .

Productivity (tonnes of charge
per day/m2)

Dust loss in effluent gas
(% of charge)

S02 concentration in gas (vol.%)
Volume of effluent gas

(Nm' per tonne of charge)
Copper concentration in slag (%)
Auxiliary facilities

Fuel required per tonne of
charge (kg)

Oxygen required per tonne
of charge (kg)

Electrical energy in slag
retreatment furnace per
tonne of ~harge (kWh)

11.6

2
80

175
0.7

Oxygen plant

8
(Oil in concentrate

dryer)
200(95% OJ

8.7

5-10
10-15

1100
-1

Air preheater or
heat exchanger

Small electric
furnace for recover­
ing copper from slag

55 (oil)

40
(Section 10.3)

Table A-5. Comparative operating data for INCa and Outokumpu flash
smelting furnaces.

Size of reactor
Total plan area

21 m long, 5 m diameter
-100m2

Operation (tuyere blast) Air Air enriched
to 30.5% O2

Productivity, tonnes of new charge smelted per
day per m2 of plan area

Charges

Wet concentrate: 10% H20
25% Cu (dry basis)

Slag concentrate from slag flotation
plant, 55% Cu (dry basis) .

Silica flux
Revert dusts (10% Cu)
Pure oxygen

Products
Blister copper (98% Cu, 0.1% Fe, 1.5% S)
Slag (12% Cu, 36% Fe, 22% SiO l ) to

slag flotation circuit
Revert dusts

Fuel requirement (total)
kcal per tonne of new charge (dry basis)

Tonnes per day (dry basis)

730 1200

165 250
150 250
30 60

200

Tonnes per day
180 300

700 1150
30 60

9 15

II x 10' 3 x 10'·

-Excluding energy for oxygen manufacture (-400 kWh/tonne of oxy.,gen).

Table A-6. Production data for the industrial Noranda process reactor.



PRODUCTION DATA - (contd.)

Size of reactor
Total plan area

Charges

Dry concentrates: 25% Cu
Silica nux
Revert dusts (10% Cu)

Products
Blister copper (0.9% S)
Slag (0.5% Cu, 35% Si01 , 40% Fe)
Revert dusts

Productivity: lonnes of new charge per day
per m2 of plan area

Gases
Oxidation branch
Slag-settling branch

Fuel requirement

Shown in Fig. 11.3
50m1

Rates
(dry toones/day)

85
25
5

20
65
5

.2-3

8-12% S01
1-2% 501

"same order as in large scale
wet charge reverberatory
smelting"

276

Table A-7. Production data for the WORCRA ~ilot reactor.



PRODUCTION DATA - (contd.)

Production details

Smelting furnace
Charges:

Wet concentrate
Silica and lime fluxes
Revert dusts
Solid recycle slag from

converting furnace
(10-15% Cu)

Pure oxygen (30% Ch in blast)
Products:

Matte and slag to electric
settling fl.!rnace

Semi-commercial unit-

Rates

120 (25% Cu)
2S
5

• 50
7

Commercial unit

(Dry tonnes per day)

500 (27% Cu)
200

15

55
55

277

Electric settling furnace
Charge: pyrite reductant
Products:

Matte to converting furnace
Discard slag
(0.5% Cu, 30-40% Fe, 30-35%
SiCh 5-10% CaO, 2-6% AhO)

Converting furnace
Charge: limestone (CaCO) flux

Pure oxygen (25% 0 1 in blast)
Products:

Blister copper (0.1-0.8% S.
99-99.5% Cu)

Recycle converting furnace slag
(10-15% Cu, 65-70% Fe)04,
10-20% CaO, little or no SiO:J
Recycle to smelting furnace

NR 3 (or less)

6O(6O%Cu) 225 (65%Cu)

90 440

15 IS
1 0

30 135

SO 55

Productivity, tonnes of new charge
smelted per day per m1 of plan
area (3 furnaces)

Fuel requirement
Smelting furnace
Electric settling furnace
Converting furnace

Total

2-3

kcaI/tonne of charge
6x 10'

0.4 x 10'
0.6 x 10'

7x 10'

furnace dimensions
not given

kcal/tonne of charge
6x 10'

0.3 x 10'
o

6x 10'

- Smelting furnace: 7 m diameter, 2-4 lances. Electric settling furnace: 3! m dia,
250 kVA. Converting furnace: 3 m diameter, 2-3 lances.

Table A-B. Production data from semi-commercial and commercial
Mitsubishi continuous smelting systems.



APPENDIX B

Pictorial summary of particulate removal pollution
equipment.
(Source: Ross, 1972)
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(
MECHANICAL COLLECTORS

279

. . . .
lIB. .. .. ... ,.. . .

DUST SETTLES ~ _
IN HOPPER

DISENGAGEMENT CHAMBER

•• -"-"-t.......

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

. Figure B-1. Gravity settling chamber.

PIPE CLEANING
BAFFLE

DIRTY GAS
INLET

RECIRCULATING
FLOW-CONTROL

BAFFLE

OUST SETTLES
IN HOPPER

CIRCULATING
AIR FLOW

POSITIVE SEAL VALVE.

Figure B-2. Recirculating baffle collector.



MECHANICAL COLLECTORS - (contd.)

CLEANED
GAS OUTLET
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INLETDIRTY GAS __..0

VERTICAL
BY-PASS DUCT

STORAGE --~,
HOPPER

l ...........,..j,o--FINES EDUCTOR

VORTEX FINDER

__ ,......--- CYLINDER

" ....__DISENGAGEMENT
BIN

OUST
DISCHARGE

Figure B-3. Flow pattern in mechanical cyclone with vertical fines eductor.



MECHANICAL COLLECTORS - (contd.)
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I,

DIRTY GAS
INLET

!
COLLECTED DUST OUTLET

Figure B-4. Vane axial cyclone collector.



MECHANICAL COLLECTORS - (cantd.)
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VORTEX FINDER

\' ~SUPPORTFLANGE

1J\4.__-+----CYLINDER

J.4,-.i---.J----- CON E

DUST HOPPER

LEVEL TEST
PORT

_CAPPED POKE
HOLE

, ------~mg~TLET

COlLECTED
OUST

Figure B-5. Group of four involute cyclones.



FABRIC FILTERS

FILTERED DUST
FALLS INTO
HOPPER

283

FILTERING CYCLE CLEAN ING CYCLE

Figure B-6. Intermittent baghouse with manual or powered shaking.

FILTERING CYCLE CLEANING CYCLE

Figure B-7. Automatic conventional baghouse with mechanical shaking.



FABRIC FILTERS - (contd.)

OUTLET BUTTERFLY COMMON OUTLET
VALVE -OPEN MANIFOLD TO FAN

flEXIBLE SUPPORT
UPPER _~<r"T"--"'"
CAP

FILTERING CYCLE

OUTLET BUTTERFLY
VALVE-CLOSED

CLEANING CYCLE
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Figure B-8. Automatic baghouse with reverse airflow cleaning.

DIRTY GAS
COMMON INLET
MANIFOLD

TRAVELLING
COMPRESSED
AIR RING

FILTERING AND CLEANING
CYCLE

FELTED'
FABRIC

CROSS SECTION OF
TRAVELLING COMPRESSED

AIR RING

Figure B-9. Automatic baghouse with reverse ring jet cleaning.



