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SUMMARY

The mein o b j e c t i v e  o f  t h i s  uorK is to g i v e  a genera l  view on 

the problem o f  e l e c t r i c a l  measurements, process con tro l  and 

e l e c t rom agne t ic  in t e r a c t i o n s  in aluminium e l e c t r o l y s i s . 

I h e o r e t i c a l  bacKground as u e l l  as actual  measurements are 

d iscussed .  This volume i s ,  a c c o r d in g ly ,  d i v id e d  into  tuo pa r ts .

Pa r t  I

THEORETICAL BACKGROUND

0.1 E l e c t r i c a l  Parameters o f  a C e l l

I t  is the e l e c t r i c a l  parameters th a t  can be measured 

cont inuously  and r e l i a b l y ,  so that  one should r e l y  on them as 

much as p o s s ib l e .  The main f i e l d s  o f  t h e i r  use are : 

-determinat ion  o f  the t o t a l  c e l l  vol tagecomponents ( v o l t a g e  

losses  in the anode, cathode and the bath)

- q u a l i f y in g  and t e s t in g  carbonaceous m a te r ia l s  and current  

carry  ing parts

-superv is ing  the whole p ro cess ,  e s p e c i a l l y  the r e s u l t s  o f  uorK 

rout ines

- c e l l  f a i l u r e s  d e t e c t in g

The r e l a t i n g  measurements and c a l c u la t i o n s  support the 

potroorn personnel  in t h e i r  d a i l y  work.

0.2 F’rocess  Control

Automatic con tro l  is a powerful too l  to  run the process  in 

a p resc r ibed  way.By i t s  a s s i s t a n c e ,  the power and m ater ia l  

consumption as u e l l  as human in t e r f e r en ce  can be reduce.  The 

development o f  a con tro l  system in vo lves :

-p re l im inary  experiments 

- i d e n t i f i c a t i o n  procedures

-con tro l  methods
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- r e a l i s a t i o n s

Outl ines  o f  t h e o r e t i c a l  background, with abundant examples 

o f  p r a c t i c a l  a p p l i c a t i o n s  in aluminium e l e c t r o l y s i s  are 

d iscussed.  This method is supposed to  be c l o s e  to  hou a 

m e t a l lu r g i s t  th inKs .  The most u ide ly  used method, r e s is tan ce  

c o n t r o l ,  is demonstrated in d e t a i l s .  Optimal and h ie r a r ch ic a l  

systems are o u t l in e d .  The p r in c ip l e s  d iscussed here are 

important f o r  both r e t r o f i t t i n g  a c t i v i t i e s  and a const ruc t ion  

o f  neu sme l t ing  c a p a c i t i e s .

0 .3  E lectromagnet ic  In t e ra c t i o n s

This s e c t i o n  d iscusses  the s i g n i f i c a n t  e f f e c t s  o f  

e le c t rom agne t ic  in t e r a c t i o n s  on the process o f  e l e c t r o l y s i s .  

Magnetic f i e l d  is  generated  ins ide  and in the v i c i n i t y  o f  the 

c e l l  due t o  the high in t e n s i t y  curren t .  The in t e ra c t i o n  o f  

magnetic induction and current  genera tes  magnetic f o r c e s ,  

r e s u l t in g  in hydrodinamic f lu c tu a t i o n  in the c e l l .

There are d i f f e r e n t  c e l l  const ruc t ions  and smelter

arrangements, having d i f f e r e n t  magnetic - h a r a c t e r i s t i c s  From 

th i s  po in t  o f  v i e u , i t  is a lso  important to  study the p oss ib le  

bus-bar arrangements .

The f lu c tu a t i o n  o f  the molten m eta l ,  caused by magnetic 

f o r c e s ,  may l e a d ,  bes ide  t e ch n o lo g i c a l  problems, decreased 

current e f f i c i e n c y .

D i f f e r e n t  methods have been developed to  take the magnetic 

induction in the m e l t ,  the metal f lu c tu a t i o n  v e l o c i t y  and the 

metal sur face  d i s t o r s i o n .

Computer programs have been developed to  c a l c u la t e  the 

p o ten t ia l  f i e l d  and current  d i s t r i b u t i o n  o f  reduct ion

ce l  Is .These  programs belong to  la rge r  systems, modeling 

e l e c t r o l y t i c  c e l l s  in a complex way, including

magnet ic , hydrodinamic and thermal e f f e c t s .
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Part  I I

LABORATORY Ah© PLANT MEASUREMENTS 

0.4 Sa fe ty  In s t ruc t ion s

The measurements descr ibed in t h i s  par t  are dangerous by 

na ture . The o b j e c t i v e  o f  t h i s  s e c t i o n  is to  emphasize the 

importance o f  ab id ing  the r c l e s ,  in s t ru c t io n s  ard p re v en t i v e  

measures r e l a t i n g  to a c e r t a in  labo ra to ry  or  p la n t .

0.5 E l e c t r i c a l  Measurements

Severa l  groups o f  measurement» are d e t a i l e d  here : 

-measurements r e l a t i n g  to  the cathode ( c u r r e n t  d i s t r i b u t i o n ,  

t o t a l  v o l t a g e  drop ,  v o l t a g e  drop components)

-measurements r e l a t i n g  to  the anode ( c u r r e n t  d i s t r ib u x  on and 

vo l ta ge  loss  in the anode)

-current  ca r ry in g  pares and carbonaceous m a te r ia l s  ( s p e c i f i c  

r e s is tan ce  o f  anode and cathode b locks baked paste  samples , 

s t e e l  p a r t s ;  s p e c i f i c  r e s is ta n ce  as a func t ion  o f  temperature 

and t im e )

-superv is ing  o f  work rou t ines  (anode adjustment,  alumina 

f e e d in g ,  metal tapp ing ,  stub p u l l i n g ,  e t c . )

- c e l l  f a i l u r e  d e t e c t in g  (an a log  reco rd ings  o f  v o l t a g e  or 

r e s i s t a n c e ,  instruments f o r  express t e s t i n g )

0.6 I d e n t i f i c a t i o n ,  Simulation

On the bas is  o f  the e l e c t r i c a l  measurements discussed in 

the prev ious  Chapter,  s imulat ion  methods are demonstrated here .

Simulat ion is the f i r s t  step o f  modeling a con tro l  method 

or t e s t in g  an es t im a t ion  a lgor i thm .  The base o f  s im u la t ion ,  

t y p i ca l  g enera t ion  o f  s i gn a ls  and necessary softwarr  rou t ines  

are o u t l in e d .  Fo l low ing  these su g ges t ion s ,  a wary use fu l
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progrann package can ba astab 1ished .

C a lcu la t ion  o f  anode v o l t a g e  drop in a Soederberg c e l l  is 

demonstrated. C a lcu la t ions  Here made on a desc - top  computer.

0 .7  E lec tromagnet ic  Measurements and C a lcu la t ion s

Magnetic induction measurement in the melt needs s p e c i f i c  

equipment. The f o l l o w in g  examples o f  a p p l i c a t i o n s  are d e t a i l e d :  

-measurements in the melt

-measurements in the a i r  ou ts ide  the c e l l

C a lcu la t ions  concerning the s tab le  ope ra t ion  o f  the c e l l  

are made on the bas is  o f  the t e ch n o log ic a l  parameters and the 

components o f  the magnetic f i e l .

Append ix

Basic d ev ic es  are l i s t e d  in the Chapters in Part  I I .  S t i l l ,  i t  

is advantageous to recount the bas ic  instrumentat ion o f  an 

e l e c t r i c a l  measuring team.
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INTROOUCTION 

or how to  uso th i s  booK

Our aim is to  help m e t a l lu r g i s t s  and potroom personnel in 

t h e i r  everyday uorK. E l e c t r i c  and e l e c t ro m ag n e t i c  problems and 

process c o n t ro l  methods discussed here  are o f  a g r e a t  

importance in aluminium e l e c t r o l y s i s .  Both the t h e o r e t i c a l  

bacKground and the actual  measurements are d iscussed .

For d id a c t i c  reasons ,  t h i s  booK is  d iv id ed  into tuo 

complementary p a r ts .  Par t  I .  d iscusses  the t h e o r e t i c a l  

bacKground. Actual  measurements are d iscussed in Par t  I I .  The ir  

sequence f o l l o w s  the arrangements o f  Par t  I .  Each t e s t  method

and measurement is  descr ibed  in the same s t r u c tu r e :  p r i n c i p l e s .

equipment and person ne l ,  procedure and e v a lu a t i o n .  I t  is

advantageous to r e f e r  to  the actual measurements when studying

the t h e o r e t i c a l Chapters arid v i c a  ve rsa .

