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Abstract 

Better control of deviat ions from alumina to caustic 
AIM at the d igester blow o f f can be achieved when 
knowing process v a r i a t i o n s and phys ica l property 
cha rac te r i s t i c s . These include the tes t tank l i quo r 
c o n c e n t r a t i o n s , baux i t e charge c h a r a c t e r i s t i c s , 
d i l u tan ts to bauxite cha rge , and t ime through the 
d i g e s t e r s . This provides an exce l lent case for the 
use of mu l t i va r iab le control to set the p lan t f l ow 
and bauxite charge rate by tak ing in to considerat ion 
the re tent ion time and bauxite parameters. 

This paper desc r ibes a l i near i zed s o l u b i l i t y re la -
t i o n s h i p w i t h rea l t ime measured v a r i a b l e s to 
determine alumina and caust ic concentrat ions. From 
t h i s r e l a t i o n s h i p , a feedforward set po i n t i s 
der i ved using accura te stream p r o p e r t i e s plus 
current plant cond i t i ons , inc luding equipment selec-
t i on and f low c h a r a c t e r i s t i c s . 

The va l i da t i on of the set po in t i s checked by the 
feedback t r i m that a l t e r s the feedforward set point 
for var ia t ions w i t h i n the d i g e s t e r s which lead to 
d e v i a t i o n s from the target alumina to caust ic AIM. 
The scal ing fac tors c o r r e l a t e the accuracy of the 
instrument 's measurement with laboratory data over a 
long time per iod. Newly developed i n - l i n e i n s t r u -
mentation i s used to increase the on- l ine f a c t o r . 

In t roduct ion 

Ach iev ing a b e t t e r d i g e s t i o n ta rge t with advanced 
control techniques is now possible due to the i n t r o -
d u c t i o n o f new o n - l i n e ins t ruments and improved 
microprocessor techno logy . Ear ly a p p l i c a t i o n s o f 
complex analys is for chemical compositions required 
laboratory and engineering ca lcu la t ions to predic t a 
f i x e d e f f e c t o f the v a r i a t i o n s . Today i t is 
poss ib le to c h a r a c t e r i z e those e f f e c t s w i t h a 
l i n e a r , mu l t i va r iab le contro l model usable by stand-
ard operator ac t i ons . 

M u l t i v a r i a b l e c o n t r o l (MVC™), as de f i ned by 
Con t inen ta l Contro ls , Inc. provides on-1 ine optimal 
se t po in t s f o r manipulated~~variables based on the 
i n te rac t i on of a l l re levant process va r i ab les , prop-
e r t i e s , p l a n t c o n f i g r a t i o n s , and desired r e s u l t s . 
Tn c o n t r a s t r e g u l a t o r y c o n t r o l p rov ides s i n g l e 
var iable measurement and cont ro l a c t i o n ; op t im ized 
c o n t r o l , on the o the r hand, p r e d i c t s the overal l 
system behav ior f o r a s t a t i c set o f process 

v a r i a b l e s and equipment c o n f i g u r a t i o n s . An MVC™ 
system must have c o n t r o l l a b i l i t y over a wide range 
of v a r i a b i l i t y . The contro l of d igest ion alumina, 
and caust ic concentrat ion cannot be achieved without 
these degrees o f f reedom. An e f f e c t i v e c o n t r o l 
scheme must account fo r the interdependence o f the 
t e s t tank l i q u o r cond i t ions and the bauxite charge 
r a t e . The baux i t e charge i s dependent upon the 
baux i te p r o p e r t i e s as wel l as the t ime delays 
through the system. These time de lays i nc lude the 
t ime o f the l i q u o r from the t e s t tank through the 
heaters to the f i r s t d i g e s t e r and the s l u r r y tank 
r e t e n t i o n t i m e . This s i t u a t i o n prov ides an ideal 
app l ica t ion for the use of mu l t i va r iab le c o n t r o l . 

