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"FOREWORD

This publication was prepared under contract
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| 'm TEE RAD.LovaR,Lc CONCFNTPA"‘ION & U‘%ANITJM ans
[follovfiné is & 'bré,nslétion of an,artiéié .by.ieg De Mali-
teev in the Russian-language periodical Atomnaya enevgiva

(Atomic -Energy) Vol. 8, No. 2, Moscow, Feb uary 3960
pages 121-126 ,

(Tue article gives a method for deuerminlng the op’c:.mum systen
for the operation of factories in radiometric ore separation, taking
into account the expenditures for geological prospecting Sy; the yield
of ore Sy, the radlometric concentration S;, the hydrometaliurgical
“educuﬁon Sy, as well as the yleld of concéntrated .ore), the content
of uranium In the ore a, the coefficienis of the recovery of uraniuvm
in the radiomet ric concen’cra‘tion of thﬂ ore g ) and tne hylrome twllurgi-

cal reduction §°%.

(For the determination of the minimum cost of urs ﬂiuh salts S
the analytic method was used, Sy was represented in the form of a’ £oue
Samous function : - . ‘

= F(Sls 32: 53: Slu a; v, Ef.')"

(Accordlng to the theory ‘of approximatlon, the functious ¢ =

1( Jand ¢! = £ (ayf -were set up in an ana1yt;cal form by the methad

cf selected ezper*mental pointa.

o (Since Sp = £(y) is an eyperimental function, then equation
4;n =0 is used to dete*mine the qptimum yleld of conceatrated ore at
2%} ore-separa*ing fac ory }'pt’ corresponding to the m;nimum cosb of
whe metalc _

{An ex mple of the dete”mlnatlon of fhn opt{mum yie ld of cou-
ceontrated ore is presented,) :

In commection with the extensive developmeav of The eAbraut*on _
G proceseling of uranium ores, great importance is ettached to the.
suzstion of reducing to the minimum the .cost of extracting wranium
jalts from ore. Oune of the most effilcient processes significantly re-
xeing the cost of vrenlum salis- is the concentration ¢f the uranium

we in radiometric ore-separating machines. The appropriate adjfist-

Jent of the arc-s:paratlug wachines makes it possible to regulat: the
zontent of uwranium in the tailings of the rad*om°tr1c concentrating
plant and the yield of concentrated core. »
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At tne Prasent time the uranium content in the tailings of
tiuese factories in the rajority of cases is establist2d by the level
of the uranlum c“nuent in the tailings of hydrometallurgical piants.
In the presence o the *echnical potertialities of the mecdern teche
ao.logy of ore processing in bydrometallurgical reduction, this answers
the problem of the maximum extraction of uranium, but does not enswer
the purpose as regards the practicable minimum cost of uranium selts
such as may be cbtained in the case of the optimum adjustment of
radiometric ore-seperating machines,. :

It should be noted that in‘a number of cases, an 1ncrea3@ of
1-1,5% in extraction using radiometric concemtration causes an increase
of 10-15% in the yield of concentrated ore, This significantly in-

creases the volumes of hydrometallurgical production, the consumption
of chemicals, steam, electric power, etc. Thus, with a very small
increase in the output of salts, the cost of” all of the output plo-
duced 1s increased, . K

In our opiniadn, the adaustment of radiometric ore-separating
machines, which provides the optimum yield of concentrated ore, will
make it possible to reduce the cost of uranium'without decreasiJg the
volume of its production. '

- The cost of uranium salts depends upon expenditures for pros-
pecting for and extracting the ore, upon the cost of concentraticn
and hydrometallurgical reducticn, upon the coefficients ol ex traction
during the concentrating and hydrometallurgical processes, The rale-
tionship between these factors may be represented in the form ¢f a
continuous fuaction and_expresmed by the equation