FABRIC FILTERS - (contd.)
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FILTERING CYCLE CLEANING CYCLE

Figure B-10. Automatic baghouse with pulse jet cleaning.

WET SCRUBBERS

DEMIST
SECTION

DIRTY_--#--,.;.:.,.:~
GAS

i
SLUDGE REMOVAL

Figure B-11. Gravity settling chamber scrubber.



WET SCRUBBERS - (contd.)

D1RTY_-tt-.';....;...;.....
GAS

SPRAY SECTION
HEADER WITH
COARSE SPRAYS

DEMIST
SECTION

+SLUDGE
REMOVAL
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)

Figure B-12. Wetted impingement baffle scrubber.

Figure B-13. Cyclone scrubber.
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WET SCRUBBERS - (contd.)

(

Figure B-14. Multiple-action scrubber.

t

IMPINGEMENT PLATE
DETAILS

)GAS fLOW)

DOWNSPOUT TO
LOWER STAGE

WATER DROPLETS ATOMIZED
AT EDGES OF ORIFICES

tt
\\: 1/ \,;./
\~I f~1 \~J//
~~ ot'

n-:::::::=:=====~===~:n-_SPRAY
u- WATER

DIRTY GAS
INLET

CENTRifUGAL
DEMISTER

SCRUBBING
WATER

SLUDGE

Figure B-15. Impingement plate scrubber.



WET SCRUBBERS - (contd.)

t CLEANED GAS
OUTLET

MIST ELIMINATOR
SECTION

V WIER
DISTRIBUTOR

l'IIt'--Ir--_PACKED SCRUBBING
SECTION
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./ GAS FLOW.J

PACKING
SUPPORT

SLUDGE

Figure B-16. Countercurrent flow scrubber.

SLURRY
DISCHARGE

MOBILE
PACKING
SPHERES

Figure B-17. Fluidized bed scrubber.



WET SCRUBBERS - (contd.)

Figure B-18. Flooded bed scrubber.

Figure B-19. Submerged-orifice scrubber.
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WET SCRUBBERS - (contd.)

Figure B-20. Multiple submerged-orifice scrubber.

Figure B-21. Rectangular, horizontal gas flow venturi scrubber.
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WET SCRUBBERS - (contd.)

Figure B-22. Vertical downward gas flow venturi scrubber.

291

COLLECTION
TROUGH-"""",","-4i~-'

FEED TANK

SCRUBBING uaul

LEAN GAS
OUTLET

MIST
EUMINATOR

DIFFUSER SECTION

Figure B-23. Vertical upward gas flow venturi scrubber.



WET SCRUBBERS - (contd.)

292

LIQUID
DISTRIBUTION

. HEADERS

DIRTY
GAS IN

Figure B-24.

CLEANED
GAS OUT

Cross-flow packed scrubber.

Figure B-25. Centrifugal fan-type wet scrubber.



WET SCRUBBERS - (contd.)

CLEAN
GAS

OUTlET

ENERGY
REGAIN

TUBE

MOBILE ---+--1-';
PACKING
SPHERES
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Figure B-26. Combination wet scrubber.



ELECTRIC PRECIPITATORS

Figure B-27 ..
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All Vibnton Ind Rapplne Oovlell 110 Ilaol MounRd for £asy ChlChlne Ind
Adjustm.nt.

laeh Hieh Voltll. Support Insulatllr I. Mounl.d In an IndividuII, Roof-Mounted,
Inlulator Housina pro,idine mlny oporatlon.1 adv.ntllll:

• -lnlul.tora far R.moved lrom Gas Strum.

1I_lnsulalors can ba Inlp.el.d, Clean.d, and>a,.n R.pl.e.d from Roof without
Ent.rina Casine.

c -Insul.lors Proltel.d lrom Ousl by Ground.d Shroud;

d _ For Unusu.1 S.rviell Inlul.lo" COIn b. Prot.;ted by Orild, Hlilid AIr.

Casina Roof of Shop·F.brie.t.d, Intlenl·Bum Slit' Condruetion.

Colle;lrod. Modul.. Suspended 'rom Shop·Flbrlcated, Shoek·lsol.ted Grid..

OII;h,'1" EII;trad. FI.lds Suspendld 'rom Shop·Fabrie.tld Grid .. Art Hiid In
Pracist Position by Four Hirh Voltlr' 5uppor1lnlullton.

Dllehalil El.etradl Wlral .ra SpoCiJlly Fittod on Both Endl to lnlun Good
llle!ric.1 Contlct, to Elimin.tl Bumlnr••nd to Enond Lit••

.....------------_. Caslne Rool. Will...nd Hoppl" H..I Clean Eltlrior Dulin III F.eUitllR Applle..
tlon If Thlm,., Insul.tion.

A lrokln Wire can bl Lae.tld, Rimovid, and IIlpl,cld Within Minute. of
Ent.rinl Casinl.

Wli.hta Clnnot Fill Into Hoppl" to Bloch Dr Break Hopp., Vllvl..

Pyflmidll Happen are EqulpPld wllh Flush Aceul Ooon. Pokt Hole .. Stltp
Vailly An.ll" and LaIi', Fllnlod Oullots. Where S...ici Rlqulramlnf» W.....nt,
HoppI" un h Equipped w,th Hlltinr Coill, Vibfltor.. H.mm..... Ind Llval
Indicltors. Olher Hopper Construction: Scr.por Bottom, Trouth Typ., Ind wet.
Bollom•

.. Sataty.ICIy·'nhll10ckld, Qul;k·Oplnlnr. Doors I'ro,ldl IEaly AcCIlI Throu.h Roof
and Sldll of Cllln&-

Modern dry-plate-type electric precipitator.



PWENDIX C

Computer program for'smelter
distribution plots.'
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~fi'I.'''~ "T~TUlHIJTtI)N PL,UT DATA ... ,. eA~n'S rnA CII

1..,..t4[~ en~"'AN'I' , 1l~~4Cl PM"'J!: P~LAI; PllTHn~ prvl(

" ~ I q1.H~ I.". .10 1".1)0
~,. lS J 9".u\t 2.Il" 7 .~I. V',!} "
14 ., 11 97.00 .~~ '.1~ 3".=", ., 5 qA.~~ 1.~1 .,. ),."1
1· .~ J 90."7 1.1')1\ 1.~R ~4 .1'.'
H 12 2 SA.b. 1••)A 1n.?1i )1o,.lln

'4 ., l 9Q.'. .61 .1 ~ 4' .\1')

~ .. 2 qQ.l] .71 0 4,.00
sa ., • "CJ.'Ib • lie; q.1~ 44.1l"

11 ., .2 9f1.J4 1.S1 ,.09 44.1n1__
II 12 qQ.~9 ;91 0 4-..1)11

." 13 Z 91.'12 1.]0 .18, 47.1)0
i, '6 4 99.15 .de; 0 47.0(')
~ 19 1 91.'12 ;9;> , .16 47.00
22 11 1 9J.~A ; 71\ 11\.6'" 4C).OO
n 18 1 9R.OO ;49 ,.'it 40.01l., 6 • 'R.l] 1ole; .42 5",&:;0
n a 1 89.10 1~1(l Q.20 1I§".f')/l

