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SYNOPSIS 

In 1970 it was decided to build a large llew plant al the Chingola Division of N.C.C.M .• Ltd., 10 trcatconcentrator 
taililJg$ and leacb residues with a low copper content by 1\ leach-solvent exuaction-eh:c trowinnioi 
process. 10 order 10 assist iD the eslabliahmcnt of the design pammClers for the new plaot, lIDd to study the 
Interaction of this plant wilh the existing leach-elcctrowiooio8 plant, matbcIlllllical models. rormulated as 
linear programs. have been developed and used extensively. T he paper ouUinc:s the metallurgy of the plants and 
descrjoo, briefly the Wlly in which the models havt been formulated and used. The formulation involved the usc 
of separable programmina to form the products of some variables. 

INTRODUCTION 

The Chingola Divi~ion of Nchanga Consolidated Copper 
Mincl, Limited, operates a leach-clectrowinniog plant to 
extract copper from OlUde concentrates. In 1970 it was 
decided to build a large new plant to treat material with a 
low copper content by 1\ leach-solvent extraction-electro
winning process. This material will comprise concentrator 
tailings from current operatiOIl8 and old tailings dams, plus 
rcsidues and solution, from the existing leach plant. 

During Ihedesign phase of tile new plant it becameapparoot 
that the amount of calculation involved would be much too 
great to be completed by manual means and, as a result, 
mathematical models of the two plants, formulated as linear 
programs, were developed jointly by the Metallurgical and 
Operational Research Departments. The models have been 
used exteasively to investigate the effects on the operation of 
tbe plaots of different feed materials, different operating 
parameters and of alternative ways in which the (wo 
hydrometallurgical plauts could be inte&tated. 

DESCRIPTION OF THE PLANTS 

A brief description of the plants is given below, and a diagram 
of the main features of the two leach plants is given in Fig. I . 

Present leach plalU 

The feed to the plant comprises oxide coocentrates and 
roaster calcine at a total copper grade of about 16 per cent. 
The oxide copper is leached from the concentrates by 
sulphuric acid, and the resulting solution separated from the 
residuaJ solids by thickening and filtration. The solution, 
containing the copper in the form of copper sulphate, is fed 
to an clectrowinning taokhou:>e where the copper is plated 
out outo cathodes and sulphuric acid is liberated. The spent 
electrolyte from the tallkhouse is returned to the leaching 
section as the leaching medium. 

A precipitationjpuriflcation circuit is operated. In this 
circuit copper in dilute solution from the filter plants is 
precipitated by lime and the resulting copper hydroxide cake 
is repulped with advance and spent solutions. In this circuit, 
Ihen, various impurities, particularly iron, are removed from 
the leach plant solutions and copper recovered from dilute 
filtrates. 

The weight of concentrates fed to the plant is about 
60 000 tonnes per month, with a copper production of 8 600 
tonnes per month. For a more detailed description of the 
plant, reference is made to Page (1961). 
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Tailings leach plant 

The feed to this new plant will comprise concentrator 
tailings from current operations and reclaimed from o ld 
tailings dams (in lhe ratio of about 3.5:1 , at a combined 
acid-soluble copper grade between 0.5 and 0.6 per cent) 
plus leach residuc.'l and solutions from the existing leach plant. 
The copper is leached from the tailiogs feed in two stages. 
The discharge from the primary leach is thickened, the over. 
flow going on to the solvent extraction plant and the underHow 
going to the secondary leach wbere the leach residues are 
fed in. The discharge from the strongly acidic secoodary 
leach then passes ioto the first of a series of counter-currenl 
decantation thickeners where the solids are washed by the 
low copper tenor raffinate from the solvent extraction plant. 
This results in a theoretical recovery of about 99 per cent 
of the dissolved copper in the secondary leach discharge 
plus about 75 per cent of the copper in the raffinate. 