The Authors hope t h e i r  e f f o r t  w i l l  he lp the UNIDO in i t s

noble uor-K
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1. ELECTRICAL PARAMETERS OF A CELL

1.1 Components of Cell Vo ltes*

Th* to ta l  c o l l  voltage is th* sum of electrochemical 

ohmic voltage drops as shown on Figure 1. *

Figure 1.

COMPONENTS OF THE CELL VOLTAGE 

/Haup in ,1/

El < decomposition of alumina

E2 > depolarization by carbon

E3 i equilibrium  potentia l

Ed < anode reaction overvoltage

E? : anodic concentration overvoltage

E6 > cathodic overvoltage

and
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E7 : cemf o f  c e l l

E8 : e l e c t r o l y t e  v o l t a g e  drop

E9 : e l e c t r o l y t e  bubble v o l t a g e

E10: anode v o l t a g e  drop

E l l :  cathode v o l t a g e  drop

E1S: ex te rn a l  v o l t a g e  drop

Q1 : enthalpy  to  produce aluminium+CO and COS

Q2 : c e l l  heat losses

Q3 : bus heat  losses

The r igh t-hand  s ide  o f  F igure  1. shows how the e l e c t r i c  

energy represen ted  by the v o l t a g e s  on the l e f t  is consumed. 

Both s ca le s  r e f e r  to  a current  e f f i c i e n c y  o f  90X , / \ /

I t  is the e l e c t r i c a l  parameters tha t  can be measured 

cont inuous ly  and r e l i a b l y ,  so one should r e l y  on them as much 

as p o s s i b l e .  This chapter  d iscusses  r e a l - p l a n t  measurements o f  

the t o t a l  c e l l  v o l t a g e  and the components o f  c e l l  v o l t a g e  

l i s t e d  above.

Tota l  c e l l  v o l t a g e

Trad i t i o n a l 1y , a v o l tm e te r  is connected to  every  ¡ ing le  

c e l l .  There are d i f f e r e n t  modes o f  connect ion :

-using one w ire  from the anode bar and one from the cathode bar 

- g en era t ing  r e f e r en c e  po in ts  at  both ends o f  the c e l l  with 

r e s i s ta n c es

The vo l tm e te r  measures c e l l  v o l t a g e  during normal opera t ion  

as we l l  as during anode a f f e c t .  U su a l l y , th e  meter c o n s i s t s  o f  

two d e v i c e s ,  one opera t ing  in the range o f  2-6 V and the other 

between 10-30 V. The measured value a l t e r s  with the f lu c tu a t i o n  

o f  the l i n e  cu r ren t .  A dd i t ion a l  in formation is thus needed 

whether the measurement is a ccep tab le  or no t :  l i n e  current  is

d isp layed  at  a c en tra l  po in t  in the potroom, or a low-current
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alarm is in s ta l led .  Another way is the use of uhat is often  

ce l led  "normalised c e l l  v o lt a g e " ,  which is ,  nevertheless, o f a 

resistance character.

External voltage drop

The external voltage drop includes losses o. external 

e le c t r ic a l  conductors. It is measured with simple contact t ip s .  

Its  value ranges 0.1 to 0 .2 V.

Anodic voltage drop

This represents the vo ltage drop on the anode including its  

connection stubs and the anode-stub contact. Its  value ranges 

from 0.29 to 0.3 V with prebaKed anodes and from 0.49 to 0.99 V 

with Soerierberg ones.

One would expect uniform voltage drop on the anode

su rface . However, the anode bottom is not an equipotential  

su rface , e ither in p> «baked or in Soederberg c e l l s .  Chapter 3 

demonstrates some aspects of th is  phenomenon. Uith the aid o f  a 

probe, the potential o f d i f fe re n t  spots of the anode bottom vs.  

a fixed  point can be mapped. Uith Soederberg c e l l s ,  the voltage  

loss between the anode bar and the upper point of the baked

anode paste is considered as anode drop. Another way Is to

insert and bake probes into the anode pastelthese may be

insulated ones or simple tluminium wires and give p o s s ib i l i t i e s  

to scan d if fe ren t  le v e ls .  ,

Voltage drop is ra re ly  measured in stubs. This would 

require  spec ia l ly  d r i l l e d  stubs and small probes.

Losses between stub and carbon are mainly ca lcu lated  or 

estimated from the previous measurements.

Cathode voltage drop

The components of cathode voltage drop and the problems and
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methods of its  m u u r  ins a rt  s im ilar to those of tho anode 

voItas* drop. Its values rang* from 9r43 to 8.33 V.

Th* tota l cathod* vo ltag *  drop is usually  m*asur*d b*tu**n  

th« moltan metal and a certa in  point of th* cathod* co llec to r  

b a r s .

Measuring in th* co l le c to r  bars aould require  special  

preparations. Selected s tee l bars should be d r i l l e d  in advance, 

they have to be b u i l t  into th* cathod* uhen assembling the 

ce ll .W ith  the aid o f a small probe, the vo ltag* drop may be 

scanned along th* co l le c to r  bar .

Losses betueen th* bars and th* carbonaceous m aterials are 

mainly calcu lated from these measurements.

E lectro lyte  voltage dror

E lectro lyte  vo ltag* drop is part ly  due to th* e le c t r ic  

resistance of th* e le c t ro ly te  and partly  to th* presence of 

bubbles;ther* i s ,  houever, no actually  separating these 

components. Measurements based on specia l probes may be 

mentioned. Calculations from geometrical and electrochemical 

data are used fo r  actual eva luations. The bubble f ree  part of  

th* e .v .d .  amounts to about 1.6 V and bubbles add a further 0.2  

V or so.

Cemf of th* c e l l

Theoretical or purely electrochemical determination of the 

components of the counter electromotive force is beyond the 

scope of th* present paper. Instead of c a lcu la t io n s ,  a linear  

extrapolation of the c e l l  v o l t * 9*  to zero current is mainly 

used fo r th* purpose of process c o t t ro l .  Cemf is often  

calcu lated on th* bas is  of multi-step current decreasing  

measurements.Tneoretical value of cemf is about 1.8 V l the 

extrapolation method gives a value of about 1.63 V.
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1.2 Aspects  o t  Test  Methods

M ate r ia l s  and elements discussed

In aluminium e l e c t r o l y s i s ,  s e v e ra l  carbonaceous m ate r ia l s  

and curren t  ca r ry in g  par ts  have to  be checKed r e g u l a r l y  * 

-prcbaKed anode blocK 

-primary anode p ra te  

-baKed anode paste  

-cathode blocKs 

-ramming mix

-aluminium busbar elements

-anode clamps

- s t e e l  stubs

- s t e e l  cathode bars

-anode and cathode - f l e x ib le s

-con tac ts  between the connect ing  elements

These are examined from an e l e c t r i c i a n ' s  po in t  o f  v iew .  The 

p ro p e r t i e s  o f  the molten bath a r e n ' t  d iscussed here .

Reviews o f  d i f f e r e n t  t e s t  methods usua l ly  s t a r t  with some 

s y s t em a t i z a t i o n .  A p o s s ib l e  c l a s s i f i c a t i o n ,  problems and t e s t  

methods are g iven  here ;  d e t a i l e d  d e s c r ip t i o n s  o f  some

measurements is in Chapter 5.

The t e s t  methods may be c l a s s i f i e d  by the parameters 

checxed , the t e ch n o lo g i c a l  aspects  and the charac ter  o f  

examinât i o n .

Parameters cherxed

Vo l tage  l o s s e s ,  current  

r e s is ta n ce  o f  d i f f e r e n t  m ate r ia ls  

parameters to  be measured. Actual 

be considered  as snapshots o f  the

d i s t r i b u t i o n  and s p e c i f i c  

or elements are the e l e c t r i c  

se ts  o f  these  parameters may 

t e c h n o lo g i c a l  s i t u a t i o n .  In
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indu s t r ia l  p r a c t i c e ,  i t  is t h e i r  d tpanotnet  on t im e ,  

t inpara tura  end p iaca  tha t  g i v e s  r e l e v a n t  in formation about the 

t e ch n o lo g i c a l  problems.

The aim o f  v c i t a g e  loss  measurement i ;  t o  t e s t  bus bars ,  

s t e e l  stubs and con tac ts  between the connect ing  e lements.  