Sl bl + Sg + 83 + Su}’ : f
Fm L a,gg' oo » ' Lo B

where S, 1s the cost of uranium in salts (rubles/kilogram); Sy 18 t%e
cost of prospecting for extractable reserves of uranium ore (rubls s;txn;,
So 1s the cost of extracting the uranium ore (rubles/ton); is ths
cost of the radiometric concentration of uranium ore (rubles?ton), Sho-
is the cost of transportiang the concentrated ore from the mine to ‘the
Plant and its processing at the hydrometallurgicul plant grubles/ﬁon),
Y is the yield of ore by radiometric concentration; a is the content
of uranium in the ore, which goes into radiometric concentration
{kilograms/ton); & is the coefficient of the extraction of uranium
with radiometric concentration of the ore; ¢' is the coefficient of
axtraction of vranium by the processing of the concentrated ore’ at &
hydrometallurgical plant,

In order to determine the optimum cost of uranium in the final .
weoduct from equat 1on (1), it is necessary to es+801ish the relatinou- -
+hip between €, ¢! ’ an:’i V : -

= fl(v), gt = fe(v)n
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If in a system of restangular coordinates one plote points o=
tained experimentally {elong the abscissa axis == toe yield of ore by
radlometric connerisration, spd alorg the crdinata exis -~ the coef-
Picient of extracitlon, corresponding Lo thie yield), guch a greph ie
cbtained aa is presented in Figure l. ‘

Obviously, for each type of cre, deparnding uvpon “he physical-
mechanical properties, difference, the system of redlometric concen-
tration used, and the type of concertrating machine, 1lts own curve
can be constructed; and on the whole for the process of radiometric
concentration, a set of curvess - . .

Arising from the essence of the concentratlon process, trhe egue-
tion expressing the relaticnship between cand VY must satisfy the fol-
lowirg conditions: vhen Y = 0 €= 0, leceoy zero extraction corresponds
to a zero yleld of concentrated ore; when V=l £=l;, e, a 1000
extraction corresponds to a 100% yield of ore; in addition, the curve
¢ = £(v) mst go through two selected characteristic points with co-
ordinetes Yy, €4, and‘vz,gaa,4obta1ned‘experimentally.'" o _

 In a perticular case, the equation £= £1(v) must be transposed
into en equation of the bisectrix .of the coordinate angle £ =Y, rer-
resenting the relationahip between ¢ and Y for ores, which because cf
their ‘own properties do not lend themselves to ccncentration,
- Investigations 1rdicated that the following form of the eguatlow,
wnich satisfies the tadicated seb ofﬁcurves; ig the most suitable:

y W

é \=
1+ )Y

e o 5}/3:

where &, e, v are the coefficients characterizing the physical-mechanical

. properties of the ore and the conditions of 1+s concenthratiorn.

Ir we take Y= 1 end £ = 1, then we shall get the firsi equatica
for the determination of the coefficient
R i o -
= .le‘—'—-—’-—r' 'Og =l
5.5 i
hence'g =15, Lo P :; ‘ S , . ,

' Obtained by the experimental method, the two polnts on the curve,
i.e., the two values of the yield of the concentrated ore and the cO-
efficients of extraction corresponding to them, moke 1t possible vo
write the equations : ' : ,

7
| | 1z (81 + T -:i') - 1g 1.5 |
@ = £ y) = —— 7, : - 3)




v . o
- "_-—-' ;_—gg !
€= fplv) === Y, — . W

From equations (3) and (4) by the graphoanelytic method we de-
termine the values v and 2, having constructed curves for this. A%-
the intersection of these curves we shall obtain the unknown values,

It is necessary to have more than two experimental points, in
order to characterize the process of concertration by mezns of equa-
tion (2). In this case, for the determimation of corstent coefil-
cienis £ and v, the most characteristic points on the curve ’ cone-
structed on experimental data, may be selected. :

In its essence, the hydrometallurgical process 18 analogous _
to the concentraticn process, because in both cases. the concentratinn
of the useful component occurs. - Therefcre the relati. onship between
the extraction in the hq/drome'ballurgical reduction ¢£' and the content
~of uranium in the ore /5, coming for hydrometallurgical processing, ray

"also be established according to equation (2), However, it should be
noted that it is nct necessary to investigate the relationship be-
tween £! and P within such wide limits (from O to 100%) as was done
in the investigation of the relationship between the extraction coef-
ficlent and the concertration coefficlent of the cre in radiometric
reduction. Iet us limit ouwrselves ‘to the study of the relaticonsklp
between ¢' and P in the range of change of P from a to fy, which cor-
rasponds to & specific glven ¥,