The pregnant liquor from tbe primary leach overilowioa 
the first thicJcener is too impure and of too Iowa cop(ler tenor 
for electrowinning. A soLvent extraction (llant is incorporated 
in the circuit to upgrade and purify this liquor to provide an 
electrolyte suitablo for electrowinning. A detailed description 
of solvent extraction plants for copper is Kiven in Agers, et at 
(1965). 

The tailings leach plant will have 11 solids throughput of 
about 900 000 tonnes per momh, and a cathode copper 
output of 5 000 tOMes per month. The aqueous solution 
flow to the solvent extraction plant wit! be '5 000 litres per 
minute. 

Integration of the plams 

The existence side by side of two hydrometallurgical 
plants with differwt charactecistics will allow the integration 
of their operations to the benefit of both plants. The main 
regions of benefit can be grouped under the headings of 
control of impurity levels of solutions, the control of volume 
balances in the plants and the minimization of process losses. 

Under this last heading comes the feeding of the leach 
residucs from the present leach plant to the leaching section 
of the tailings leach plant, which will recover some of the 
undissolved copper ill the solids plus the majority of the 
copper in the eutrained solutioo (see line A OD Fig. I). 
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EXISTING LEACH PLANT NEW TAILINGS LEACH PLANT 

Fig. I. Flow diagram s/wM'ing main features of the two IMCh plonts. 

Control of impurity [e\'els in the present leach plant can be 
assistoo by the bleeding of solutions to the tailings leach 
plant, for example, lines B or D, where tho selectivity of the 
solvent extraction process will imply that most impurities are 
not carrie<1 over to the circuit through tankhouse 3. The 
impurities tbat will arise in tbis solution circulating throuih 
tankhou5e 3, mainly from a small pick·up of ferric iron in 
the solvent extraction plant, can be controUed by a bleed of 
solution from the circuit. This bleed will be routed to join 
the solution going to the existing tankhouse I (line C on Fig. I). 

Volume balances in the present leach plant can be controlled 
by bleeding solutions from that circuit to the tailings leach 
plant (for example, line D). 

FORMULATION OF THE MODELS 

During the design stage of the tailings leach plant it was 
necessary to establish the behaviour of the combined plants 
with various sets of operating parameters and feed character· 
isties. Because of the complex nature of each of the plants and 
the possible interactions between them, the rntlnual calculation 
of the flows and tenors resulting from a given set of feed and 
operating parameters is very tedious. It was therefore decided 
to develop matltematical models to pcrforfll lhese calculations 
on the computer. A linear programming formulation was 
decided upon for the following reasons: 
(0 previous work on the development of mathematical 

models of the lcach plant had shown that the processes 
were in gencral amenable to this formulation, 
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(ii) there are various loops of solution flows, which are easily 
handled by a linear programmiUi, and 

(Hi) the post--optimal procedures available with linear 
programming facilitate examination of wide ranges of 
parameter values. 

One aspect that can have a major effect on the operation of 
the plants is the balance of solution volumes. In the prtSeOt 
leach plant an excess volume balance can result in an 
appreciable amount of advance solution scut to precipitation, 
with corresponding process losses Rnd consumption of acid 
and lime. In the tailings leach plant it implies the bleeding of 
solution to waste. In view of these aspects and because of tho 
possible cross-flows of solutions, the models were formulated 
in terms of flow mtcs of solids, solutions and contaioed 
mefaJ and acid. 

Since it was not oecessary 10 represenl the detailed internal 
metallurgy of each unit process such as leaching, thickening, 
tankhouse or solvent extraction, the approach used in the 
formulation was to represent each process by a set of mass 
and volume balances, with various linear relatiouships between 
tbe inputs and outputs. Thus in the leach agitators, for example, 
tbe volume of solution in the discbarse is obtained by 
summing the volume of spent electrolyte and the water 
contained in tbe solids entering the drcuit. The dissolved 
copper in the discharge is derived from the copper in the speot 
electrolyte plus the copper dissolved from the concentrate, 
assuming values for the leaching efficiency of the acid·solubLe 
and acid·insoluble copper. The weight of solids in the 
discharge takes account of the weight of concentrate lost by 



dissolution of the copper. An example of the formulation of 
pari of the model is given in Appendix A. 