Control Approach 

A regulatory so lu t ion for contro l might be the r a t i o 
of the tes t tank f low to the baux i t e s l u r r y f l o w . 
This scheme, however, does not take i n t o consid-
e r a t i o n the in terdependence o f the spent l i q u o r 
c o n c e n t r a t i o n and the baux i t e p r o p e r t i e s . In 
a d d i t i o n , f l ow c o n t r o l of the t e s t tank l i q u o r 
stream does not adequate ly c o n t r o l the alumina 
carrying capaci ty o f t h i s s t ream. Even i f a mass 
c o n t r o l s o l u t i o n were p o s s i b l e , t he re is not an 
allowance for v a r i a b i l i t y of the caust ic concen t ra -
t i o n in t h a t s t ream. A f u n c t i o n would have to be 
preprogrammed providing for the c a l c u l a t i o n o f the 
c a u s t i c c o n c e n t r a t i o n , thus e l im ina t ing the v a r i -
a b i l i t y f ac to r . 

An op t im ized approach to t h i s problem might be to 
mass control the tes t tank l i quo r stream based upon 
chemical a n a l y s i s and to mass control the bauxite 
charge. This s o l u t i o n f a i l s to account f o r the 
r e l a t i o n s h i p between the two s t reams. I t a lso 
assumes constant bauxite propert ies and s l u r r y tank 
cond i t ions . 

Con t inen ta l C o n t r o l s ' s o l u t i o n is to mass contro l 
the tes t tank l i quo r stream based upon the a n a l y s i s 
o f i t s phys ica l p r o p e r t i e s and mass c o n t r o l the 
baux i te charge wh i l e t a k i n g i n t o account the 
res idence t ime through the heaters, the deviat ions 
in the bauxite propert ies and current p lant c o n f i g -
u r a t i o n s . Because the l i quo r analysis uses physical 
propert ies (conduc t i v i t y and d e n s i t y ) to i n f e r the 
chemical c o n c e n t r a t i o n s , they can be measured on-
l i ne which e l i m i n a t e s lag t ime due to the manual 
a n a l y s i s r e p o r t i n g by the labora to ry . I t has also 
been found that the on- l ine instruments increase the 
precis ion of the l i quo r ana lys is . 
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HISTORICAL VERSUS OPTIMUM BAUXITE CHARGE CONTROL SYSTEMS 
Figure 1 

The curve o f system response as repor ted by 
Dr . P. M d n t o s h . U ) i l l u s t r a t e s the advantage of 
quicker response time, see Figure 1 . 

A set of equations were developed to incorporate the 
v a r i a b i l i t y o f l i q u o r p r o p e r t i e s i n t o the d e t e r -
m ina t i on r e l a t i o n s h i p s ^ ) . These exper imenta l 
r e l a t i onsh ips , over the en t i re concentrat ion range , 
are best f i t by nonl inear equat ions. However, when 
considering the tes t tank l i q u o r and the d i g e s t i o n 
l i q u o r c o n c e n t r a t i o n s s e p a r a t e l y , the quad ra t i c 
funct ion can be l inear i zed over a set of ranges with 
l i t t l e e r r o r . Since these equations are generic in 
form, they can be modif ied on- l ine to f i t the g iven 
p l a n t c o n d i t i o n s . Another advantage with using a 
l i near so lu t ion is i t s robus tness . Regardless o f 
p l an t c o n d i t i o n s , a l i n e a r s o l u t i o n w i l l always 
converge, thus , an answer can be produced to achieve 
any se t measurements over a wider range of process 
cond i t ions. A mu l t i p le regression technique is used 
to l i nea r i ze the determination equations. 

DIGESTER LINEARIZATION CHECKOUT 
ALUMINA CONCENTRATION 

A comparison between linear and nonlinear deter-
mination equations can be seen in Figures 2 and 3. 
This comparison is similar for the test tank 
analysis. 

DIGESTER LINEARIZATION CHECKOUT 
CAUSTIC CONCENTRATION 

The range over which the t e s t tank equations were 
l inear ized is 160-200 gpl fo r caust ic and 50-65 gpi 
f o r a lum ina . Over t h a t range , the d i f f e r e n c e 
between the two types of equations was 0.11 gpl i n 
the alumina terms and 0.05 gpl in the caustic terms. 
This is more than adequate for control purposes. 

DATA POINT 

. LINEAR _» - QUADRATIC 

Figure 2 
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The i n t e r a c t i o n between the t e s t tank A/C ca lcu-
l a t i on and the bauxite charge rate can also be seen. 
An increase in the plant f low caust ic concentrat ion 
resul ts in an increase in bauxite charge. 