15 U Il 96.,,8 2;31 1.lIl1 ' 61.I'1l.. 2 I tn.d8 1~24 In.AA 71.1>1), I 0 81.16 15; i>4 3.AO 7... AO
~ • G 71.18 2~!77 ).45 9",~'1

1 1 It 69.98 26.16 1.R6 97.00
12 ., 13 77.16 8~H h.H 97;)0

tHE CQ!'FICIE~TS FOR CURVE l - .. 91tl3234~E+01 o3143423Ae;+00 .... 81434005E-Ol

~~ COEFFICIE~TS FOR CURVE R: - oJ615193QE+On -. 266A714SE +00 .624\}b159E-~1

~ COEFFICIENTS FOR CURVE C - .41524597E+OO -.10147093E-00 o190271H6E-O 1,

tltE lE~ C17EFFS 4 ... .91632346E-Ol .3141423qe:+On -.AI43400SE-Ql

. bit: tE~ COEF"FSe ... .J6151939E+OO •• 26M114SE.OO .624061S9;-(l1

tP!:E lElltP CaEFFS c: ... .4-7524S97t.+OO -.10741093E+Oo .,91)27846E-Ol

fM£ 'tNA~ COEFFS FOR CURVE A co .9163234~E-01 .37434238E+OQ .... 8143400SE-Ul

tHE 'I~ COEFFS FOR CURVE B - .36151939E o On -.266R714SE+OO .62406159E-Ol

tHE 'IN4~'COEFfS FOR CURVE C - .47S24597e:+OO -.11)741093E+OO e19027t:S~6E-\)r
tME [RRCTRS FOR CUR~E A - R2 = .80848719E-,,0 SE B .40068040E+00

floE: [f:lRt'lRS FOR CURVE B R2 = .7697S4'HE+tlO SE B .36677105E+00
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" '

II'+[ ERRORS FOR CUR\lE C R2: .1l8tl1719E+nO SE =
e"pl..OTP4C ACCOUNTING P-ECOPO FRA,..e:r 1= O(lI)OOl'
·"Pl..OTPAC 1.3FT FRAMEs 2= 000002

.41906678E+00
10 wOROS (ACCOUNTING)

132" wORDS •<CU ~ 1 nME(~) [NORMAl.. 1 ~ 1\.. £ I CALCOM

~l..l[R OtSTRIBUTION PLOT DATA ... 15 CARDS FOR FE

I~ER COIotPANY ~URNACE PMATTE PSl..AG POTHER PCUX
S " 2 48.77 SO!8R .35 30.00

17 12 2 42.tl4 51.16 0 3".01)

• 6 2 45.31 54;69 0 "'hOO
14 , 2 55.be? 44;26 .12 41.0n
U 13 2 49.02 50:98 0 47.00
II 16 . " 43 • .1.6 39;75 17.1)9 47~O"
24 19 I 44.1B 55;22 0 47.00
'l2 17 1 JA.Sf) 51:00 In.CiO 40;00
23 II I 50.00 39.13 In.FJ1 49.00
15 U 12 13.13 1;1;10 4.57 ~".OO., • I 35.bO 62:6R 1.72 51\.50

4 2 I 3.00 94~30 ?.70 71~~O

:9 1 0 1.75 9b;q9 1.26 7c;.AO
~ J .. .17 98;10 1.13 «;";411
i I I .17 ~8;82 1."1 97.1)0

fh£ CO£FFICI[~TS FOR CURVE A - .1396517~E-Ol -.14164702E+01 .519315~8E-Ol

~ COUFtct[~rS FOR CURVE R - .29134631l(-01 .10171:,044E-Ol -.·S3119~rSE"'92

!ME COEFFtcrf~rs ~OR CURVE C - -.3099d06?E+on .198q~5~4E+00 -.46bI3551[-01

~ lE~ cn!1F5 9'" .Z913463UE+Ol .IQ175044[-01 -.C,Jl1q~75E-02

~ 'EIItP CO[F'S C'" -.1099R062~.OQ .JqAq65~4E+oO -.46~13551E-Ol

~ 'rAA~ CC'fEFFS FO~ CUR~E R. .29134630(.01 .1011c.Q44e;-Ol .... 53179~75E-U2

~ 't~~ CQEFFS ~OR CURVE C. -.309~dO~~E+On .,qBq~5A4E.OO •• 46bI3~~lE-UI

1atf: (~~rr~,. ,.O~ C\JR'JII" " R2 III

flO( (~~T'u:,S "Q~ C1J~VF.' Pf II R2 III

.S46193qnE-nO S~ III

.7191014~[-n" SE III

ht. f~R~ 'O~ C1JRV, C
"'~l..OTP.C I.1FT

~2. .1261AA~1E+n" ~,-.

fH_MEI ,. OnO"Ql
.52f,OblH3f.-oO

1115 1I0HOS lFE 1 TIME(S) (NORl441. flL.(1 CAl.COM



S~ELTFR DISTHl~UTION PLOT DATA - 8 CAROS FOR S

'j'jU"'~ER CO"'PANY FUHNACt: PHIITTE PSLAG POTHF.R prlJV

~ 4 2 70."1) J·Q1 2«'.19 31\.<)0

tl 2 7A."1 l.be:; lA.Q2 .",.on
7 " 6q.~1 1.87 ZR.~2 44.1)1)
6 1 3R.JH 2.11l SQ.46 ~1\.e:;1l

~ 2 1 5.l0 ;OR 94.72 7,·~1)

J 1 0 1#1.'19 2.90 8o.tl 7"\.1\1)

? 1 0 2.12 ' 7;04 9n.~'" Q".4t)

1 1 0 1.08 7!2S 91.1'17 97.00

'H'tE coUF'1 CIENTS FOR CURVE A - .105b37l5nr*O? -.226~4433E*ol .11509001£·00

THE CoEFFICIE~TS FOR CURVE R - .72421782E+00 -.31 1nn914E+00 .4t3Q4t:!b 1E-Ol

TtiE CoEFFICIENTS FOR CURVE C - -.1287967"E*01 .25831525£+01 -.156394t:!7E+OO

tHE TEfoIP COEfFS A - .105637501::.02 -.22634433E.Ol - .11')/19001 E+00

lHE TEMP COEFFS q - • 724217A2E. 00 -.31910914E.O'; .4131\4861E-Ol

tHE TEMP CO~FFS C - -.1287967bE.(jl .25111152c;E+Ol -.15"39487E.oO

'HE fINAL COEFF"S FOR CURVE A - .1056375I)E+02 -.22634433E+Ol .11509001£+00

THE f"I NAL COEFFS FOR CURVE A - .724217R2E*00 -.319709\4£+00 .413Q4tl~IE-PI

tHE f"INAL COEFfS FOR CURVE C - -.1287967ltE+!l1 .25831525E+ol -.15639407E+OO

tHE ERRORS FOR CURVE A R2 = .87685f1'1ZE+OO SE :: .13842031E+Ol

THE ERRORS FOR CURVE B R2 :: .89716R45E+OO SE = .95111592E-Ol

THE ERRORS FOR CURVE C R2 .8604151,3E+no SE .14373113E+Ol
··.PLOTPAC 1.3FT FHAP1El 4= 000004 1220 wORDS (S 1 TIME (5) [NORr.4AL ] t::tLEt CALCOM