The quantity of the metal, which will rewain in the concentratad
ore alfter radiometric reduction, will be equal to ag; then the con‘aenb
in the concentrated ore A is determined by the exprecsion ‘

ac¢ -
= _)7 = a(g\/ﬁ -

N

1 _ e
- l - ‘;'V) = ro(Y)‘@ (5
Provid=d thet the rela'bionship‘between £* and P will be investi-

gated in the interval from a to f5,, corresponding to Voo We shall ob-
tain the equation for the determination of the extreme ﬂo

o = 8515 RO - ®)

The change of the extraction coefficlent in hydrometallurgical
reduction is represented by the graph presented in Figure 2,

As has been indicated, the rela.tionship between ¢' and ﬁwe
sake Jn the form

®

gt = glﬁd -




Trhe coefficients § 15 €1s Vp BTE determined according to three: .
experimertal voiate T 4

1 8 ,
5y = == (e + ~2—gT); 8
) L ael(l l+8.v1"‘ ‘ | ()
T eVl TT¥E T apYl ‘
. e‘l = fl(vl)?. REEEEE lge - 1g 61 _ ) (9,‘

. a ' ) 0
18 (€] + 7o -8 €0 - 7T

€1

Having constructed the curves according to equations (9) and (10),
we shall obtain at their intersection the unknown values €5 and vq;5
we shall determine the value §; from equation (8). -

Since, according to equation (5) p=2£,(¥)y the relationship
between V and &' in the definitive form will be expressed by the
equation o S S

_— Ce U oge)
t = 1= 1. = e R
SN S A

For the optirum value ¥ let us substltabe the values obieined’

ror £ and €' in equation (1): | ' e

- . Sq +'Sp + 84 +8 Y ‘ L
‘ : Sl 2 L. :

S = 5y = R ;fl Ty {22)
afdy® - T H LY Ty fE T |

The graph of equetion (12) is an experimentel curve which kas
jts minimm at the point corresponding to the least cost of urapium
and the optimum yield of concentrated ore.

let ue determine the position Sy of the minimum Yopts after
naving taken the first derivative from the cost of uranium Sy acccrd -
ing to Y anrd having made it equal to zero.

" This equation in regard to Y.may be solved by the graphoanalytic
method, efter having divided it into two equatioms: . o

Cyeeesyy o o W)
y= (et 35+ €gy )8y 782 + 53 +8yY). - {ak)

s




The value %%.is determined accordiné totequation

WE -v)+1
(L +ye -’

de. e~ )

T =sbr et - (35)

 The value %%;[iéifouﬁd.by differentiation of the equaticn (7):
aet aB e eyl 1P -vy)

de_ . &~ - . | 1
& Ay 18P T T T e -/ ()

We shall determine the velue %}-ﬁ; after having differentiated
equation (5): -

— T3 EN - >
;“de'éA;(g Ly 1+ T o b
Since before radiometric concentration the ore is separated by

being sifted into classes of coarseness, each class being individually
subnmitted to concentration, the relationship between € and Y for each
. ¢lass may be characterized by its own constant coefficients & and Yo
Tt is necessary to carry out for all classes of coorseness the cited
caleulation for the determination of the optimum system of operation
of the machine, Getermining for each class of cuarsenzss its cptimum
vield of concentrated ore and the minimum cost of the metal, Thos,
after having separated the total cost of the ore, including expendi-
tures for geological prospecting work, the cost of the ore of each
class of coarseness should be determined proportionally to the dis-
tribution of the metal by classes. S S
' The determination of the optimum yield of concentrated ore of
each class of coarseness should be carried out according to the eque~
tion ’ ' o o - ,

m a&&i R

g

where Sy is the cost per ton of ore of a given class of coarseness,
including expenditures for geologicdl prospecting. .

Tet us assume that the ore is separated by being sifted into
i classes with an ore quantity in each class of Q, Q5 .ss Q; and
with a metal content of aj, 8y seo 84+ In this case the total opti-
mum cost of the metal as a whole for all of the cre will be deter-
mined by the expression - g .