The formulation of the models presented little d ifficully io 
general. The only real problem was in the handling of the 
splits of solution into various streams when the input stream 
tenor is not known a priori and the divided output streams 
each have to have the same tenor as the input. This occurs, 
for example, for tbe split of primary solutioo between main 
circuit, purification, primary fi lter cake and spillage, and for 
the division of solution entering each cm thickener between 
ullderflow and overflow. One way to overco.rne the problem 
is to represent the product terms, implied by (he split, in 
the form: 

uv = i(u + ~)t - ~(U-V)I 

forming the squares by means of separable programming. 
{See Beale, et a/ (1965)]. This method was in fact adopted 
fo r the three couoter-current decantation thickeners which 
follow the secondary leach in the tailings leacb plant. It had 
been found possible to obtain a good apprmcimation, over 
Ihe likely operating ranges, to the copper in tbe final 
ulldcrOow in terms of simple produl;:ts of <:apper and volume 
flows into the first and last CCD thickeners, and the 
formulation needed the derivation of just two product terms. 
Thus, accurate estimates of the outputs from this three-stage 
CCD circuit were derived, the tenors of the other flows 
internal to tbe circuil being obtained only approximately by 
assuming a fixed underflow-overflow ra tio of solution. 

A simpler approach to the formulation was used for all the 
ot her solution splits, namely, to estimate manuaUy the input 
tenor, assign this to all but the largest output flow, derive the 
actual tenor from the first runs and revise the coefficieots 
a(;C()rdingly. This method, done initially by manual revision 
and later by writing to a file and revising the matril{ 
automatically, nevor required more than three iterations for 
tbe convergence of all tenors. Although not very elegant, 
the method worked satisfactorily. 

The fonnulati OIl of the combined plant required a matril{ 
of some 170 rows and 350 column variables. The mM 
Mathematical Programming System package was used, in 
conjunl;:tion with the MPS Report Generator. The package 
had a facility for separable proarammmg, but not for mixed 
integer programming. Use was made of the parrunetril;: 
programming facility for investiga.tion of the criticality of 
some of the model parameters. 

USES OF THE MODEL 

There is flexibility in the routing of some concentrates arising 
at the three divisions of N.C.C.M. to the Rokana Division 
Smelter or the Chingola Leach Plant, and the company's 
metallurgical operations are planned as an integrated system 
[see Williams, et 01 (1972)]. Thus, Ule concentrates that will 
be fed to the present leal;:h plant in the future will be 
determined by the pattern of concentrates arising within the 
whole group and not jnst Chingola Division. In the medium 
and long lerm, therefore, the tonnages and grades of the 
material fed to the present ieal;:h plant and also 10 the tailings 
leach plant, could have values within a fairly wide range, 
dependcnt upon the evolution of the operations of N.C.C.M. 
as a whole. 

TIle linear programming models were not used in a truly 
optimizing sense. Their purpose was to produce solutions to 
the equations for various combination of feed materials, 
opcrating parameters and solution flow arrangements. 
Various parameters were taken to have permanently fixed 
values. These included the flows in Ihe present leach plant 
main circuit, the coppec produced in the existing lanlffiouse, 
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together with the maximum solids handling capacity of the 
tailings leach plant and the solution flow through the solvent 
eJl.tral;:tion plant. For individual runs o f the model, the feed 
of <:aocentratcs to the leach plant and I;:urrenl tailings to the 
tailings leach plant were assigned fixed tonnages and grades 
and some tenors and flows at various points ill the circuits 
were fixed or constraincd in value. The objective function 
used in the initial phase was the maximization of total copper 
produced in the tank houses, although the solution value was 
almost completely determined by the fixed inputs, and the 
range of feasible solutions was very small. 