Current d i s t r i b u t i o n s  c h a r a c t e r i z e  the s t a t e s  o f  the assembled 

anode and cathode.  Ran m a te r ia l s  and s t ru c tu ra l  par ts  are 

mainly c h a r a c t e r i z e d  by the s p e c i f i c  r e s i s t a n c e .

Techno log ica l  aspects

From a t e c h n o lo g i c a l  po in t  o f  v i e u ,  one may s e l e c t  t e s t s  

b e fo re  assembling a c e l l ,  t e s t s  neanuhile  assembling a c e l l  and 

t e s t s  during o p e ra t i o n .

P re l im in a ry  t e s t s  are necessary  to  s e l e c t  the anode and 

cathode blocKs o f  s im i l a r  p r o p e r t i e s ,  to  avo id  the use o f  f a u l t  

«. laments. T ests  menawhile assembling the c e l l  invo lve  

sys tem at ica l  checking o f  rodd ing ,  cathode bar f i x i n g ,  contact  

l o s e s  and cathode l i n i n g .  Actual  t e c h n o lo g i c a l  s t a t e  is 

superv ised  during op e ra t ion .  This is d e t a i l e d  in Chapter 1.3 

and 1.4 .

Character  o f  t e s t s

The examinations may be checked without d e t e r i o r a t i o n  o f  

the e lem ents ,  t e s t s  on samples taken out from the elements and 

examinations on s p e c i a l l y  prepared models.

A t y p i c a l  example o f  checking without d e t e r i o r a t  ion is the 

measurements o f  s p e c i f i c  r e s i s ta n ce  by eddy curren t .  An 

instrument working cn th is  phenomenon p rov ides  quick and 

r e l i a b l e  checking o f  carbon b locks .  Standard ized  samples from 

carbon b locks or d i f f e r e n t  pastes  and mixes are t e s ted  in 

1a b o r a t o r i e s . Severa l  methods of  s p e c i f i c  r e s is ta n ce

measurement are o u t l in ed  in Chapter 6. Uhan e f f e c t i n g  a new
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development,  pre l im inary  modeling is  always u s e fu l ;  new - f i l l e r  

m a t e r i a l s ,  new condos i t  ion o f  p a s t e s ,  s t e e l  bars o f  new 

geometry ,  a l t e r e d  arrangement o f  anode s tubs ,  e t c  can be 

mentioned. Models are mainly small phys ica l  r ep r e s e n ta t i o n s ;  

u ide-spread a p p l i c a t i o n  o f  computer models is under p rogress .

Test  methods o f  d i f f e r e n t  types  o f  carbonaceaus m ate r ia l s  

are s im i l a r  as is the case u i th  the t e s t  methods o f  bus bars .  

That a l lows  the use o f  one sp e c ia l  instrument f o r  d i f f e r e n t  

examinat ion.  /*2,3/

Temperature measurements

The problem o f  temperature measurements is usua l ly  d iscussed 

in connect ion u i th  energy and heat ba lances .  They should, 

however, be mentioned here as w e l l ,  due to  t h e i r  c l o s e  r e l a t i o n  

to  the e l e c t r i c  measurements. U su a l l y ,  the e l e c t r i c i a n  is the 

person respon s ib le  f o r  adequate p repa ra t io n s .  Thermo-couples,  

t h e r m o - r e s i s t o r s , heat f lu x  meters ,  in f r a - r e d  sensors ,  a l l  have 

l o w - l e v e l  e l e c t r i c a l  outputs .  Transmit t ing  and c o l l e c t i n g  these 

s i g n a ls  r e q u i r e  g rea t  ca re .  E l e c t r i c  measurements are r e g u la r l y  

completed u i th  temperature measurements.
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1.3 A n a lys is  o-f Operat ional  Data

There is  no continuous method to  measure current  

e f f i c i e n c y ,  alumina content o f  the bath ,  thermal s t a t e  and 

other  important parameters r e l a t i n g  the e l e c t r o l y s i s .  This 

l eaves  us the e l e c t r i c  measurements to  r e l y  upon. Components o f  

the c e l l  v o l t a g e  discussed e a r l i e r  g i v e  important in formation 

about the p rocess .  Ana lys is  o f  t o t a l  c e l i  v o l t a g e  a l t e r a t i o n s  

seems to  be a use fu l  method. Moreover,  not only the c e l l  

v o l t a g e ,  but the l in e  current  and the ca lcu la ted  r e s is ta n ce  

have to  be cons idered .  Ca lcu la ted  r e s i s ta n c e  is a u id e ly  used 

parameter; d e t a i l e d  d iscuss ion  o f  uhat i t  a c tu a l l y  covers  is 

done in Ch.3. /4,5/

Data a c q u i s i t i o n

Data a c q u i s i t i o n  in aluminium p lan ts  is rather comp 1 i c a t e d . 

The instruments have to  be s e l e c t e d  c a r e f u l l y .  Due to the 

d i f f i c u l t i e s  s e t  by the s trong  magnetic f i e l d ,  the extremely  

high t e n p e r a tu r e , the high common-mode v o l ta g e s  and the 

a d d i t i v e  n o i s e s ,  c o r r e c t  data a c q u i s i t i o n  requ ires  spec ia l  

preparat  i o n s .

Decoupling o f  the va luab le  s ign a ls  from the high

common-mode v o l ta g e s  is usua l ly  the f i r s t  problem. I t  can be 

so lved  u i th  i s o l a t in g  e lements.  These prov ide  true g a lvan ic  

i s o l a t i o n  between input and output and between e i t h e r  or both 

o f  these and the power supply .  These p ro te c t  p eop le ,  equipment 

and s i g n a l s  from the e f f e c t s  o f  d c , ac or t r a n s ien t  high 

v o l t a g e .  There is a v a r i e t y  o f  form. I s o la t i o n  a m p l i f i e r s  o f  

v o l t a g e - i n  to  v o l t a g e -o u t  are easy - to -use  components. In 

aluminium industry ,  i s o l a t i o n  »m pl i i  i t t n  designed f o r  more than 

1000 V CMV from input to  output are in use. This l im i t  may be 

s i g n i f i c a n t l y  higher when m u l t ip le x in g  s igna ls  o f  d i f f e r e n t
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orig in  is inavoidablc.

I t  is advantageous t o  e s t a b l i s h  uhat is c a l l e d  a measuring 

room uhere the d i f f e r e n t  s i g n a l s  are l e d .  Proper  cab l ing  is 

r equ ired .  The standard instruments should only  be connected 

a f t e r  the i s o l a t i o n  u n i t s .  Basic  d ev ices  are multi -channel tape 

r e c o rd e r s ,  mult i -channel analog  r e c o r d e r s ,  v o l tm e t e r s ,  fl/O 

conver te rs  and a desc - top  computer. D e ta i l e d  l i s t  o f  g en e ra l l y  

used instruments are g iven  in Appendix.

Robust b u i l t  o f  the d e v i c e s  is important,  p a r t i c u l a r l y  o f  

those used in potrooms. S h i e l d in g ,  cover ing  or other  d i f f e r e n t  

p re ven t i v e  measures may be necessary .  Long-term measurements 

are common; r e l i a b i l i t y  o f  the d e v i c e s ,  th a t  i s ,  the main time 

between f a i l u r e s ,  have to  be the best  p o s s ib l e .

Operations examined

The r e g u la r l y  checKed uorK rou t ines  are alumina f e e d in g ,  

anode ad justment,  metal t ap p in g ,  blocK changing or stub p u l l in g  

and e f f e c t  handl ing .  There are t e c h n o lo g i c a l  s i tu a t i o n s  o f  

g rea t  importance uhich have to be supported with e l e c t r i c  

measurements; in t roduct ion  o f  neu developments or o f  neu 

mater ia ls  may be mentioned. In these cases ,  there  is need f o r  

deve lop ing  sp e c ia l  measuring r o u t in e s .  Close co -o pe ra t io n  is 

necessary between m e t a l lu r g i s t s  and e l e c t r i c a l  expe r ts  to 

prepare an examination p e r f e c t l y .  The e va lu a t io n  o f  data is 

a lso  a c o l l e c t i v e  uorK.