SMELTER DISTRIBUTION PLOT DATA - 7 CARDS FOR NI

INUM8ER COMPANY FURNACE PMATTE PSLAG POTHER PCUX
1(\ 7 11 97.13 2.87 0 3n.20

9 7 5 97.05 2;'95 0 31·00
6 6 2 41.49 1.00 57.51 4'3.00
(II 7 4 81.78 3;58 14.64 44.01)

Ii 7 1? 20.22 8;07 71.71 44.~"

7 6 1 89.20 10.80 0 5ii.SI)
12 7 13 2n.:>1 79!43 0 97.31)

,liE COEFFICIENTS FOR CURVE A - .118377HE+02 -.2720c:243E+ol .19041780E+o-O

coEFF IcIEms FOR CURVE A - .46105679E+00 -.3972q8"9E+OO .176745t:!9E+OO

HiE COEFFICIENTS FOR CURVE C - -.2298H32JE+Ol .3117~2~nE.Ol -.36116369E+OO

TEMP COEFFS A - .118377761::+02 -.27205243£+01 .19041780E+OO

,HE TEMP CoEFf'S B - .4bl:J5679E+OO - .397?986QE+ 00 .171,745A9~+00

VHE TEfoIP COHf'S C - -.2298A323E·Ol .3111823/'1E+Ol -.1671 6369E. 00

291

IJtiE FINAL COEFF'S FOR CURVE A - • 11837771,E+02 -.2720t:;24)E+ol .1904171:10E·00

fINAL COEf'f'S FOP CURVE R - .46105679E-00 -.3972q81,9E+00 .1767451:19E+OO

-,HE FINAL CoHFS FOP CURVE C - -.2298832JE+Ol .3111A23/1E+Ol -.36716369E+00

ii'HE ERRORS FOR CURVE A R2 • .4308AflC;1E*on sE .32558498E*01

THE [RRORS fOR CURVF a R2 • .99403911E+III) c;E • .2683t.i91JE+OO

THE [PR()QS "OR CURvr C - "R2 • .244926n7E+01) 5E . .328237R5E·ol
@·.PLOTPAC 103FT FHAMEI ~. onOoO'S 1IAe .OHOS eNl TIMECS, [~OR~AL] FILEI tALCO"
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t:lL.EI CAL-COM1 TIMEC~) lNOR~AL]
.21917845E-01

1221 140RDS (Ptt

Pt"\JX
31'hOl'l
4"·n,,
71.i'l1
7c;.~,

q~.41}

97.lln

POrJotF:q
;7.13

'5'1.1Ii 1l

~A.12

3~.?1

3 ... 2\)
i".6/2

PSLAG
e--.64
H.oo
1.79

!J~.23

fjoQ.Q?
15;50

~.TTF.

11.01
l~·'O
••~9
lJ.::t6
1..1~
3.It.,

·1

I~
1: 1~
I •
I :t

1 ;

I~ «neF~tct~T~ ~ ~~~ &. .~~toattE.al ••267~?3~lE-ol .19473 4 57E+OO

I 'l~ CU£FF[ctE~T~ ~~ CUR~E ~. .~~7tTTE·~t _.t6604S~4E-Ol .212320~4E·OO

1I~CD(FFtctE~T~ FaA CUR~E C _ -.~t54·Tl~~E.OT .4J31'1~91SEool -.46705~51EoOO

I~ ~ ccrEFFS & - .94&t~ttE·al -.z6T~ZJbtE·Ol .19413457£-00

i~ ~ crrEFFS ~ - .~TUT~.at -.t~&~~5S4E-"1 .?7?32094E-oo
'I
j~ ~ caEF~ c - -.~l5a7.1~~6-Qt .~lJ"~t~E.Ol -.467nSSS1E-OO
:1

l~ y~ caEFFS F~ CURVE ~ - .~UOaltE-aI -.261~2361E-Ol 019473457EoQO

1lIME FI~ CQEFFS FaR CURVE e - .~91ITTE-a~ -.1661'14554E o01 .27232Q~4E·OO
J
l~ Ft~ caEFFS Fa~ CUR~E c - -.lts«Tte~E-nT .4330~915Eo01 -.46705551E.OO
J .

J
.~ 1fl+M~S- Fa~ ClJRVoE It - R'2 s ..%n"T~IE-(T(T·sE 111

1
'liME (;;~s FOR OJR=\J.E S - RC = ..77llCJIJIJ.cf4E-lT[J sE:I
I
lntE £>mn!;s Fa!; euR~E c - R~ 1: .&t149-155JE-rr[J sE =
I~TPac D.3FT FR'4I'IE; &= a(J(JIJO~

1

, ~ToER UI~!euTraM ~ar a~r~... & C~ROS FOR Z~

l~ OP'F~'t IfURNAcE PM'~TTE FSI.AG P(TTHl:~ pcUx
5 .. 2 4-t-Eat 52.64 ';.75 3';.00

13 • I CT.~O s2~20 2n.4'> 0;;;.60
• 2 1 J.25 lQ:13 ~M."2 71:M
3 I G ~ ..lt8 l:tZ;36 14.76 7c;.An
I 1 a 0 77;3Cf 2?.,,1 9".40
i 1 a g. &5;29 h.71 97:00

~~ prow e:tJJf\l.F" c: ... R2' III ..~&~lftrE-1T1f C;E. .301139721E-Ol
~OTJJ.tC l1.lFT Flt4"'Ea: 'rill (J/TlJrrIJ7 11 AJ .OROS (IN

i'lH£~ C'J'1EFF'S FJ... .e-Cf[J!!Jrc;7E.e«I -.Isq~TIS1€'-(11 .?2Q 91650E·OO

i'lHE" lEl-P- COEFF'S c ... - ..~ar~9E.n .JOc T'i1J14E.Ot -.11125256E o oO
IITHE FI"kL CQEFF~ ~ CUR~E • - .~To56~lE.at -.t424 A721E-OI .87336066E-Ul

'~ v~ c:oEFFS FO~ CURVE ~ - ..~·t~t~TE.rrt -.lS9~1153E.Ol .22991b50E.~O

fILE. CAl-COMTIME CSt (NORMAL.)

