Dr V R Radhakrishnan
II''" Kharagpur
The use of sophisticated instrumentation and control

: wrategies in mineral processing operations represents & relati-

L8 wly recent Qevelopment. The variahles that are normzlly tarcets
thr control and the possible variahles that can be manlinulated

. achieve control in crushing, arinding and flotation are

gown in Table 1., The important process variahles encountered

& in mineral processing and corresponding instrument devices are

shown in '1_‘ahwle Dl

- TApLE A
Controlled and manipulated variablus for crushing, grinding,
and llolation
Conirolled variables Manipulated variablos
Crushing
Producl fineness * Feoedrata
Circulating lond Closed-sida setting
Power draught Scteen area
Bin level
Crusher lovol
Grinding
Product size Sump-water rate
Sump level Feedrale
Cuculaling load Pumping rate
Hold-up of solids (%) - .~ Solids in lead (%)
Mill specd '
Flotation
Rocovery(productlonnage) Aeralion
Grado Agilalor speed of rolation
Circulaling loads Pulp level
Froth levals Haagonls
- Por canl solids : Frothor
¥ Colleclor
Moddier
Deprossanls
T UTALLE 2
Minaral procassing Instrumentalion
Measuromaont Daovicos Typs ol Cirzuit =
Sump leve! Bubble tuba/dillerential-pressure G.F
coll 4
Pulp level Capacilunce probe
Sonic sonsor
Pulp densily Gamma nuclear gauge G.F
U tubo/load cull ;
Dillerenltial-pressurs cell
volume flowrale Orifice plate G
Waler . |Turbine moler
Slurries Magnolic llowmaler G.F,
Ullrasonic Nowimoler
Parlicle size . |Sonic particlu-size monitor CG/F
Light-scaltering size analyser
Mill load Load culls
Wall moler, lorqua melor
Sound meter
Feedrale ol dry solids Woightomulor CG
ﬁﬁ{sgg:wz?war Watl melar, lorque mulor CG
Particla composilion X-ray-lluotuscence tnalyser F
Meutron-activation analyser
Bin leval - Sonic sunsol : C
Capacilance probe
Frolh lavel * [Capacilanca probe g F

* C = Crushing, G = Grinding, F = Flclalion



In classical control as is current practice the aim is

o maintain the control varishles constant hy adjusting the
mnipulated variables. These are essentially stahilising control
joops using conventional feed hack control emploving PID contro-
jlers. Possible linkings of manlculated and controlled variahles
sre shown in Table 3 The process matrix of Tahle 3 shows
the ‘response of the controlled variable (plus means increase)

ad speed of response to increase in manipulated variables,

mhle 4. . shows the broad classes of-control strateqies in
cushing, arinding and flotation, Typlically improvements of

shout 10% in crushing and grinding and 5% in flotation are

pssible by using such classical control methods.

TABLE )
Response ol controlled variablas to changes in manipulated variables as indicaled by process matrices
Manipulated : Conirolled variable . J

! variable ¥1,= producl y2 = circulating y3 = power Y4 = bin ys = crusher

ineness load draw leveoi level

Ciushing .

uj = leedrate = +0: o +

Fast Slow Slow Slow Fast
= Cl(._i‘ied-SIdﬂ —+ — -~ -
selling Fast Slow Fast Slow Fast
¥ Uy = screen area G g - — —
! : . Slow Slow Slow Slow Slow
| vy = producl = ci , - Y3 =sump | ¥4 = % sohds I