Anode adjustment

Alumina concentrât  ion in the bath can be traced by the 

r e s is ta n ce  vs .  time fu n c t i o n s .  F igure 2. demonstrates a c e l l  

being in prepara t ion  f o r  an anode e f f e c t .  The r e s i s ta n c e  r i s e s  

un t i l  the alumina f e ed in g  uhere a sharp break appears.
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of  these minimum values is o f  a g rea t  importance. In case o f  an 

ovcr feeded c e l l ,  the r e s i s t a n c e  func t ion  is  nea r ly  constant and 

sludge in the melt is presumable.

There are s e v e r a l  types  o f  anode adjustments such as 

adjustments f o r  r e s i s t a n c e  c o n t r o l ,  movig meanwhile tapping or 

meanwhile anode bar s l i p p i n g .  Measurements during a long per iod  

o f  time are d iscussed in Sec t ion  5 .2 .  R e su l t s ,  in connection 

with r e s is ta n ce  c o n t r o l ,  are d e t a i l e d  in Chapter 3. Tapping 

procedures are g iven  below.

Anode movement

I t  is advantageous to cony>lete the r e s i s t a n c e  measurements 

with anode movement m on ito r ing .

RESISTANCE A M3 ANODE POSITION FUNCTIONS DURING METAL TAPPING
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The thermal s t a t e  o f  a c e l l  can be estimated on the bas is  o f  

the tapped m eta l ,  the anode movement and the r e s i s ta n ce  

a l t e r a t i o n .  F igure  3. shous the t y p i c a l  func t ions  o f  a metal 

tapping on a Soederberg c e l l .

Stub changing

The stub changing or the anode blocK replacement are g rea t  

d is turbances in the c e l l  's l i f e .  The actual increase  and i t s  

decay c h a r a c t e r i s e  the uhole anode. The r e s i s ta n c e  func t ion  in 

a stub changing per iod  can be seen on F igure  4.

F igure  4.

CELL RESISTANCE FUNCTION DURING STUB PULLING

Anode e f f e c t

F i r s t ,  one can measure and eva lua te  the r e s i s t a n c e  r i s e  

be fo re  e f f e c t .  Then, the behaviour during e f f e c t  can be 

examined. Next ,  the e f f e c t  quenching can be checKed. A f t e r  a l l ,  

the uhole e f f e c t  canbe c h a r a c t e r i s e d . The anode e f f e c t  

measurement is demor.strated in Sec t ion  S.S .
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1.4 Detec t ing  C e l l  F a i lu res

There are s eve ra l  p o s s i b i l i t i e s  to  d e t e c t  c e l l  f a i l u r e s  on 

the bas is  o f  the e l e c t r i c a l  measurements mentioned e a r l i e r .

In the ca thode ,  v o l t a g e  drops and current  d i s t r i b u t i o n  

a l t e r a t i o n s  in d ica te  the cathode con d i t ion  during the l i f e  o f  

the c e l l .  The v o l t a g e  drop r i s e s  in accordance u i th  the c e l l  

age. Current d i s t r i b u t i o n  measurements are use fu l  to d e t e c t  

damaged cathode blocKs or d i r e c t  con tac t  between molten metal 

and cathode b a r .

POWER DENSITY FUNCTIONS OF f, UELL OPERATING CELL
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In the anode, current  d i s t r i b u t i o n  measurements may 

ind icata  -faulty blocKs or -faulty baKed stubs.  Uneven

cu r ren t - load  d i s t o t s  the magnetic - f ie ld  and magnetic f o r c es  

d i s t o r t s  the metal su r fa ce .

I t  may be use fu l  to  invo lve  the v o l t a g e  measurements into 

the scope o f  c e l l  f a i l u r e  d e t e c t i o n .  V o l tage  no ises  are o f  a 

g rea t  importance. Typ ica l  no ise  o f  a w e l l  ope ra t ing  c e l l ,  as 

descr ibed  by the pouer dens i ty  fu n c t i o n ,  can be seen on F igure

3.

Noises can be c l a s s i f i e d  as wav ing,  pu lsa t ing  and

f lu c tu a t in g  ones.  Severa l  types  are demonstrated on F igure  6.

Waving

The appearance o f  the uaving no ises  in d ic a te  hydrodynamic 

i n s t a b i l i t y  o f  the melt .  The c i r c u l a t i o n  and f lu c tu a t i o n  o f  the 

melt change the actual anode-cathode d is tance  and r e s u l t in g  a 

waving c e l l  v o l t a g e .

F luctuat  ing

F luc tua t ions  ch a ra c te r i s e  the thermal s t a t e  o f  a c e l l .  The 

r e l a t i v e l y  warm c e l l  has no ises  o f  small ampli tude.  In case o f  

a r e l a t i v e l y  coo! c e l l ,  f lu c tu a t i o n s  are l a r g e r ,  the c e l l  is 

c a l l e d  "n o is y * .

Pul sat ing

Pu lsa t in g  c e l l  v o l ta ge  can be recogn ised  when the c e l l  has 

c e r t a in  anode-bottom problems. Temporary anode-cathode short  

c i r c u i t s  cause sharp f a l l s  in the o therw ise  normal c e l l

v o 1tage
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8 h
60 mm/min 

0.1V-MOmm

9.65 h 

12mm/min 

0.lV-r-25mm

10.25 h 

12 mm/min 

0.1V-î-25mm

10.43h 

60mm/min 

0.1 V -r 25mm

SEVERAL TYPES OF CELL NOISES
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In case o f  unstable  s e r i a l  cu r ra n t ,  c a l cu la t ed  r e s i s ta n c e  

is  b e t t e r  to  d e te c t  c e l l  f a i l u r e s  than c e l l  v o l t a g e .  

T h i s f i l t e r s  o f f  the a l t e r a t i o n s  o f  current  o r i g i n ,  th a t  do not 

r e l a t e  the c e l l  i t s e l f .  Analog r eco rd in gs  o f  c u r r en t ,  v o l t a g e  

and r e s i s t a n c e  s i g n a ls  are s u i t a b l e  f o r  the potroom personne l .  

Houever, computer c on tro l  r eq u i r e s  sp e c ia l  a lgo r i thm s .  D is c re te  

Fast Four ie r  Transformation subrout ines  are w ide ly  used f o r  

these  purposes. An example o f  d i g i t a l  an a lys is  is g iven  in

Sec t ion  5 .5 .  /6,7/
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a PROCESS CONTROL 

a 1 Pre l im inary  Experiments

I d e n t i f i c a t i o n ,  that  i s ,  e s t a b l i s h in g  a mathematical model 

o f  the process e x p e r im e n ta l l y ,  is the f i r s t  s tep  towards 

process c o n t r o l .  However, Knowing the process in advance plays 

an important r o l e  in the design o f  exper intents ./'lx'. A r e a l l y  

e f f i c i e n t  experiment is  on ly  p os s ib le  i f  the process  and i t s  

d is turbances are Known wery v e i l .  Even i f  blacK box techniques 

have to be used f o r  i d e n t i f i c a t i o n ,  i t  is necessary to  consider  

the nature o f  the process  when des ign ing  the exper iments .  These 

experi;  en ts  should be perfornred under con d i t ions  as c l o s e  to  

rea l  ones as p o s s ib l e .  /E .3/

In many cases ,  p re l im inary  experiments are  necessary to  

accumulate in formation f o r  the proper design o f  exper iments .  

Such experiments can be ju s t  d a ta - l o g g in g  under normal 

c o n d i t i o n .  For example,  the bas ic  U ( t ) , i ( t ) , R ( t )  func t ions  and 

c o r r e l a t i o n  fu n c t i o n s ,  mentioned in Ch. 1 . ,  can be cons idered .

The experiments should prov ide  the major t ime c o n s ta n ts , the 

permit ted input ampl i tude,  presence o f  nonl inear  i t i e s , time 

v a r i a t i o n  o f  the p ro c es s ,  no ise  l e v e l  e t c .  From a p r a c t i c a l  

po int  o f  v iew ,  the most important quest ions  are : cho ice  o f

v a r i a b l e s ,  natural  e x c i t a t i o n ,  sampling r a t e  and experiment 

1ength .