Measurement 

The measurement o f the physical propert ies fo r the 
s o l u b i l i t y c o n t r o l scheme i s f e a s i b l e w i t h newly 
developed ins t rumentat ion. The abrasiveness of the 
condit ions in the digesters makes i t imposs ib le to 
use many ins t ruments that have elements protruding 
into the stream. Scaling of instruments reduces the 
instrument 's accuracy. A special Cor io l i s meter was 
fabr ica ted f o r the d e n s i t y measurement. For the 
c o n d u c t i v i t y measurement, a probeless sensor was 
chosen. These ins t ruments are designed f o r h igh 
temperature and high pressure condi t ions so tha t the 
measurements can be made as close as possible to the 
po in t where d i g e s t i o n i s n e a r l y comple te . This 
allows for the shorter dead t ime used in the f e e d -
back t r i m . In order to keep from s c a l i n g , the flow 
is cont ro l led using a c o n t r o l v a l v e . A l l measure-
ments are conver ted in to the signals tha t are used 
by a personal computer, where the MVC™ is programed. 
The SCADA package i s a m u l t i t a s k i n g s h e l l which 
allows fo r data base access and execu t ion o f the 
a p p l i c a t i o n programs which monitor and contro l the 
process condi t ions inc luding the bauxite charge. 

Software 

The MVC™ system as discussed so fa r provides a r a t i o 
which is close to t a rge t . However, to ma in ta in the 
t r u e values o f your t a r g e t , a set of c a l i b r a t i o n 
factors are i n s t a l l e d to make the various instrument 
sensors produce the same values f o r i d e n t i c a l 
process cond i t ions . The f i r s t set of f a c t o r s are 
used i n the l i near i zed equations and include o f f se t 
factors and f o u l i n g f a c t o r s . O f f se t f a c t o r s are 
implemented du r ing commissioning of the system and 
a f te r c l ean ing any o f the ana l yz ing i n s t r u m e n t s . 
They c o r r e c t the f i e l d measurements to the same 
caustic and alumina c o n c e n t r a t i o n s f o r the same 
c o n d i t i o n s , i . e . , the same f l ow through each un i t 
should read the same c o n d u c t i v i t y and d e n s i t y 
measurement. The fou l ing factors are used to c a l i -
brate the A/C c o n c e n t r a t i o n determined from the 
MVC™ system from a laboratory reading. Deviations 
between laboratory and analyzer concentrations could 
be a r e s u l t o f changes in the l i quo r condi t ions or 
s c a l i n g o f the f i e l d i n s t r u m e n t s . This o n - l i n e 
c a l i b r a t i o n procedure extends the t ime f o r f i e l d 
r e c a l i b r a t i o n of the i n s t r u m e n t s . The f a c t o r s , 
implemented o n - l i n e by the o p e r a t o r , are t ime 
stamped so that the laboratory analysis i s compared 
aga ins t the ins t rument va lue a t the grab sample 
t ime. Due to deviat ions in laboratory a n a l y s i s , a 
weighted average or exponential smoothing is used in 
the ca lcu la t i on of these f a c t o r s . 
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An o f f - l i n e spreadsheet i s used to solve the mul-
t i p l e r eg ress ion m a t r i x which in t u r n g ives the 
constants fo r the l i near i zed equations. This spread-
sheet a l lows the engineer to r e l i n e a r i z e the 
e x i s t i n g a l g o r i t h m o f f l i n e for changes in l i quor 
p roper t ies . Data i s entered i n t o the spreadsheet 
and new cons tan ts can be entered, tested and saved 
without the current l i n e a r program which i s being 
run o n - l i n e . 