Q‘lalsm]_ + QEaESmp + oes * Q‘iaism-;
m Qay + Qolip + ees + Qi85

. :8)
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If one of the classes, due to its structure, does not lend
itself to radiouetric coucentration, then the cost .of ‘the metal oh-
tained from the ore of this class is determined by ecuation (1) with
S3 = Qand v= lo ST ,

Iet us cite an example of calculation for one class: 8, =20
rubles/ton; Sy = 60 rubles/ton; S3 = 10 rubles/son; Sl = 150 rubles/ton;
a = 1.0 kilogram/ton = 0.1%.

“Ihe data were cbtained by the experimental method:

Por the ore's ability to be concentrated

" 1.0 € 1.0
Y2 02 g - 0uk
P

" According to the hydrometallurgical process

Ay 0,1 A 0.900
C By 0,151 gty 0,91k
B3 00300 '3 0-939

The coordinstes €and Y calculated according o equations {(3)
and {4), are presented in Table l. For the determination of valuzg &
and Y a graph (Figure 3) is constructed. »

TABLE 1

COCRDINATES CF POINTS € AND v

DA S emnb) e=f(v)
£2,0 T ouse 030"
+ 1.0 | flo.zéfu 104329
0.0 0,380 00339

- 0.5 , 9:"-*"'.7” okek

- 1.0 " ost0 S ok

- 3.0 04727 096




 Thus équation (2) will assu.mé “the form"“ 3

€& = l.SYO’h'O'i- P
) i 1 + ),"'0012

The graph of equation (2) is presented in Figure 4.
The values §; and ¥}, determined according to equations (9)
and (10), are presen‘ced in Table 2.
 TABIE 2

- COORDINATES OF POINTS &7 AID vy

S - g =filvy) - gy = Tp{v)

+ 0O o C0.51 0.8k

1.0 0.123 ST 0,151
0,0 0,101 S 0.123

- 1.0 - 0.062 S 0,092

-3.0 - 0.8k0 o 0,016

- 5.3 0038 o 0038

- 00 0,038 . 0,038

The graphs g3 = fl(vl) and ¢ = fp(vy) are preserted in Fig-
ure S,
The value g 1s calcu.-.a“bed according to equation (8) » 18 equal
to 0,987. 'I‘hen equation (7) will take the form

£ =0, 982}50 d’ --‘S:):-g— £(p).

The graph of the equation[ £(B) is presented in Figure 6.

The value of optimum yleld of concentrated ore is determired
according to equations (13) and (14), The cocrdinates Y and y are
presented in Teble 3. The graph y = fl()/) and y = fo (y) is presented
in Figuwre T _ ERT




TABLE 3
COORDINATES Y AND y
According to equation (13)  According to equation (14)
X A

X L

0.l 80.3 Osl 195.0
0.3 110.5 0.3 R2..
0.5 124,0 045 584
0.7 131.5 0.7 35.1
0.9 13k.5 0.9 16.6
1.0 | 135.0 : 1.0 T2

Let us calculate according to equation (12) the coordinates
of the points and let us construct the curve Sy = £(V):

Y °n
0.1 196.5
0.3 183,0
0.5 199.5
0.7 222,0
0.9 251.0
1,0 267.0

Graph Sy = £{V) is presented in Figure 8. As can be seen by
this figure, there is a clearly expressed range of optimum yields of
concentrated ore, which is characterized by the minimum costs of
uranium salts,

In this case, if the economic parameters of the extraction and
processing of ore make it possible to obtain a uranium cost in the
final product significantly lower than its average cost in indusiry,
then it seems to us expedient to depart somewhat from the optimum in
favor of an increased yleld of concentrated ore ¥ and to thus increase
the extraction and yield of uranium in the final product. However, the
degree of departure from the optimum should be regulated so that the
cost of obtaining an sdditional kilogram of metal will not exceed the
average c.st ol metal in indusiry.
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Figure 5. Determination of ccefficients vy and 5.
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Figure 6. Relationship of the extraction of the wmetal in the con-

centirate of hydrometallurgical reduction to the contert

of the metal in the ore (rich product of radiometric
separation).




Figure T

of radiometric cevaration.

Figure G

Determinasion of the optlmua yleld of the rich product

Teletionsldp of the cost of the metel da the Tinal

product of hydrometallurgical reduction o the
¢f tha rich produst of radiometric separation.
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