Choice o f  v a r i a b l e s

Genera l ly  , the word " inpu t"  r e f e r s  to  v a r i a b l e s  that  can b* 

set  and the word "output"  r e f e r s  to  v a r i a b l e s  that  can be 

measured and r e l a t e d  to the phenomena o f  in t e r e s t .  For a 

s o p h is t i ca t ed  con tro l  a lg o r i th m .  Table 1. demonstrates one

poss ib le cho ic
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Measurements 

( Outputs >

Contro ls  

< Inputs >

1.Res is tance 1.Tapping o f  aluminium

2 . Percentage  o f 2 . Supply o f  alumina by

d is s o l v e d  alumina crustbreak ing  the s ide

3 . Percentage  o f  f l u o r i d e 3 . Supply o f  alumina in the

*4.Temperature in the bath cen te r  o f  the pot

5 . Temperature in the 4 . Supply o f  aluminum f l u o r i d e

carbon s ide  blocks S.Changing o f  anode carbons

6 . Aluminium he ight 6 . Anode adjustment

?.Bath he igh t 7 . Amperage

8 . I n t e r p o l a r  d is tance 8 . Anode e f f e c t

9 . Thickness o f  the s ide Ccontrol  t o  the model)

f r e e z e  in the bath l e v e l

10.Thickness o f  the s ide

f r e e z e  in the aluminium

1 eve 1

Table 1.

MEASUREMENTS AND CONTROLS FOR AN ELECTROLYSIS CELL

/Gran ,4/

As to  s e ve ra l  p r a c t i c a l  a p p l i c a t i o n s ,  c a l l  v o l t a g e  and 1 ina 

current  are the only parameters measured con t inuous ly .  Soma 

data are taken -from labora to ry  an a ly s is  as a d d i t ion a l  

in fo rm at ion .  Others are ca lcu la ted  or es t im a ted .  Methods o-f 

in t e r f e r e n c e  are anode adjustment and supply o f  alumina. The 

remaining p o s s s i b i 1 i t i e s  are f i x e d  f o r  a longer  per iod  o f  t ime.
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Natural e x c i t a t io n

In many e a s e s , o p « r a t i o n a l  d is turbances can be used to study 

the p ro cess .  A l t e r a t i o n  o f  the s e r i a l  c u r r e n t , anode

replacement and other  t e c h n o lo g i c a l  euents g i v e  a good

opportun i ty  f o r  i d e n t i f i c a t i o n .  On the other  hand, the nature 

o f  unwanted no ises  can a lso  be determined,  tha t  i s ,  appropr ia te  

f i l t e r s  can be s e l e c t e d ;  d i g i t a l  p r e -  and p o s t f i l t e r i n g s  are 

w ide ly  used.

Sarapling r a t e

C h a r a c t e r i s t i c s  o f  the process  and o f  the d is turbances

in f luence  the cho ice  o f  sampling r a t e .  I t  is hard to  f ind  the 

actual process  c h a r a c t e r i s t i c s  over s eve ra l  decades in a 

frequency range with only  one experiment made. I t  is necessary 

to  car ry  out s e ve ra l  exper intents to cover  the frequency range

o f  i n t e r e s t .  Uhen studying the c e l l  v o l t a g e s  n o i s e ,  in order to

e s ta b l i s h  a c e l l  f a i l u r e  d e t e c t in g  r o u t in e ,  the sampling ra te  

is more than 10 Hz. For long- term  behaviour d e s c r i p t i o n ,  

ha l f -m inute  averages  are used.

Experiment length

Since the accuracy o f  i d e n t i f i c a t i o n  depends on the 

experiment l e n g th ,  the l a t t e r  should be as long as p o s s ib l e .  On 

the o ther  hand, the experiment should be shortenough to avoid  

the in f luence  o f  p o s s ib l e  e x t r a  d is turbances .  Furthermore, the 

record ing  dev ic e s  may l im i t  the number o f  da ta ,  and a l s o ,  the 

more the data  the la r g e r  the cos t  o f  a n a ly s i s .  A ru le  o f  thumb 

is that  the experiment should take as much time as at l e a s t  ten 

times the major t ime constant .  Typ ica l  lengths are minutes f o r  

c e l l  f a i l u r e  a n a l y s i s ,  hours f o r  checKing the alumina 

consumption and days f o r  s tudy ing  the e f f e c t s  o f  a c e r t a in

working r o u t in e .
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2.2  Ident i f  i c a t  ion Methods

The 

e a r l y  s 

proper

complex i ty  o f  the modil should 

tage  o f  the i d e n t i f i c a t i o n .  One 

type o f  model f o r  a p p l i c a t i o n :

be cons idered at an 

must dec ide on the

s ta t  ic 

1 inear

time invar ian t  

determin i s t  ic 

1umped 

time domain 

parametr ic

dynamic 

non l in ea r  

t ime vary ing  

s tochas t  ic 

d i s t r  ibuted 

frequency domain 

nonparametric

During the i d e n t i f i c a t i o n ,  the cho ice  o f  model s t ruc tu re  

may have to be recons idered  in order  to  g e t  an acceptab le  

model,  ft wrong s truc tu re  may g i v e  m is lead ing  r e s u l t s .  The 

assumption on the s t ruc tu re  should be checked.

One usual way, to  model a p ro c es s ,  is  to  bu i ld  a model from 

purely  phys ica l  and chemical laws.  However, models o f t en  turn 

out to  be very  complex and too compl ica ted  f o r  p r a c t i c a l  

purposes. Thus, some approximation and s i m p l i f i c a t i o n  is 

inavo idab le .  The c e l l  v o l t a g e  i s n ' t  d e r i v ed  from the c o r r e c t  

e le c t ro ch em ica l  r e a c t i o n s ,  from the equ l ib r ium  p o t e n t ia l  and 

the o v e r v o l t a g e s .  Instead o f  a c o r r e c t  c e l l  r e s i s t a n c e ,  a 

d e r iv ed  value c a l l e d  c a l c u la t e d  r e s i s t a n c e  is g e n e ra l l y  used. 

Dynamics that are not important for  a s p e c i f i c  a p p l i c a t i o n  are 

n eg le c t ed .  I f  i t  is p o s s i b l e ,  1 in e a r i z a t i o n  is used between 

wel l  determined l i m i t s .  This maxes i t  eas ia r  to  use the model.

The most f requent methods f o r  i d e n t i f i c a t i o n  are 

c o r r e l a t i o n  a n a l y s i s ,  parameter e s t im a t i o n ,  frequency and step 

response ana lys is  and a wide choice  o f  adap t ive  methods. L e t ' s
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f o l l o w  a t rad  i t i o n a l  s o lu t i o n  stop by s top .  /3/

It  may bo of in torost  to chocK tho f e a s i b i l i t y  of tho 

gonora l ly  usod c o l l  vo ltogo  do sc r ip t ion  f o r  r e a l - p l a n t  

measurements :

U (t )  =  Up + I ( t ) R
< 2. 1 )

Here ,  Up is the sum o f  tho equ l ib r ium p o t e n t i a l  and tho 

o v e r v o l t a g e s  e x t r a p o la t ed  to  1*6. F igure  7. shows the recorded 

IK t  > and I ( t )  fu n c t io n s .  The s t a t i s t i c a l  p r o p e r t i e s  have to  be 

determined f i r s t .  Table 2. shows the mean va lue  and the 

standard d e v ia t i o n  o f  one s e r i e s  o f  c e l l  v o l t a g e  and l i n e  

current  data in d i f f e r e n t  p e r io d s .

C U R R E N T

Figure 7.

REAL-PLANT RECORDINGS,U<t>,K t > /Vajta,3/
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Time

minute

MC I )  

KA

DC I i 

KA

MC U) 

V

DC U) 

V

8-288 78. 13 2.437 4.24 8.088

281-488 77.74 2.823 4.  17 8.886

481-688 77.72 2.738 4.  18 8.  183

681-888 77.47 2.388 4.48 8.119

801-1888 76.98 3.818 4.22 8. 189

1881-1288 78.3 1.323 4.23 8.834

1281-1488 77.32 2.831 4.23 8.874

1401-1688 76.79 2.283 4. 19 8. 141

1601-1808 77.32 2.8 60 4. 15 8. 186

Table  2.

PC AN VALUES AM) STANDARD DEVIATIONS 

OF K - t )  AND UCt>

/V a j ta ,3 /

I f  < 2. 1 > d esc r ib es  the behaviour o f  the c e l l  c o r r e c t l y  in 

the minutes-hours t ime r a n g e , the c o r r e l a t i o n  c o e f f i c i e n t  

should be 1. The c o r r e l a t i o n  c o e f f i c i e n t  is c a l c u la t e d  

cont inuously  from the p rev iou s  ten measurements. The r e s u l t  can 

be seen on F igure  8. The c o r r e l a t i o n  between the c e l l  v o l t a g e  

and the l i n e  current  d isappears  during t e c h n o lo g i c a l  

i n t e r a c t i o n s ,  but the connect ion  is  apparent e lsewhere .
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KORR.