Cont ro l a l g o r i t h m f o r the baux i t e charge uses 
process condi t ions as well as baux i t e p r o p e r t i e s 
analyzed by the l a b o r a t o r y . The alumina to caustic 
(A/C) r a t i o i n the d i g e s t e r s can be c o n t r o l l e d 
c l o s e r to the t a r g e t w i t h o u t f ea r of overcharge. 
The bauxite charge ca lcu la t ions are div ided in to two 
s e c t i o n s , feedforward and feedback t r i m . The feed-
forward por t ion is d i v i d e d i n t o two p o r t i o n s , the 
amount o f alumina c u r r e n t l y enter ing the digesters 
and the capaci ty of the l i q u o r f l ow s t reams. The 
f i r s t d i v i s i o n of the feedforward sect ion uses mass 
balances which i n c o r p o r a t e baux i t e p r o p e r t i e s as 
determined in the l a s t laboratory ana lys is , current 
f i e l d cond i t i ons , r e t e n t i o n t i m e s , and the l i q u o r 
c o n c e n t r a t i o n s . The bauxite propert ies include the 
net ext ractab le alumina, so l ids in the s l u r r y t a n k , 
and any s i g n i f i c a n t nonmeasured densi t ies such as 
densi ty of lime when added to the s l u r r y stream. The 
f i e l d instrument measurements include the flows and 
densi t ies for s i g n i f i c a n t streams which are needed 
f o r the mass balance equations. The f i n a l element 
requ i red by the mass balance equat ions i s the 
c a u s t i c and alumina c o n c e n t r a t i o n s in the s l u r r y 
tank. These concentrations are not necessar i l y the 
same c o n c e n t r a t i o n s as those which are cu r ren t l y 
being calculated by the l i near i zed equat ions. They 
need cor rec t ion for the time through the heaters and 
the re tent ion time in the s l u r r y tanks themse lves . 
A l l o f the a forement ioned f a c t o r s are combined to 
determine f i r s t , the mass rate of alumina c u r r e n t l y 
enter ing the digesters inc luding the mass of alumina 
which has dissolved in to the l i q u o r p o r t i o n o f the 
s l u r r y . Second, the alumina carry ing capaci ty of 
the stream is determined by the l i nea r i zed r e l a t i o n -
s h i p s , again c o r r e c t e d f o r the res idence t ime 
through the equipment . These two feedforward 
p o r t i o n s are compared with an A/C r a t i o provis ional 
t a r g e t , which can be mod i f i ed o n - l i n e by an 
ope ra to r and a new baux i t e charge set po in t (s) is 
de l i ve red . 

The feedback s e c t i o n i nco rpo ra tes the alumina and 
caustic concentrat ions of the d i g e s t e r s as c a l c u -
l a t e d from the read ings o f the d i g e s t i o n A/C 
analyzers and the MVC" equat ion. I t compares these 
concentrat ions with the target r a t i o and produces a 
t r im m u l t i p l i e r . This w i l l not on ly account f o r 
o f f s e t s between t a r g e t and the i n f e r r e d r a t i o , 
produced from the feedforward c a l c u l a t i o n , but a lso 
f o r va ry i ng c o n d i t i o n s w i t h i n the d i g e s t e r s . A 
typ ica l set of equations for t h i s so lu t ion i s : 

MAP = (XSOLST-XSOLBM}*FLSL*DBSL 

MAB = (FLSL*DBSL*XSOLST)*NEA 

MAL = ATT*FLIQD + ASLURR*XLIQSLURR*FLSL 

MWS = ACAIM*(CTT*FLIQD+CSLURR*XLIQSLURR*FLSL) 

DELTA = MWS - MAP - MAB - MAL 

NVF = (MAB+DELTA)/(DCOR*XBX*NEA) 

WHERE 

MAP = mass of alumina in slurry tank dissolved 
into spent liquor 

XSOLST = fraction of solids in the last slurry 
tank 

XSOLBM = fraction of solids entering the first 
slurry tank 

FLSL = flow of slurry immediately leaving the 
slurry tank 

DBSL = density of slurry immediately leaving the 
slurry tank 

MAB = mass of alumina in the slurry 

NEA = net extractable alumina 

MAL = mass of alumina in the liquor streams 

ATT = concentration of alumina in the test tank 
liquor stream corrected for the time 
through the heaters calculated from 
linearized equations 

FLIQD = flow of liquor to the digesters 

ASLURR = concentration of alumina in the slurry 
tank 

XLIQSLURR = fraction of slurry that is liquor 

MWS = capacity of the liquor stream 

ACAIM = target ratio 

CTT = caustic concentration in test tank liquor 
corrected for the time through the 
heaters calculated from the linearized 
equations 

CSLURR = caustic concentration in the slurry tank 

DELTA = difference between the alumina in 
solution and the capacity of the liquor 
stream 

NVF = new bauxite charge volumetric set point 

DCOR = density of slurry corrected for the 
addition of lime and steam. 