.2A954993E+Ol

.1021~A74E.Ol -.31725256E·UO

~E. .42A07008E-OO

~ Ft"~ COEFFS F'a1' CUR-VE c... -.cl(x(JT~wJl:-aT

~ EJ;mn~ FOR CU~F If. ... R7 III .~T&lfq:a€-IJO

1

llWE caEFFrCIeNTS FOR CUR~E .... .~Ta56~Q?E.Ql -.1 4 24A721E-01 .873360&6E·9~

IlIKE COEFFrc~r~ FU~ CUR¥E 8 Q~aI&IqTE+at -.15967153E+Ol .22991650E-QO

IWHE CO'EFFtc:tE~TS FUR OJR~E C - - ..i6Q14-6IJCfE:+Ol .302\«;874(001 -.3172525bE_~O
i'"E JE)4fS CU€FFS /(... .57Q'SM.CJi!E-at - .. I4-Z4-A-T2tE+aI .A7336066E"OI
I
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5MELTFR nIST~IHUTION PLOT DATA - 7 CARns FOR Stn2

CO"4PANY
4
9
6
6
1
1
1

fwmACE
2
2
2
1
o
o
o

PMATTE
n

5.56
oo
o
o
o

PSLAG
100.00
94.21

100.00
132.2)
99;02
99~OI
qtl;9R

POTHrq
o

.?l
I)

17.77
.98
.99

1.02

p,.UX
31\.00
41.00
4"\.00
5".'5'
7c;.AO
q~.4n

Q7.00

COEFFS C - -.6~666668E+OO .622~5799E+OO -.70728480E-Ol

COEFFS FOR CURVE C - -.6066666~E+00 .6225C;199E+00 -.70728480E-Ol

COEFFICIENTS FOR CURVE C _ -.6066666AE+OO .6225c;799E+OO -.707284tlOE-Ol

F:ILEI CALCOM1 TIME(S) [NORr-14L l

.tl7331567E+00

.24218390E+00

.2791821~E+OO SE c

.114583~3E+OO SE =

.1535594QE+OI) _.4477?069£-02 -.22951b77E-02

.10453107E+0'- -.61B~A07AE+OO .73023648E-01

.1535S94QE.OO -.4477~O~9E-02 -.22951b77E-02

.10453107E.O? -.618nA07AE+OO .73023b48E-Ol

R2 :I:

R2 :I:

.15355949E+00 -.44772069E-02 -.22951677E-02

.1~453107E+02 -.61A0807~E+00 .73023648E-Ol

FOR CURVE C R2 = .223984~4E+~O SE = .70455040E+OO
1.3FT FH_MEI ~= 000010 1129 .ORoS (5102

FOR CURVE B

FOR CURVF. A

COEFFS FOP CURVE A ­

COEFfS FOR CURVE B -

COEFFS B -

CoEFFS A -

COEFFICIENTS FOR CURVE A ­

COEfFICIENTS FO~ CURVE R -

SMELTER DISTRIBUTION PLOT DATA - 4 CARDS FOR AL203

COMPANY FURNACE PMATTE PSLAG POTHER PCUX

4 2 3.95 96.05 0 3n.OO
9 2 14.66 91!33 .n1 41.00
6 2 0 100.00 0 41.0?

6 1 0 100~00 0 56.C;~

COEFF 1CI PHS FOR CURVE A - -.26Z3761)?E+OO .985775nE+OO -.30092753E.~0

COEFFICIENTS FOR CURVE R -
.10263930E+0;' -.98789898E+OO .30146360E+~0

COEFFICIENTS FOR CURVE C - -.1554145"1E-02 .2123,,106E-02 -.S36015~1E-03

COEFF'S A - -.26237602E+00 .98577597E·00 -.10092753E.00

COEfFS R - .102639301::.02 -.4i871\989RE+OO • ;0146360£+/)0

COUFS c - - .15541450(-02 .2121/)10I;E-02 -.c;36n7591E-03

'fHE FINAL CO£Ff'S FO~ CU~VE A - -.Z623160"E+01) .98577597£+00 -.30092153E.OO

FINAL COEFFS fOR CURVE R - .1026393"E+O~ _.987$\989$\E+OO .301463bOE+OO

'niE 'INAL COEFFS FOR CURVE C - -.155414«;oE-02 .212)nl0~E-02 -.SJ6015't1E-03

THE ERRORS fOR CURVE A R2 • .3650311,6E+OO SE • .56819902E+OO

THE [RRORS FOR C\JRVr 8 iri R2 • .3648911\C;£·00 c;E • .56881720E.00

THE E~R"RS fOR C\lRVE C - . R2 • .3~677611E+I)/) sE • .67811231E-03
llillllePLOTPAC 1.3FT FHA~EI 9- 001)011 568 .OHoS (ALZ03 1 TIME (SJ CNORIo4AL J FILEI CALCOM



300

')
,,.... ~

FILEI CA\.COM
CURVE C - R2 ~ .10000000E-01 ~E. 0

1.. 3FT FRA~EI 10= 000012 ~76 wORDS (MGO

SMELtER OISTRIBUTION PLOT DATA.. "CARDS FOR CAO

$.MrL!'R l'ltSTRHiUTlON PLOT OAyA ... l CARns FO~ ",nn r"

CMPANV FlIQNACE p".nTE PSLAG POyHC'q Pt"lJll
'~

4 2 It ~~.7" .12 3rt • .,et

• 2 0 100.00 I) .".110

• 1 i U!5) 11I.41 5(\.51)

F'OA CUR'JE A Cl "
,. 0

F'OR CUR~E R .867S0]l1E:·Ol .. IR621163E-01 -.5S9141J47E+1)0

F'OR CUR~E C ... .132~96ME+01 -.186211~)E-01 .559H'i41E.1l0

J£1ltO COEFI=' S A .. .2(142\709(-12 -.J97QI))91E-12 .qSQ?3269E-13

.867511331E-Ol .186~116~E-1l1 ..~5q14Q47E+oO

.132496691::.01 •• 186'.11°3(-01 .559H947E+oO

IJIP4AL COEFFS FOR CURVE A .. .947391))1(-13 -.13263464E-12 .319H423E-13

'tHaL COEFFS FOR CURVE R ... .86750331(-01 .1R62116:3Eo OI -.55914947E+OO

FtNAL cotFFS FOR CURVE C ... .132496ME-O\ -.18621163(001 .S591~947E.ilU

CURVE A - R2 • R SE • 0

CURVE B - R2 • .. 10000000E-01 sE =:I 0

IIIilJt"'8ER COMPANY FURNACE PMATTE PSLAG POTHER PCUll
!t ... 2 1.86 97.71) .44 3';.00

14 , 2 8.tl6 90;51' .56 41.00, • 2 0 100~00 0 41;00, 6 1 0 100;00 0 sit.So

1~ COEFFICIE~TS F"OR CURVE A ... ...8667610~E·OO .141943R1E·Ol ... 398060ij9E.OO

1M[ COFFFICIE~TS FOR CURVE R - .lQ83309~E·02 -.150J1313E o Ol ,,409881:118£.00

~ tOEF"FICIENTS FOR CURVE C - .33&6306"E-01 .23891\\586E-Ol -.118282~6E..1l1

bI:£ TEllfP COEFF'S A - -.86676102E.00 .141Q4)t!1£.01 -.191:\06089E.oO

'"E TE~' CnEfFS 8 - .108330Q8E-02 -.151))3373£-01 ,409Qe918E-oO

~ 'EllfP COEfFS C .33663060E-01 .23AQAS8"e:-Ol -.11A28286E-nl

1l'lE: FI IIUL COEFFS FOR CURVE A - -.86676111'.£-00 .l41(4)A1E-Ol -.-39806089£-1)0

~ 'l~'L COEF'FS FOR CURVE A - .10tl3309AE-0i' -.15031313E-Ol ,,40988918£-00

1)1(' 'IA.aL COEF'FS FOR CURVE C - .3366306"E-Ol .?389AS86E-Ol -.1182tj2t!6£-tH

''I( [AAI1R5 FOR CURVE A .. R2 III .341A93A3E-Ol) S£ III .5918&762£-00

~ (mJ'1RS FOR CURVE R - R2 III •.339R3774E e oO SE III .627717R7E-OO

~ [RPt'TR5 FOR CIJRVF C ... R2 II .SOO2qt;?C;E-nl) ~E II .35850253£-01
~\.C1T~.C 1.3FT fHA'-'EI 11" 001)1)1) 'SH wORDS lCAO 1 TIME (5) t"40RM41.. J FlL.U (AL.COM