F igure  8.

CORRELATION BETWEEN IK t  . I< t  >

/V a j ta ,5/

To dec ide  whether a s t a t i c  model is acceptab le  ( e ven  i f  i t s  

parameters change in t im e )  or c e r t a in  L-C components have to  be 

taKen into account,  i t  i s  necessary to examine the au to-  and 

c r o s s c o r r e l a t i o n  funct ions  o f  the s i g n a l s .  The func t ions  are 

ca l cu la t ed  by the equat ions ( 2 . 2  and 2 . 3 )  :

f  u (k)=  kT 21 U( j )' l«(j + k) (2.2)
N J-1

ST 21 Uj)*u,u+k) <*•*>

where is the a u t o c o r r e l a t i o n  funct ion  

the c ro ssco r r e  1 at ion func t ion  between the

o f  1ine c u r r e n t ,

1ine current  and

is 

c e l l  

♦64.v o l t a g e .  K is the s h i f t i n g  value here K=-64 a
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Typ ica l  examples can be seen on F igure  9. and F igure  10.

F igure  9. T I M E
AUTOCORRELATION FUNCTION OF LINE CURRENT /Va j ta .5/

p T I M EF igure  10.

CROSSCORRELATION FUNCTION BETWEEN LINE CURREN': 

AND CELL VOLTAGE /Va j ta ,3/
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Numerical data are g iven  in KA and V u n i t s .  The s h i t t i n g  

can be seen on the time a x i s .  K=64 means a de lay  o f  32 minutes. 

On the bas is  o f  these  fu n c t i o n s ,  the ampli tudo-phsse diagrams 

<BODE-diagrams) uere determined by means o f  D is c r e t e  Fast 

Four ie r  Transformation tDFFT) o f  N=512 d i s c r e t e  measurements. 

F igure  11/a and 11/b demonstrate the r e s u l t s .

A s e r i e s  o f  experiment has to  be done to  i d e n t i f y  the c e l l  

parameters. As a r e s u l t  o f  the in v e s t i g a t i o n  c a r r i e d  o u t ,  the 

simple s t a t i c  ohmic model seems to be f a i r l y  good f o r  the 

purpose o f  process c o n t r o l .

F igure  11/a 

AhPLITUDO DIAGRAM

/Va.it a , 5/
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PHASE DIAGRAM 

/Va j ta ,5/

V e r i f i c a t i o n  o f  a model

The problem o f  v e r i f y i n g  a model is not e x a c t l y  s o lv ed .  I t  

must be emphasized that no general  v e r i f i c a t i o n  can be made; i t  

is p oss ib le  only to  a sce r ta in  that  the model is s u i ta b l e  f o r  

s p e c i f i c  purposes. Our ohmic model uas checked in p lant  t e s t s .  

This descr ibed  the main a l t e r a t i o n s  and t e ch n o lo g i c a l  

in t e ra c t io n s  p ro p e r l y .  As a r e s u l t  o f  long- term  ana lys is/  th i s  

model uas accepted .
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2.3  Contro l Methods 

Bas ic concepts

The -fundamental goal o f  a con t ro l  system is t o  maintain 

p resc r ibed  co n d i t i o n s .  The aim o f  a c e l l  c o n t r o l l e r  is to  

ensure an accep tab le  energy e q u i l ib r iu m  o f  the e l e c t r o l y s i s  

c e l l .  The a l u m i n i u m  reduct ion  c e l l  is  a v e ry  complex thermal 

system and i t  is advantageous to  approximate g radua l ly  to uhat 

seem to  be optimum co n d i t i o n s .  U n t i l  nou, r e s i s t a n c e  monitor ing 

has proved to  be the e a s i e s t  way to  c on t ro l  the c e l l s ,  s ince  i t  

is the e l e c t r i c a l  s i g n a ls  tha t  can be measured r e l i a b l y  and 

ront inuous1 y . The method o f  t r a d i t i o n a l  ope ra t ion  invo lved  

vo l tm e te rs  at  the c e l l s  and l i n e  curren t  d isp la y  in the 

potroom. The t e ch n o lo g i c a l  events  were a ls o  scheduled and 

logged .  These uere the bas is  o f  a s imple  process  c o n t r o l .

Convent ional r e s i s ta n c e  r e g u la t i o n

A c t u a l l y ,  r e s i s ta n ce  is a c a l c u la t e d  one ,  and not the c e l l  

r e s i s ta n c e  i t s e l f .  I t  is sometimes c a l l e d  p s eu d o - r e s i s ta n ce . I t  

is c a l c u la t e d  :

According to  the potroom p e rson n e l ' s  demand, a t a r g e t  

r e s i s t a n c e  is  se t  and the c o n t r o l l e r  at tempts  to  Keep the 

process c l o s e  to  i t .  To avoid  the too  small i n t e r a c t i o n s ,  a "no 

r e g u la t i o n  area "  is  set  on both s ides  o f  the t a r g e t  va lue .  In 

the s im p les t  case ,  anode adjustment is the on ly  p o s s i b i l i t y  o f  

to  c o n t r o l .  The in t e r f e r en ce  is p ro por t ion a l  to  the d i f f e r e n c e  

between the t a r g e t  r e s is ta n ce  and the measured one. Too many 

consequt ive  s i n g 1e - d i r e c t i o n  adjustments are p r o h ib i t e d .  F igure

U ( t ) - U p
l(t) <2 .4 )

12. i l l u s t r a t e s  the method
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Figura 1 2 .

CONVENTIONAL RESISTANCE REGULATION 

Alumina f e ed in g

Regula t ion  o f  alumina f e ed in g  is one o f  the most important 

tasKs.  Old aluminium p lan ts  equipped u ith  h o r i z o n t a l -  and 

v e r t i c a l  stud Soederberg c e l l s ,  usua l ly  do not have automatic 

f e e d e r s ,  so the alumina f e ed in g  can hardly  be regu la ted  

p r e c i s e l y .  Fo l low ing  the in s t ru c t io n s  o f  a c o n t r o l l e r  s t r i c t l y ,  

acceptab le  r e s u l t s  can be reached.  Houevcr, scheduled uorK 

rou t ine  can never be attached so t i g h t l y  to an automation 

system as the po in t  f e ed in g  method. /6/

Figure 13. and 14. show the r e s u l t  o f  a s im p l i f i e d  

combination o f  anode adjustment and alumina f e e d in g .  An 

automatic f e ede r  is supposed to  uorK here ,  which adds equal 

amount* o f  alumina into  the bath on i n s t r u c t i o n ,  but i t  is the 

r a te  o f  f e ed in g  tha t  is c o n t r o l l a b l e .  I f  the c e l l  operates  with
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automatic po in t  f e e d e r ,  the f e ed in g  has p r i o r i t y  over  

r e s i s t a n c e  r e g u la t i o n .

Al feeding rete
Overfeeding

Normal rate

Underfeeding
-----►
time

Figure  13.

RESISTANCE AND ALUMINA FEEDING CONTROL

the

/Reverdy,7/
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Fisura 14.

RESULTS OF THE CONTROL l*ETHOO

/Rewordy/7/
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Div t lopm m t o f  con t ro l  A lgor i thms

Basic c on t ro l  a lgor i thm s c a n ' t  in su r t  r e l i a b l e  o p e r a t i o n .  

Ce l l  f a i l u r e  d e t e c t in g  r ou t in es  must be deve loped .  U su a l l y ,  

these short  programs c a l c u la t e  the d e v ia t i o n  o f  e i t h e r  the c e l l  

v o l t a g e  or  the r e s i s t a n c e .  I f  i t  reaches a value determined in 

advance, the c e l l  is considered  f a u l t y ,  in t a b l e ,  shaKy e t c .  In 

such cases ,  the c o n t r o l l e r  t r i e s  to  b r ing  the c e l l  bacK to  

normal c on d i t ions  by means o f  sp ec ia l  subrout ines .  U su a l l y ,  

th i s  means f i r s t  r i s i n g  then lower ing  the anode s tep  by s t e p .  

The minimum tasK is to  s top  automatic  con t ro l  and s ign a l  to  the 

potroom personne l .  The blocK diagram o f  t h i s  system can be seen 

on F igure  IS.