XBX = mass of bauxite ore in slurry tank 

A variation in the independent variables in the mass 
balance equations will cause a variation in the 
bauxite charge set point (Figure 4 ) . An increase in 
plant liquor flow would cause an increase in bauxite 
charge. An increase in the dilution streams, added 
to the slurry, can be seen by the varying slurry 
tank density. 
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The baux i t e charge set p o i n t i s tuned through the 
feedback t r i m . Before the feedback m u l t i p l i e r i s 
used , a dampening f a c t o r i s incorporated. The 
dampening fac tor or feedback gain takes in to account 
the c a l c u l a t e d res idence t ime from the f i r s t 
d igester to the sample sys tem. By i n c r e a s i n g the 
dampening f a c t o r , the bauxite charge rate modi f ier 
i s i n c r e a s e d . A dampening f a c t o r o f zero would 
resu l t in no feedback a c t i o n . These feedback act ions 
correct the bauxite charge and c a u s t i c and alumina 
c o n c e n t r a t i o n s f o r i naccu rac i es t h a t might be 
unaccounted for w i th in the MVC" equations. 

I n s t a l l a t i o n 

The i n s t a l l a t i o n of the MVC™ system is made easy 
through the use of operator screens. The system i s 
comprised o f both h igh r e s o l u t i o n graphic screens 
and character graphics screens. The high reso lu t ion 
screens are process d iagrams, which show loca t ion 
and s ta tus of the A/C a n a l y z e r s , as wel l as the 
f i n a l outputs fo r bauxite charge, A/C l i n e a r control 
schemes, and trend information. The trend screens 
inc lude f i e l d input measurements from the analyzers 
as wel l as the c o n c e n t r a t i o n s produced from the 
a l g o r i t h m s . The character screens are for control 
purposes. They c o n t a i n the face p l a t e s f o r the 
c o n t r o l o f the process f low through the instrument 
racks. Al l bauxite propert ies are entered o f f - l i n e 
are from these screens. In addit ion, they contain 
s i g n i f i c a n t f low and density f i e l d measurements used 
in the baux i t e charge a l g o r i t h m s and the tuning 
f ac to r s . From these screens the t u n i n g and d r i f t 
fac tors are i n i t i a t e d and the resu l ts are p r i n t e d . 

As wi th any new contro l a p p l i c a t i o n , i t is important 
to provide a t r a i n i n g c lass to a i d i n the under-
s tand ing o f the sys tem. The c lass has severa l 
pa r ts : one, the mul t i task ing env i ronmen t ; t w o , the 
MVC™ system; t h ree , maintenance; and fou r , operator 
t r a i n i n g . 

Conclusions 

Besides the s i g n i f i c a n t economic advantages to the 
use r , a key b e n e f i t o f t h i s MVC™ system i s I t s 
a d a p t a b i l i t y . The contro l scheme could be reversed, 
and the capacity of the stream cou ld be v a r i e d t o 
meet the c u r r e n t baux i t e charge flow. The ta rge t 
AIM is reached more frequently because the re i s no 
lag t ime between the laboratory a n a l y s i s and the 
subsequent control changes. The plant Hquor con-
c e n t r a t i o n s can be monitored o n - l i n e . This on- l ine 
analysis has led to a reduced number of l a b o r a t o r y 
samples. The on- l ine instruments have proved to be 
more consistent and repea tab le i n t h e i r a n a l y s i s . 
Typ ica l l a b o r a t o r y analyses are sub jec t to human 
v a r i a b i l i t y . However, when s t a t i s t i c a l l y p l o t t i ng a 
curve o f continuous laboratory r e s u l t s , the i n s t r u -
ment values (as m o d i f i e d by the f o u l i n g f a c t o r s ) 
were more of ten closer to the laboratory s t a t i s t i c a l 
curve. Figure 5 i s a representat ion of the o n - l i n e 
c a u s t i c c o n c e n t r a t i o n c a l c u l a t i o n versus the lab -
oratory ana lys is . The fou l ing fac tors e l iminate the 
need to c o n s t a n t l y r e c a l i b r a t e the instruments in 
the f i e l d . 
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With the improved performance, the plant can o p t i -
mize the consumption o f c a u s t i c and e x t r a c t the 
maximum alumina w i thou t fear o f overcharge and i t s 
resu l tan t prob lems. Be t te r c o n t r o l o f d i g e s t i o n 
makes the overa l l p lant s t a b i l i t y achievable, regard-
less of plant f low. Digester energy consumption can 
a lso be reduced using a s im i la r MVC" on the control 
of d igester temperature. 
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