Grinding linaness Yo =cuchlating load level inmitl_
U = sump water i + o +0 =

addition rate Fasl Fasl Fasl Slow
4= liesh lecd o b : + +

solids rale Slow Slow . Slow Fast
3= cyclone leed + 1 = s

pumping rala Fast Faul Fust Fasl
vy = lewd water + = ! + =

addition rate Slow | Slov ~ Slow Fast

b = mill speed ke = = &

r Fasl Fast Slow Slow e
e = rene ¥a = froth o T
= gr = recove

Flolation Yy = grade V2 i : dopth

"v) = aeration rate = + +
Fast . Fast Fast

# = agilation rale 0+ i +

' Slow Slow Slow

. ¥3= pulp lovel = & . -

i Slow ' Fast

¥y = lrothor = 1 +
Fast Fast Fast

v = colleclor = +0 +

; Slow Slow Slow

U5 = depressant + : =

§ Slow Slow Slow




7 TAGLE 4 o
Classes of control stralagies involving combinations of
principal control loops

Typa Controllcd Manipulatud
3 Crushing
| Producl size Closed-=ida selting
| Power Fesdiato
8 ] Product size Foudral
& Power Clased-sidu selling
- Grinding 1]
o | Producl size Solids !
& Circulating load Feedrale
] Product size Sump-waler rale
g -| Circulating load Solids loediate
| Flotation
H | Recovery Auvialion rala
G Grade Pulp level
' 8 i Recovary Pulp levol
| 3 Grade . Aeratinn

= -
—— - G

gggggol of_Crushers

Classical control

1

1

Control of crushers may be undertaken at the Following

levels :
L 1) Interlocking end alarms
1) Feed back control
i) Optimisation of throughput and particle slize,

The first and third levels of control are shown in 7ig.\

The controlled variables are product fineness, and
throughput, The manipulated variahles are feed rate,closed-side
setting and screen area, Circulating load;hin level, powef draw
and crusher level may he considered secondary controlled
variables, The major disturbances are changes in ore hardness,
thange in flow rate from surge hins, numher of machines
operating and changes due to llner or screen cloth wear,

The main process variables and their measurement is

sunmarised in Table 5. 5

.
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Fig. 1 Requirements for different levels of control for a crushing pla.nt:(a)iocal and
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| CENTRAL

— -
@ |
A
SURGE E SLAGE
DIN : (311%}
[}
i
)
]
I
1
o O : 6] O)
vARIABLE SPEED : VARIABLE SPEED
FEEDER : FEEDER
i scReen il
]
1 ]
« 1
1 TRy
CRUSHER : CRUSHER [
@ || 6]
i i T '
E ! (] 1 3
£ ALARMSCT ] | \ i i PROOUCT
i R T .i o
3 PROCESS 1 i | LEGEND -
g VAAIABLE ' 1 | LE LEVEL DCTECTOR
i HDICATORS g _ H 1 VP POWEH TRANCOUCER
-_ - Srtrroozzzzziziiaoaod Py POWLER TRAMSOUCER
i af
SURGE
BIN '
i r__.--__._:_ 1, -
F a0 P [0 —
1 VARIABLE SPEED 1 VARIABLLL SPEED
by FEEDER ! FEEDER
¢ .
] '
o ; scneen oY
1
- |
| i et
(| . 0 1 Pt
oy CRUSHEH i il CRUSHER .
¥ | I 1 i! - 1
! iy Iy
: : : :; : /‘) - ( )
i) 1 i 1
! ] 1]
] ' (X'}
t oy ] (N}
L N
i
gl

1
I
1
i joac|  |PROCESSINCE-
L- 4 UNIT

The performance of a crusher strongly depends -on the
tlosed side setting, power draw and hardness and size of feed.
Increase in feed rate increases the power draw and results in
¢ finer product. At the same feed rste increased closed side
setting results 1n a coarser product,

.
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TABLE 0

4 and ltechniques used in process control systems for crushing plants

[natrument
e

Inatruments

Commenls

frrocesd nu.-unurcmr:nl

Muss [fow of ore

Uin level

Power draw

Closed side setting
!

electronic losd -cell
mounted on a weigh-length
formed by suspending one
or mute conveyor idlera
independently

(1) ultrasonic
inslruments

(2) gamma-ray
instruments

(3) weighing of surge
bin by mounting
on load cell

(1) ammelers measuring

current
]