Advanced methods

A d e t a i l e d  mathemathical d e s c r ip t i o n  r eq u i re s  a la rge  

number o f  v a r ia b l e s ?  t h e i r  r e l a t i o n s  a r e ,  in most c a s e s ,  

unKnoun or s t o c h a s t i c .  M u l t i v a r i a b l e  c on tro l  a lgor i thms should 

be used? most o f  the v a r i a b l e s  can only  be est imated and not 

measured. The fundamental concept is that  measurements should 

be used to  ad just  a mathematical model which is s imulated on a 

computer and runs in r ea l  t im e .  The es t imates  o f  the important 

v a r ia b l e s  o f  the process  are thus genera ted .  These es t imated 

values o f  the s t a t e  o f  the process  prov ide  the bas is  f o r  

con tro l  op e ra t ion s .  This p r i n c i p l e  o f  the separat ion  o f  t a s k s ,  

es t imat ion  o f  process s t a t e  v a r i a b l e s  and con t ro l  o f  the 

process is w ide ly  used in p r a c t i c a l  a p p l i c a t i o n s .  F igure  16. 

shows the scheme o f  how a m u l t i v a r ia b l e  c o n t r o l l e r  o p e ra te s .  A 

p oss ib le  cho ice  o f  s t a t e  v a r i a b l e s  is l i s t e d  in Table  3.
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F i gu r e  16.

SCHEME OF A MULTIVARIABLE CONTROL SYSTEM /Gran,4/

S t a t e  v a r i a b l e s

1.  Mass o f  aluminium

2 .  Mass o f  bath

3 .  Mass o f  d i s s o l v e d  alumina in the  bath

4 .  Mass o f  a luminium f l u o r i d e

5 .  Mass o f  the s i d e  f r e e z e  in the  bath l e v e l

6 .  Mass o f  the  s i d e  f r e e z e  in the aluminium l e v e l

7 .  Mass o f  un d i s s o l v e d  alumina in the bath

8 .  Mass o f  u n d i s s o l v e d  alumina in the aluminium 

3 . Volume o f  f r o z e n  c r y o l i t e  in the aluminium

18 . Temper a ture  in the bath

11 . Temper atur e in the aluminium

12.He i ght  o f  anode b lock

Tab l e  3.

STATE VARIABLES FOR A MULT IVAR IABLE CONTROL SYSTEM /Gran,4/
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Optimum Contro l

The s imple r e s i s ta n ce  c o n t ro l  Keeps the process a t  a 

p resc r ibed  t a r g e t  va lue .  The ques t ion  is  how t h i s  va lue can be 

determined. The con t ro l  method is g e n e r a l l y  considered an 

optimum one i f  i t  f u l f i l l '  some sp ec ia l  demand p e r f e c t l y .  Of 

course ,  demands may a l t e r  from time to  t im e ,  depending on the 

uorKing and economical c o n d i t i o n s .  Some t y p i c a l  demands a re :

mainta ining optimum process in the c e l l :

uorKing on optimum ACD 

uorKing on minimum res is tan ce  

current  e f f i c i e n c y  op t im iza t io n  

minimiz ing m ate r ia l  and power 

consumpt ion

meeting market s i tu a t i o n s

minimiz ing product ioncos t  

max imum outpot  o f  metal 

reduced product ion

By as

be approx 

working i 

The d i f f e  

Table 

d i f f e r e n t  

method o f  

dynamic 

pressure

s is tan ce  o f res is tance c

imated such as operat  ion

n the range of poss i b l e

rent  areas can be seen o

4. shows some parameter

economic demands. This 

process  con tro l  can g i v  

market p o l i c y .  Case 1 

f o r  h igh e r ,  and Case 2 f

on t ro l  , optimum operat ion  can 

at  a minimum r es is ta n ce  or 

maximum current  e f f i c i e n c y ,  

n F igure  17.

s o f  r ea l  opera t ion  meeting 

means tha t  a r e a l l y  good 

e r e l i a b l e  background f o r  a 

r e f e r s  to  opera t ion  under 

or louer  product ion output.
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R„Target

Figure  17.

CELL RESISTANCE AS FUNCTION OF AL203 CONTENT IN THE BATH

/Reverdy,7/

Case 1 Case 2

Current < KA) 107 97

Current e f f i c i e n c y < 7.) 88.6 90.5

Pot v o l t a g e ( V) 4.17 • s 00

S p e c i f i c  power consumption ( KWh/t ) 14.020 13.430

Product ion < t/y ) 33,000 33,000

Var iab le  cost  <Case 2 as 100) 103 100

Table 4.

OPERATION PARAMETERS AT DIFFERENT ECONOMIC CONDITIONS

/Okada,9/
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2.4  D i g i t a l  Simulat ion

D i g i t a l  s imu lat ion  is an a f f e c t i v e  t o o l  to  r e a l l y  

understand a p ro cess ,  to  deve lop  and t e s t  a lgor i thms and to  

avoid  most o f  the as ton ish ing  r e s u l t s  o f  a new method at  the 

f i r s t  r e a l - p l a n t  a p p l i c a t i o n .  During the l a s t  decade,  e x c e l l e n t  

s imu lat ion  models have been deve loped  a t  the lead ing  aluminium 

producers.  The models d e sc r ib e  the therm al ,  e l e c t r i c  and 

chemical behaviour o f  the c e l l .  They are mainly used f o r  

d e s i g n in g ,  but a g rea t  deal  o f  them are c l o s e l y  r e l a t e d  to  

process c o n t r o l .

On F igure  18., the schematic s t ruc tu re  o f  a s imu lat ion  

program pacKage is demonstrated.  The t i n  behaviour o f  the c a l l  

v o l t a g e ,  e l e c t r o l y t e  tem perature ,  aluminum production and 

alumina concentrâ t  ion in the bath can be ca l cu la t ed  using the 

input v a lu e s ,  that  i s ,  s e r i a l  c u r r e n t ,  anode p o s i t i o n  and 

alumina f e ed in g  r a t e .

I N P U T  A L D Y M  O U T P U T

F igure  18.

SCHEMATIC STRUCTURE OF A SIMULATION PROGRAM /Etr.er , 10/
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The submodels ere  l in k ed :  the output o f  one submodel is  the 

i n p u t  o f  another and v i c e  v e rsa .

L e t ' s  consider  a p o s s ib l e  syn thes is  o f  the c e l l  v o l t a g e .  

/11/ The simple r e s i s t a n c e  model in <2.1> can be d iv id ed  into 

par ts  as:

U (t )=  a, + a2-Ai+agAp.+ a^A I ptdt t a5 At < a .5 )
o

uhere

a, = Up
a2 = 
a,= 
a4 = 
a5 =

< x - 9  4 Ê + r
° ^ ' o P x

OC i O C>Tm  Am
OC[oj D ^ t ^ n

apparent p o l a r i s a t i o n  v o l t a g e  (v )  

t o t a l  ohmic r e s i s ta n ce  (Ohm) 

v o l t a g e  change due to  anode movement|iÿ(iflj 

v o l t a g e  change due to  metal tapp mg(v/kg) 

v o l t a g e  change due to  anode uear 

and metal product ion (v/hr)

In th i s  approach, the cho ise  and values o f  the v a r i a b l e s  

are c l o s e  to  the t r a d i t i o n a l  ope ra t ion  parameters.  I t  is  very  

important because the obta ined r e s u l t s  are easy to  handle f o r  

the potroom personne l .  On the bas is  o f  the i d e n t i f i c a t i o n  

r e s u l t s ,  the main parameters o f  t h i s  s imulat ion model can be 

s e t .  L ine c u r r e n t , anode p o s i t i o n ,  metal tapping and alumina 

fe ed in g  are generated and the output is the c e l l  v o l t a g e .  

F igure 19. and 29. shou the func t ions  used.

J. m
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Figurc  19.

SIMULATED LIhE CURRENT AND CELL VOLTAGE 

/Asbj ornsen ,11/

F igur*  20.

SIMJLATED WORKING ACTIONS

/Asb jorrtssn ,11/
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Using t h i s  model,  s e ve ra l  t e s t  c a l c u la t i o n s  can be done, 

inc luding the main parameters o f  the r e s i s ta n c e  model,  and some 

p r e d ic t i o n  a lgor i thm s can be t e s t e d .  The anode e f f e c t

p r e d ic t i o n  is  a l s o  a r ou t in e  tasK o f  a c o n t ro l  system. 