0101l PPOGRAM C;MEL TF.R lINPUT .OIJTPIJT)

0111\ oJ ,...ENCi JON I~JlJM 12S) • JCOM (75) ,I fUR (25) • X"lAT 125) • XSLG (75) • XOTH (25) ,

012n.XCUxI251.WEIGHTI,25) ,COEfl31 ,XNV(150) .NAMF.'(3) .ICAI=I(9)

0130 00 500 JJ • 1.10

OHOC

015nC READ THE HEADER CARD

0160C

017~ READ 30S.IELM.ICARDS

Olen 305 fORHATI30X.ASt18X,I3)

0190C

020~C READ THE NUKBER OF CARDS TO FOLLOW

021t'C

0220 READ J06,IINUMll)tICOMlIl.IFURCI),XHATII),XSLGIIl,XOTHII)t XCUXll),

0230+1=1,ICARDS)

0240 306 FORMATI3IJ.3F7.2,F6.1)

02S0C

0260C PRI~T OUT THE DATA READ IN TO cH~CK IT

0270C

0280 PRINT 307tICARDS,IELH

0290 307 FORMATC/.9X,_SMELTER DISTRI~U!ION PLOT DATA - -I2~ CARDS FOR #,

030()+A5./l

0310 PRINT 30R

0320 308 FORMATC~ INUMBER CO~PANY ~URNACE PMATTE pSLAG POTHER PCUX~)

033~ PRINT 309,CINUMCI)tICOMII),IFURII),XMATCI),XSLGCI).XOTHCI),

034~+XCUXlI)tI=1,ICARDS)

0350 309 FORMATCIS,2I9,fll.2,3FM.2)

036t'C

0310C SET UP THE WEIGHT ARRAYS, SCALE !HE X AND V VALllES FOR PLOTTING

03eoc

039n 00 10 I=l,ICARDS

040n WEIGHT II) = l.n

0410 XMATlI) = XMATIl)·O.1

042n XSLGlI) • XSLGII)·o.l

0430 XOTHII) • XQTHII)·O.l

0440 XCUXCI) 2 XCuxCI)*o.l - 2.0

0450 10 CONTINUE

046(\C

041~C COMPUTE THE LEAST saUARES CURVE FOR A

048(\C

049~ tALL LSQORPYIXCUXtX~AT.wElbHTtiCARDS.-2.NDEGF,COff.XNV)

050(\ IFJT • IMA

051(\ 41 .. CO(FC1)

052n Hl .. COF"rl?)

0530 C)-CoFF" (1)

054r PRI~T 31n.rrTT.Al.Rl.Cl

055('C

O'Sbl"'C COMPUTE. THE' LrAST S{}Il"Rr.~ CURVE. rQQ F\
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05111C

0580 CALL Ls~nRPycxCUX,XSLG,~E1UHT'1'ARos,-2,ND~GF,cnF',XNV)

059ft IFtT • 1"'8

060~ A2 • COEFCl)

0610 H2 • COEF(2)

0620 C2 • COEFe])

0630 PAINT JIO, t'n,A2,B2,C2

0640C

0650C COMPUTE THE LEAST SQUARES CURVE FOA C

166t'C

1610 CALL t.,SOORPV cxcUX,XOTH,W(IuHh ICAROS,-2 ,NOEGF' ,COf" XN"~ ",

068(' IFlT .. 1He

0690 A3 • COEFel)

0700 R3 • COEF(2)

0710 e3 • COEF(3)

0720 PRINT 31",IFIT,A3,83,C3

0730 310 FORMATe/,; THE COEFFICIENTS FOR CURVE ~Al~ • ~3E15,8)

0740C

07S0C CO~PUTE THE TEHPERARY COEFFS FOR CURVE A

076eC

0710 IFlT .. lHA

0780 TAl • 10.0-(A2 • A3)

0790 T81 • -tR2 • 83'

0800 TCI : -(e2 • C3)

0810 PRINT 312,IFIT,TAl,T81,TCI

0820C

0830C COMPUTE THE TEHPERARV COEFFS FOR CURVE 8

0840C

0850 IFIT .. IH8

0860 TA2 • 10.0 - CAl • A3)

0810 Ta2 • oCRl • 83)

0880 TC2 • -(Cl • C31

0890 PRINT 312,IFIT,TA2,T82,TC2

09()f'C

0910C COMPUTE THE TEMPERARY COEfFS FOR CURVE C

0920<:

093(1 IF IT • IHC

09.~ lA) .. 10.0 - CAl. A21

095n TRJ • -(RI • a~,

0960 Tel. -eCl • (2)

091n PRINT 31~, IFIT,TAJ.T83.TCJ

098~ 312 FORMATt/,- THE TE~P COEFFS _AI~ - ;3F.15.AI

0991"C

100rc cnMPUTE THE FlNAt., COtFFS FOR CURVE A

101 tiC

102" tF'lT • lHA
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105~ Fel • eZ.0·CI·TCl)/3.u

1060 PRINT 314,IFIT.FA1,FHl.FCI

UlriC

loanc COMPUTE THE FTNAL COEFFS fOR CURVE R

109ftC

han IFIT ·lH8

illtl FA? • (2.0 0 A2 • TAZ)I3.0

i120 FR2 • (Z.OeF42 • 18Z)I3.0

113n FCZ • (Z.0-C2 • TCZ) 13.0

114n PRINT 314, IFIT,FAZ,FBZ,FC2

l1S"C

i160C COMPUTE THE FINAL COEFFS FOR CURVE C

l11rC

ilao IFlT • IHC

i190 FAJ = (Z.0-A3 • TA3)13.0

izoo FB3 = (Z.0-B3 • T83)13.0

1210 FC3 == (Z.0·C3 • T(3)13.0

iZ2') PRINT 314,.IF.IT.FA3,FB3,Ft.3

1230 314 FORMAT(/.- THE FINAL COEFFS fOR CURVE ~Ai- - _3EI5.B)

1240C

i250C COMPUTE THE ERRORS FOR CURVES ~,B,C

i26CC

126? IFIT lit IHA

i27r CALL ERRORsexCUX.XMAT,ICARDS,2,FAl.FRl,FCl,SEl,Rl)

i272 PRINT 316,IFIT.Rl,S~1

i274 IFIT • IH8

i28~ CALL ERRORseXCUX,XSLG,ICARUS,2.fA2.FA2.Fc2.SEZ.R?-)

lZ82 PRINT 316,IFIT.RZ,SE2

1284 IFIT • 1HC

1296 CALL ERRDRS(XCUX,XoTH,ICARDs.2,FA3,FR3,FC3,SE3'R')

1292 PRINT 316,IFIT.R3,SE3

1294 316 FORMATe/.- THE ERRORS FOR CURVE.~Al­

1295·£15.8)

1300C

i31~C IT IS TIME TO DRAW THE PLOT

132rC

i33n CALL PLOTSe6HfQUIPT,O.01,1~.O)

134~ CALL PLOTSll,1.20HCUNISTU S~ELTER PLnT,2n'~'TEL~)

(1340) - WARNINr, ARGUMENT 2 I~ DIFFERE~T TYPE IN CALL PLOTS
(1340) - WARNI~G SUHPROGHAM PLOTS APPEARED wITH FEwfR ARGUMENTS

------USED IN LINEI 1330.