(2) thermal converlors
mensuring power

(1) leading

(2) calibration against
mainshalt position

oulput is normally by con-
tinvus inlegrators which
multiply instantaneous belt
speed by Lelt loadingto
give inslantaneous lonnage
rales; for production con-
trol purposes, batch total-
isers may also be used

delermine level by measur-
ing travel time for sound
rellected from the ore; prob-
lems can arise from multiple
reflections from idling
have proved Lo be reliable
inservice; may be either
on/ofl using single colli-
malted heam or continuous
over a limited range using
wide angle source
high initial cost but low
mainlenance and satisfac-
lory service
care should he taken with
the phase dilference ol cur-
rent and vollage in crusher
operation; generally, power
measurement is more reli-
able when load charges are
substantial; totalising k\Wh
meters are also used [or pro-
duction control

inconvenient, time-consum-
ing and cannot be done
under load

only available in crushers

equipped with hydraulic
mainshalt supporl systems

In crushers with constant closed side settings the
power draw is maintained by feed rate control as shewn in Fig,2.
In Flg, 3 the bin level is measured and the nower draw to the

previous and succeding stages are controlled,

& In systems having hydraulic main shaft support the CSS
L can be changed while in oberation. In spch a case the syStem is
mintained in choke feed. condition using a nuclear level gauae,
Te CSS is controlled with refercnce to power draw or hydraulic
pressure, Here also casche of power set point with surge bfn

level is possible, -
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Fig. '3 Control loop for maintaining the level in the surge bin. The bin level also pro-
vides information on which stage is limitihg production,

Computer control of crushers

The optimal control of an industrial crusher usinag a
self~-tuning control algorithm is presented helow, A schematic
diagram oé the crushing plant is shown in Fia. 4 The fresh
feed and crusher discharge are screened, and the oversize of
each screen is fed to the grusher, The purpose of the control
is to avold stoppage of the crusher due to overloaading. To
maintain a high and constant power output, it is necessary to
control the ore feed to compensate for variations in crushability,
lump size, and crusher wear., The transportation lags in the
system contribute to the difficulties of control. The lag
between the feeder and the crusher is 40 to 50 s, and the lag

time in the reéycle loop 1is 70 to B0 s, The time constants of
the feeder and crusher are ahout 12 and 20 s resnectively,
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These investigators modelled the crusher by a rearession

equation of the form

Y1 T T 1Y T o¥iely T % a¥yop T %% g Vio3

T R

Boluy + Pyu g+ Pou_,+ 93“1{-3)‘ +6 1

vhere Yy represents the crushcr power, u, is the rate of fresh
feed, and & X is the model error. All the parameters in the
crusher model except f o are unknovn, Since the observations
N are noisy observations, the unknowns are estimated hy a
least sguareés recursive estimation scheme, The sruared error

function of the estimation is given hy

il g ) AL

9
i
5 ™M

As the term (Zok"i welahts the model errors of recent observa=-
tions more and old observations .less, the algorithm adapts to
variations 1in the process,

The computer control schemes for the crushing section

of a large lead-zinc concentrator plant is shown in Figs.5 6.
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Control of Tumbling Mills

P L T ot o

Conventional control

The controi and.maﬁipu}nted variahle in qrinding control
sre shown in Fig. 7 . The possihle ailms of control arejmaintainm
jng product fineness constant while maintaining throughput cons?i:
or maximising it, The control systems may start with level 1
enploying control of o}e and water rates, level 2 controlling

cyclone feeds to level 3 control on particle size and thronohput

Product Hize

/,/’ Oisiribution
FINE ORE =
BN CLASSIFIER
, Circutating Sump Valer
/l.oad ~
\ / | .
Fresh Feed i 3
Solids

(;:17 (jjs—v\‘ BALL MILL _—
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ferconl Solids
Fresh Feed

s
Wautor e

Lovu!

PUMP
Figure ‘7 . Schematic reprrsentation of a single stage
rinding circuft showing controlled varfables
?Eirculating load, Product size, HIIl ¥solids,
and Sump level) and manlpufatnd yarlables (Fresh
feedrate, Fresh water rate, Suwp watar rate and
Pupping rate).

Two hasic types .of control one with constant cvclone

feed rate and the second with variable cyclone feed are shown

in FPigs, B .. The sensors used are listed in Tahle
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TABLE & .