The main object of the initial phase of tbe work with the 
model was to establish the total new tankhouse capacity 
required by the two plants and the proportions of it that will 
be availablc 10 eal;:h plant. The capacity of the tankllOuse 
ronnected to tbe solvent extral;:tion piant js dependent upon 
the copper fed to the solvent extraction plant, the recovery of 
this copper, and the copper bled from the tankhouse circuit 
for impurity control. Since the flow rate is predetermined and 
the [«overy and bleed are assumod to be known, the 
determining factor is the tenor of the solution in the feed 
10 the solvent extraction plant. For eal;:h set of feed parameters, 
several calculations were made, constraining the copper 
tenor to the solvent extraction plant to be at various values 
within the feasible operating range. From the solutions 
obtained, it was possible to establish the tankhouse sizes 
required and the best operating tenor for the solvent extra~ 
tion plant. 

The precipitationjpurification circuit in the present leal;:h 
plant ha.~ two essential functions. It rontrots the levels of 
various impurities in the plant and tbe volume balance. 
However, in dOing so, it conswnes about hflif of the Rcid 
requirement of the plant. The models have been used to 
study the effect o f closiog the precipitation circuit and 
controlling impurity and volume levels by bleeding large 
amounts of solution to the tailings 1eru:h plant. The results 
have showll tbat considerable quantities of acid can be saved 
with no adverse effect on the plant operations. 
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APPENDIX A 
Formulation. o{ the model for leach agitators alld a thickener 
The models of the primary leach and first thickener in the 
tailings leach plant have beeo chosen as examples of the 
formulation. They are enclosed by dotted lines in Fig. 1. 

Tbe feedg to the agitators are current tailings (witb weight 
Wl and ASCu grade cl), tailings ex dams (weight W~ aod 
grade C2) , strong acid (with weight Wa) and solution from 
the CCD thickener overflow (volume V" contained copper C,. 
contained add A t ). Units arc kg/min or li tres/min. 

Then the solids balance for the leacb agitators is: 

Weight of solids in diS(;harge = W = W 1 X K I + W2 X K2, 
. . . . . . . .(1) 

where Kt, K2 are the respective fractional residues after 
leaching. 

The solution volume balance is: 

Solution volume in discharge = 

+ Wa/K4 + V" ... '.'. 
v = (W1 + WJ KJ 

.(2) 

where KJ is (100- % solids)/(% solids io tailings feed) and 
K4 is the specific gravity of the strong acid (kg/I). 

I 
r 
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The copper dissolved from the tailings is: 

C o = W l Xgl xLI + W2 Xg2 xL2 .. (3) 

where LI and L2 are the respective leaching efficiencies of 
the acid-soluble copper in the tailings. 

The dissolved copper balance. is then: 

Copper in agitator discharge solution 

The acid balance for the agitators is: 

c Co + C~ 
. . .(4) 

Acid in discharge = A = V x t = Wa +A, - Wl x GACI 
- W1 x GAC2 - 1.543 x Co ..... (5) 

where t is the predetermined terminal acid tenor of the leach 
(kg/I), GACI, GAC2 are the respective acids consumed by 
gangue in the tailings (Kg acid/Kg tails), and 1.543 is the 
acid equivalent of the copper dissolved. 

The solids that are in the discharge all report to the 
thickener underflow. 

Thus the volume of solution in the thickener underflow is: 

Vu =WxK5 .(6) 

where K5 = (100- % ofsolids)/(% solids in underflow). 

The solution volume balance for the thickener is: 

Volume of overflow = Vo = V - Vu . . . . . . (7) 

The copper in the discharge now has to be split between 
underflow and overflow, each solution having the same tenor 
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as the agitator discharge which, however. is not known. 
The method used, as mentioned in the main text, is to use a 
predicted tenor for the underflow, and re-solve the problem if 
the estimate is incorrect. 

Thus the copper in the underflow solution is: 

Cu "" V"XKu .(8) 

where Ku is the predicted copper tenor in the discharge. 
By difference, the copper in the overflow is: 

~-C-~.OO 

The acid in both underflow and overflow is determined by 
the knovm terminal acid tenor of the agitator discharge t. 
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