136t1C

137r.C GO UP THE LEFTHANO SlOE .ITH THE AXTS

138nC

1391' y • n.o

140~ ENcOn~IZQ,3~~.NAME)lELM

141~ J5~ FnR~AT(?4HPE~C£~1 niSTHI~UTI0N o~ .A~)
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'42ft on ,~ 11 D ~,~n,lO

'.3~ IF'll.fU.OI 00 TO 26

144~ CALL PLOT.-~,l,V,l)

145~ CALL NUMREPf-.40,V-.o7 •• 14,ll,O.O,ZHIZ)

'4'0 lFll1.£0.401 CALL SV~ijOL.-.S,V-.74,.14,NA~E,qO.,~9)

.41n CALL PLOTe-~.l,V,l)

1480 26 CALL PLOTeo.n.V,l)

1490 y 8 Y • 1.0

1'00 CALL PLOTeo,o.v,l)

.510 25 CONTINUE.

152~C

153~C GO ACROSS THE TOP AND ~RIT~A HEADER

iS40C

iS5~ X s 0.0

156r CALL SY~ROL(Xt?SO,V'.30,.14.25HSMELTER ntsTRlBUT10N PLOT,a.OeZS)

lS1~ CALL PLOTCO.o,V,l)

1580 00 30 11-1,A

159ft IFell.EQ.l) GO TO 32

i60~ CALL PLOTfX,Vt.lO'l'

161~ 32 CALL plOTeX,V,2)

i62ft x • x • 1.0

163~ CALL PLOTeX,V.l'

164" 30 CONTINUE

i6S~C

\66~C GO BACK DOWN THE RlGHTHANO SIDE

i61nC

168n DO 35 11=1,10

169~ IF.It.EO.I' GO TO 31

1100 CALL PLO~eX.;ln.Y,I)

l11n-37 CALL PLOTeX,V,2'

i12~ y • v • i.o

113r CALL PLOTCX,V'l)

i14~ 35 CONTINUE

ilSrC

1160C GO BACK ALONG THE 80TTOM ~ACKWARD

111nC

i18~ 12 • tOO

119~ 00 40 11 • t,e

1800 IFC11.(0.11 GO TO 42

1810 12 • 12 • 10

182~ CALL PLOTeX,-~.10.1)

183~ CALL NUMREReX·.12,-~.3n •• 14,12,o.0.2HIZ)

1840 IFCl1.EY.71 CALL SY~~OLex •• 6z,-.S5 •• 14.2JHPERCENT ell IN THE ~ATTE,o •• Z31

185~ CALL PLOTCx.·~.lQ'l'

le6~ 42 CALL PLOTeX,o.o.21

181n x • x • 1.0

188~ CALL PLOTex.o.~,I)

189~ ~o cnNTINU(
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1901'C

1910C Pill ON THE S',..IiOLEO DATA poINTS fOR CUHVE5 A,B,C

192/\C

19Jo 00 ~O I-t.ICAPOS

19~iI X • xcuxel)

195" Yl • XHATel)

1960 Y2 • ~SLG(I)
r

197/\ YJ • XOTHel)

198" IS :a IFURel)

1990 CALL SYMROlex,vl •• 12.IS,0.O.-I)

200n CAll sYMAOleX.Y2,.12,Is,o.o.-1)

201a CAll SYMAOLeX,Y3,.]2.IS,O.O,-I)

2020 50 CONTINUE

20JOC

20~OC DRAW THE LINES FOR CURVES A,B,C

205aC

2060 CAll DRAWlII,FAI,FBI,FcI,S(1)

2070 CALL DRAWLI2,FA2.FB2,FC2,SEz)

2080 CALL DRAWLI3.FA3,FB3,FC3,S(3)

2090C

2100e PUT THE LEGOND ON THE SIDE

2110e

2111 CAll SYMAOLII~.2S,9.5,.14,bHLEGEND,O.O,6)

2112 CALL SY~OLI9.00,9.00'.14,12~FURNACE TYPE,o.o.IZ)

2120 XI : 9.54~ X2 = 10.0 $ YI = 8.5 S Y2 : VI • 0.01

2130 CALL SYMRO~IXl.YI·.07 ••12,O,O.o,-I)

214~ CALL SYMROlIX2.YI •• 14.12H= CONTI~UOUS,O~O'12)

215~ YI =YI - .5

2170 CALL SVMAOLIX2.Yl,.14,7H= FLASH,O!O,7)

218n Yl • YI - .5

2190 CALL SYMROLIXl.Yl •• C7,.12~2,O.O,-I)

2200 CALL S¥MROLIX2.Yl,.]4'13H= REVERBATO~Y,O.O.13)

2210 YI • YI - .5,

223~ CALL SYMROLeX2.YI,.14,]OH= ELECTRIe,~.o.tO)

2240 YI • YI - .5

225n CAll SY~ROlIXl.Yl·.r7'.12,~,~.o,-1)

2260 CAll SYMROLIX2.Yl,.14,14H= OXYGEN FlASH.0.n,14)

2270 Yl • VI - .5

228t' C~lL 5Y~ROLCXl. YI· .07' .12'~'0.0,-1)

2291' CALL SVMROlIX2,Yl,.1~,lQH. HOT CHARGF. REvERR,O.o.lq»

2300 YI • VI - .5-

231/\ C_LL SY~ROLIXt.Yl·.~7'.12,ll'O.O·-1)

2320 CALL 5YMROLIX2.Yt,.14,19Ha wET CHARGr. REvEQA.o.n.l q »

2J3~ VI • V1 - .~
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3 ~TANOARO ERRnp..o.O,21)

3 ~EGR~SSION coEFF SQUARED,O.O'~1)

'3&" VI • VI ... ~

'Jl~ CALL 5Y~ROL(.',Yl·.~7'.1?1).0.O'-1)

'38n CALL SY~~OL(.?,YI •• 14,~H. TRRC.O.O.6)

'39~ Jl • Yl ... ~

'391 CALL SY~ROLC9.nO.'I •• 14.JOHCURVE Typ~,n.O.l0)

'391 VI • VI • .~

'393 CALL PLOTCXt ... 75.YI'.07.)' , CALL PLOTClCl,Vl6eOl.2)