Senaing instruments which huve been used in wet grinding-circuit control systemy

[nstruinent Purpose
Weighers: mechanical, electrical mass flow rote of dry ore on a canveyor belt
or nuclear )
Orifico, venturi melern volume llow rate of water in a pipe
Magnetic low meler wer o --volumae flow rate of any cunducting fluid i i pipe
Gamma nuclear gauge; . ' salids content or specific gravity of a slurry
differential pressure cell; :
“Halliburton®' tube
“Autometrics” particle-size particlesize monilor
_ monitar; “ILSM-Mintech!'
| particle-size anulyser '
| Power meter: aulogenous mills inference of load relained in the mill
¥ lower meter: ruke classifiers | inference of mass llow rate of coarse particles
1 Noise meter: ball mills inlerence of load retained in mill
Vacuum gauge: air core of inference of solids content of cyclone underilow
. hydrocyclune
‘ Bubble tube level of Nluid in a tank such as pulp in a pump sump

The control schémes in several industrial rrocesses
are shown in Figs, B & 9
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Fig. 10 Control logic for Renison Limited primary grinding circuit.

Comnuter control of tﬂmhling mills

In recent yvears considerahle interest hes lheoen
developling in computer contrel of grinding systewms, Other than
conventional control implement:=d using computers recent vork
has shown new approaches to control. Decoupling controel,

h optimising control and set poing supervisory control are some

of these approaches.. In the optimising or supervisory systems
the plant throughput is maximised at a constant product size.

Hg.\QJHJ\Q_ "{llustrate these systems,

. Control of Flotation Clrcults

S S S Bu) s Y D3 TR ST W D o B i ) S SN P P T e e ot S

There is considerable economiec 1ncentives for control
of flotation circuits. Typlcally 6 months pay back period has
been reported (Table .7 _.). Flotation control may consist of
feed forward ratio control of reagents, circuit stabhilication

control (levels and clrculating loads), feed bhack control of




RRC

R - S -APORR S — ,
1
ORE —| 3" CYCLONE Witer !
UBIN 0 I
5 @5[) I
it TSR R P — !
e e :
@1

Fresh Feod BALL

FEAE oo Q) .

TR

w . o
-u:
’
| =
b_".
T2
1
1
_II
1
————-—

= |
]
i
1
1
: O | |t I I
1 Waler u|l oPTiMAL 1 | sume : |
b T : hf 1 FS -: |
"""""" e {0 / )
ulconThotter Yy o fo o
r'--*1T (] ’ | |
Cc Controller £ : ‘} : : £ : :
D Density 4! I i
: I [ PUMP [
- 1 |
[ [L"J:. i e e ]
i L e e e a
PS Parlicle Size H 1
n Rallo 1 B s o ot et s e e e i 4
S Sensor s e e s e e L e e R |
5P Sel Polni = ——— Mulerisl Flow
VS Varlable Speed Orive .
w Welght ~=— Signel Flow
Figure | |Hsl.ruminl»l'll|'l" and controly ot “ndeeritty of
i tah PFLlot Flantg
£ Jusp
i )
O] .
(k)4
(N o
WNTER
i . RN
ORC FECD 7 PROCESS o
| ‘ ’ . PRODUCT

SUPERVISORY
COMTROL

30

OPTINIZCD WALUES

OPTINLZER

FAS

isr. SELH. FH.
|

Fig. V2., Block ﬁlagram of Supervlsory Control




Table

7

g . ononlc recovery.

-;f-dpg and finally optimislng control of the system
E grd -~ .

for maximam

- Outokumpu Concentrators using Computer Contro)

Concen-

Capacfty
‘ trates

Mode of Controls

Pyhasalmi

Vuonos

Kotalahti
Vihanti

Keretti

2500 TPD Cu,Zn,Fe

1500 TPO
copper
circuit;
4500 TPD
nickel i et
circuit

Cu,Ni

]

2500 TPD In,Pb,Cu

1500 TPD
new feed;
3000 TPD
reclaimed
tails feed

Cu,In,Co

Stabilizing control
1969 and optimizing
control 1972

Direct digltal
control in 1972
for operation of
crushing and
materials handling;
stabilization con-
Lol in 1974

'roscon 103 stabil-
izaing control in
1974

Proscon 103
stabilizing
control in 1974

Proscon 103
stabilizipg con-
trol in 1975

2'5:' il".(_r.‘__
mem]hr“r.l
values !r-,:'
OpLimizey .