2394 CALL SYMROLCX2.Yl,.1~,7H. MATTE,O!O,7)

2395 VI • YI -.5
2396 CALL PLOTCX,-.7S,Vl+.07,3J , CALL PLOT(Xl".~O,Yl •• nl.2J

2391 CALL PLOTCXl-.40'Yl'.01,3J S CALL PLOTCX\".35. VI •• nT.2)

2398 CALL PLOTCX1-.?S,YI •• 07,3) , CALL PLoTC X1,Vl •• 07,2)

2399 CALL SYMROLCX2,Yl,.14.6H: SLAG,O.O.~)

2~oo Yllil VI-.5

2401 CALL PLOTCXl-.75,Yl·. 1 7,3) s CALL PLnTC Xl".7n,Yl •• 0T,2)

2402 CALL PLOTeXl ... ~O.Yl·.07,31 , CALL PLOTCX, ... 5S,Yl •• n7.2)

2403 CALL PLorCX1-.4S,Yl'.~7,3) s CALL PLOTC Xl ... 40,Yl+!07,2J

2~O4 CALL PLOTeXl-.30,YI·,07,3J s CAI-L PLoTCX,-.2S,Yl+.Ol,Z)

2405 CALL PLOTCXl-.1S,Yl·.~7,3) , CALL PLOTCX\-.10,Yl •• 01,Z)

2406 CALL PLOTCxj.Y,·.07,JJ

2~Ol CALL PLOTexi •• nS,Yl·.07,2)

2408 CALL SYMROL(X2.Yl,.14.1H= OTHER,O~O,1)

2409 Yl 2 YI - .5

241~ CALL NUMRERexl-.18,Yl'.14,lCARDS,O.o,ZHI2)

2411 CALL SYMROLtX2,Yl •• 14,18H= SMELTERS PLOTTEO,o.o,,8)

2412 Yl 2 VI ...5

2413 CALL SYMROLCX2-.48,Yl'.14,25H2 = DEGREE OF THE THREE,O!O'2S)

2414 CALL SYHROLCX2,Yl-.2,.14,23H POLYNO~IAL FITS WHERE.o.o,23J

2415 CALL SYMROLCX2,Yl-.4,.14,22H Y =A • a*x • C*x*o2.0.0,22)

2~16 VI 2 YI -.9

2~11 CALL SYMROLtX2-.60,Yl,.14,JlHR2

2418 Yl • VI - .5

2419 CALL SYMROLCX2-.6C,Yl'.14,2IHSE

24SnC

246~C PRINT COEF~S AND ERRORS AT THE BOTT~M 0, THE PLoT

241('C

24sn La6HIolA TTE

249~ ENCODEC8~'4tn.JCAP)L.~Al.Fb1,FC1,R1.SE1

2500 410 FOR~ATeA6_CURVE, COF.FFS A .~F9.4' R .#F9.4, C __F9 ••

251~'_ R? .'F6.4' SE .'F7.4)

252n CALL SYMAOLeo.~,"I.o •• 14,lCAP.O.O'86'

25)" ... • 6HSLAG

254~ ENCODEce6'41~.tCAP)L.FA2,F~Z.FC2,R2,SE2

255n CALL SY~ROL(O.n,-1.5 •• 14,ICAP,O.O,A6)

256~ .... ~HOTHER

251r F.NCOnEC~~'41C,TCAP)L.FA3,F~).rCJ.R3.~F.)

258~ CALL SY~ROLeo.n.·2.1 •• 14.1CAP.o.o.a~1

'.
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:?60flC THE Sto1t.LTf.R PLOT IS ['/(lEO

261f\C

262~ CALL PLOTSl·l»
C262~» - ~AkNINn SUHPROGR~~ PLOTS ARPEAPEO wITH MOR~ ARGU~ENTS

------115r.O IN LINEI 1140. 13JO.

26)0 500 CONTINUE

2640 STOP 100

265/\ END

267n OI~ENSION XCNE),VCNE)

268flC

2690C CALCULATE THE AVERAGE Y

270~C

271(1 AVY • 0.0

272(1 DO 10 I=l.NE

2730 AVY 3 AVY+YCI)

2740 10 CONTINUE

2750 AVV z AVY/NE

276i1C

277rC CALCULATE R2 AND T~STANDARD ERROR

278rC

279(l 51=52=53=0.0

2800 00 Zo 1 ~ I,NE

2810 YF = .+B-XCI)+C*XCI)·*2

2820 51 = Sl+IY~-AVY»oo~

2~)O S2 = SZ+IVII)-AVY)·*Z

2840 S3 =S3+IVII)-yF)·.2

2850 20 CONTINUE

2860 R2 z 51/52

287(1 5E z 0.0

2880 54 NE - INF + 1)

2890 IFC54.GT.0.O) SE =SQRTI53/S4)

2900 RETURN

2911' END

29Z11 5UQROUTINE DRAwLINPLOT.A,B,C,SE)

2930 II = lAO' INPLOT-l)OIO

2949 12 • J~O • (NPLOT-l)OlO

295" 13 • SAO' INPLOT-l)*lO

2961' L • IHA

297" IFINPLOT.EO.2) L • IHB

29811 IFINPLOT.EQ.J) L • IHC

3010 X •• 0 ~ tTAG. 0 s II • 0

30Z0 no 60 I-l.RoO

JO)(I x • x + 0.01 J II. It. 1

3051 I TAG II I
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JO~3 (,0 TO C 20o.2k~.7.90) NPLOr

J054 2AO CALL PLnTC"V,Z) , GO TO 295

JOSS ?8~ IF(IY.LE.2~) THEN

30S~ CALL PLOTCX,Y,2)

3057 [L5E

305ft 1'(ll.LE.35) THEN

3059 CALL PLOTex,y,])

3060 ELSE

3061 l'tll.LE.40)THEN

306~ CALL 'LOTex.V,Z)

3063 fLSE

3064 IF(II.LT.SO) THEN

3065 CALL PLOT e.Itt'" .])

3066 ELSE

3061 CAL.L PLOT (X,y,)

306& U-o
3069 [NOIF'

3070 [NOIF

3071 ENOl'

3072 ENOIF'

3073 GO TO 2QS

3074 ~90 IFCll.LE.5) THEN

3075 CALL PLOT eX,hZ'

3076 ELSE

3077 IF'CtI.LY.1S) THEN

3078 CALL PLOTeX,y,).

3079 ELSE

3080 CALL PLOTeX,y,])

30Bi u-C)
3082 ENnlF

3083 E~OIF'

3084 29S CONTINUE

3060 CALL PLOTCX,V,l)

3090 IFCl.EO.Il.OR.Y.EQ.IZ.OR.I.EQ.I3) THEN

309l YY3V'SE , IFCVV.GT.lO.O) YValO.O

310~ CALL PLOTeX,VY,Z)

311~ CALL pLOTCX-,ns,vV,l'

31Z~ CALL PLOTCX •• CS,VV,l)

3l3~ CALL PLOTCX,V,)

3135 'tv-Y-SE S IFcvv.LT.O.~) vv • 0.0

314~ CALL PLOTCX,vV.2)

315~ CALL PLOTcx•• n~.VV,l)

316~ CALL PLOTCX.,~~,yy.l)

3l7n CALL PLOTCX.Y.~)

319~ [NOH'

320~ 60 cnNTINU~

3202 CALL W~ERE(XP.YP,OU~MY) S CALL PLOTCXP,YP,,)

J21fl HfTUPN

322/'l E~n
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