trol (333"
annuad ;4‘;'-
1.52 incr

€4y
Cu-recover,

ry

2% increaseg
nickel anyg
copper recover,

2% increased
Zinc recovery

about $£00,000
annual gain in
reagents sav-
ings improved
recovery

The important load disturbances are feed slurry density, feed

assay, feed size distribhution, feed wine

L

ralogy and liberation,

In feed forward control (Fig.!13 ) the reaqgent addition
Is controlled with reference to significant variation in the
feed characteristics., Fig. |3 shows a typlcal feed hack control

system,
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';n the system of Fig,\Z}, the variahles measured are,
*feed assay

*talls assay

*concentrate assay

*aeration rate

*rougher concentrate flow rate
l*rouqher cell “level

*scavenger concentrate [low rate

*scavenger cell level,

: Superimposed on the control system is feedfowrard
reagent flow control made in ratio to ore tonnage rate. Contiol

pints in Fig. |3, are : _
*flow rate of rougher concentrate, controlled by

aeration rate in the roungher cell hank
*assay of rougher concentrate, controlled by flow
rate of rougher concentrate _ '
L *level in rougher cell bhank controlled hy dart

valve nosition

*flow rate of scavenger concentrate, controlled hy
aeration rate in scavenger cell bank

*assay of talls, controlled by flow rate nf scavenaer
concentrates

*level in scavenger cell bhank controlled hy dart

valve position,

The control system descrihed in Fiqg. 13 comprises two
tascade control loops, one .for each cell bhank, in which the
i85ay value provides a correction to the concentrate flow rate
set~-point from the aeration rate, Level variations asre compen-
sited by flow control of the.tails from the cell hamk, A
tonvenient diagram tb“displéy.the interaction of measurewents

nd control loops 1s given in Fig. 15
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figure ’]5 Process cchmoputer measurements and controls at
Pvhasalml concentrator, Cu rougher flotation.

Comnuter control of flotation cells

A typlcal computer control loglc is described helow,
The ore 1s processed for Cu, Zn and pyrites. The control

objective 1s to optimise Cu 4 Zn pro@uction.

The ore feed is processed for copper, zinc and pyrite
concentrétes. Copper flotation is subject to disturbances due
to a varlable cuantity of oxidized (activated) zinc. Optimized
control seeks an economic halance of copper and zinc recoverv
accounting for metal impurity in each concentrate. The
optimizing systems gives the set-polnts for on-line direct
digital control, Copper roughef concentrate [lov is the
control variable determined by set-point on copper losses in
tails according to the cantrol loop diagram (Fia. |G ). The
rougher concentrate flow set-polnts are maintained hy @eration

control with hackup by pulp level control, linkina cascade

loops through direct control as described on the diaaram.




The optimization scheme determines the sel-poinls for
'?&mper in copper tails, rougher concentrate grade, and reacqent
ifeed rates to compensate for process disturbances. The inflnence
A?(ﬁ oxidized zinc 1s found through feed back of process informatio:
?;ﬂw scope of the system incorrorates statisticallv derived
gﬂmthematical model having coefficients perlodically undated to
jxeflect changing influences of process disturhances such au the
éimineral oxidation,. :

g The optimizing control scheme, schematicallv described

in Fig. |® 1is correlated to relative values of copper ond

zinc concentrate production, accounting for grade as determined

H
i

;
' 3
=
4

hy smelter feed economics. Fig. |(; 1indicates the comparative
distrihution of results under manual control and ootimizinc
computer control., Refore optlmlzing control of the wetalluray
,é was put into effect, the flotatlion process' was overated to

; favor recovery of copper and unnecessary losses nf zinc vere
'f experienced, Optimized control increased total metallurgical
values, or productivity, by 2.5% at onlv a sllaht decrease in

COPpPEr recovery.
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" Control of Other Mineral Processina Unit Overations
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Typical chtrOl schemes for rotary filters and
thickeners are shown in Fig. '] and \§, These are simple ferd

pack loops with safety interlocks and protective relavs,
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