D i f f e r e n t  subrout ines  can be t r i e d  and tuned on t h i s  type o f  

s imu lat ion  models. There is no r i sK  o f  d is tu rb in g  the 

e l e c t r o l y s i s  i t s e l f ;  the d i g i t a l  s imulat ion  is uorth time and 

money. The s t ru c tu re  o f  an advanced s imu lat ion  so f tware  is

demonstrated on Table 5.



Input

E le c t ro ch e m ic a l , 

phys ica l  and 

geom etr ica l  da ta ,  

c e l l  opera t ing  

parameters

Model f o r  c a l c u la t in g  

the energy consumption

Model f o r  op t im iz ing  

a t a r g e t  funct  ion

Bottom vo l ta g e  model 

Model o f  power losses  

from the pot 

Geometr i ca l ,phys  i c a l , 

e l e c t ro -ch em ica l  and 

e l e c t r o - t e c h n  ica l  

r e l a t  ionsh ips

Output

Opt imum o f  

fun c t ion  in 

dependence 

o f  40 f r e e

the ta r g e t  

non-1inear 

on a max. 

war iab les

Opt imum ene rgy

consumpt ion t

opt imize d i r ee

páramete r  s , cperat  ing

r e s u l t s  , ape ra t  ing

páramete rs  ,

pot geometr y f o r

opt imum con d i t  ions

Table S.

STRUCTURE OF AN ADVANCED SIMULARON SOFTWARE /Bosshard, 12/
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2.5 R e a l i s a t i o n s  

Early  c o n t r o l l e r s

Unt i l  now, r e s i s ta n c e  monitor ing has proved to  be the 

e a s i e s t  uay to c on tro l  the bas ic  inputs o-f the p ro c es s ,  but the 

indu s t r ia l  equipment has been developed s u b s ta n t i a l l y  during 

the l a s t  decades.  Ear ly  instruments uere cabled l o g i c  systems 

u ith  analog data handl ing .  These sp ec ia l  instruments uere qu i t e  

expensive  and i t  was almost impossible  to  ad jus t  them to  a 

r eu ly  a r i s in g  demand. Re-programming uas sometimes more 

d i f f i c u l t  than con s t ruc t in g  a neu instrument. Due to  the 

u ide -rang ing  a p p l i c a t i o n  o f  the f i r s t  d i g i t a l  computers, a l l  

types o f  tasks uere t r i e d  to  f u l f i l  u i th  one computer. That uas 

the per iod  o f  the in teg ra ted  on-1 ine/commerc ia l  computer, 

i n s t a l l a t i o n s .  As the computers got  cheaper and cheaper ,  the 

spec ia l  computerised c o n t r o l l e r s  appeared,  p ro v id in g  the 

harduare background f o r  the development o f  s op h is t i c a t ed  

process models, app ly ing  r e a l - t im e  adap t ive  a lgor i thms and 

b e t t e r  con tro l  systems.

Indus tr ia l  equipments

Nouadays, c o n t r o l l e r s  based on microprocessors  are used in 

the in d u s t r ia l  a p p l i c a t i o n s .  The con tro l  un it  is lo ca ted  in the 

potroom, near the c e l l ,  and supports both the manual and 

automatic uork rou t in e s .  B u i l t - i n  ROM memory s to r e s  d i f f e r e n t  

parts  o f  the con tro l  program as u e l l  as the constants  and the 

d e fa u l t  values o f  parameters.

UTien th i s  unit  operates  in a s tand-a lone  mode, i t  p rov ides  

a l l  the func t ions  needed f o r  a normal o p e r a t i o n .  I t  measures 

c e l l  v o l t a g e  and l in e  c u r r en t ,  checks the p o s s ib l e  e r r o r s  < e .g .  

ce l  11 i n s t a b i l i t y )  and c o n t r o l s  the necessary opera t ions  (anode 

rep lacement,  s t a r t in g  o f  alumina f e e d i n g ) .  U su a l l y ,  i t  helps 

the s t a f f  in p r e d i c t in g  the anode e f f e c t s ,  d isp la ys  the 

measured va lues .  Sometimes i t  can f o l l o u  the techno 1ogyeal
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events  ( e . g .  automatic anode adjustment during ta p p in g ) .

The con t ro l  un it  has a ls o  go t  in t e r fa c e s  to  other

i n t e l l i g e n t  d e v i c e s .  I t  can change data u i th  an upper l e v e l  

c en t ra l  u n i t .  Through these con nec t ion s ,  the parameters in RAM 

o f  the c on t ro l  un it  can be s e t  accord ing  to  a t a r g e t  fu n c t io n .  

The potroom personnel can e i t h e r  checK or modify the 

e l e c t r o l y s i s .  Proper  man-machine connect ion  is e s s e n t i a l .  

F igure  S I .  shous the connect ions o f  a c on t ro l  un i t .

Communications Bus 
To Communicotlono 

Micro - Procossor

Bolso
Anodos Figure  S I .

CONNECTIONS OF A CELL CONTROL UNIT /Mohr,13/



-45 -

H ie ra rch ica l  c on tro l  systems

Indus tr ia l  a p p l i c a t i o n  o-f computer based con tro l  systems 

induce the need to r  d i f f e r e n t  in t e r con n ec t ion s .  On the one 

hand, a t e chn ica l  manager may r eq u i r e  to  checK separate  c e l l s ,  

potrooms, l in e s  or the uhole p la n t .  On the other hand, data 

a c q u i s i t i o n ,  data management, d i g i t a l  c on t ro l  and superv isory  

funct ions  have to  be done. Table  6.  demonstrates ,  hou d i f f e r e n t  

funct ions  may be d i s t r ib u t e d  among s in g l e  systems in the 

multicomputer systems.

Functions C en t ra l i s ed  D is t r ib u t io n

system Hor izonta l  V e r t i c a l

Data a c q u i s i t i o n *** 111 11 1 N

Superv i  s o r y * * * 1. . .

Cont ro l * * * 1 N

Man-mach ine * * * Ft*** ! 1 N

Table  6.

DISTRIBUTION OF FUNCTIONS IN MULTICOMPUTER SYSTEMS

/F arbe r ,14/

In p 1 a n t s , t h r e e - or f o u r - l e v e  

are g e n e r a l . It  is an important t 

the i s o la t ed  s ta t i o n s  into one c 

netuorK is able  to change data 

instrumentat ion dev ices  between

1 computerised contro l  systems

asK , t h e r e f o r e , to  in t e g ra t e

ommon system. The r e s u l t in g

and a l lows the shar ing o f

d i f f e r  ent fu n c t io n s .  TheThe
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r eg u la r  l e v e l s  end the -functions e re :

C e l l  c o n t r o l l e r

Potroom computer

Line computer

P len t  computer

-elumine feed ing  

- v o l t a g e  con tro l  

- e r r o r  d e te c t in g  

-enode e f f e c t  te rm inet ion

-communicet ion to  end from the c e l l  

- l i n e  current  s i g n e l s  to  the c e l l

- l i n e  loed con tro l  

- s e tp o in t  changes

-sho r t  term de te  s to rage  end r ep o r t

- long  term de te  s to rage  

-process  con tro l  support tasks 

-so f tw a re  maintenance

Future trends

P len t  opera tors  run the system with m u l t i va r ia b le/  m u l t ip le  

l oops ,  unpred ic tab le  m a te r i e l  v a r i a t i o n s ,  e t c .  In time and with 

growing e x p e r i en ce ,  the ope ra to rs  generate  ru les-o f - thumb that  

help them deal with th i s  com p lex i ty .  These se ts  o f  ru le s  are 

c l o s e l y  r e l a t e d  to  th e i r  p lan t  and process .  The main goal  o f  

the process  con tro l  theory  is to  develop what one may c a l l  an 

exper t  system which is a computer-based model f o r  problem 

s o l v i n g .  Expert systems are growing into a r a p id l y  expanding
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area w i th in  the f i e l d  o f  a r t i f i c a l  i n t e l 1 i g en c e . They d i f f e r

from phys ica l modeling because they attempt to  model those

aspects  o f  a problem, f o r  which the numer ica l r ep resen ta t  ion

could hard ly be a p p l i c a b l e ;  t h i s is the case with unwanted

e v en ts ,  1iKe c e l l  f a i l u r e s .  The process su pe rv iso ry  systems o f  

the fu ture  w i l l  be c l o s e r  to  the man than to  the machine. /IS/ 

The m ot iva t ion  f o r  new developments in process  automation 

systems i s ,  u s u a l l y ,  c os t  r educ t ion .  The semiconductor 

technology  a l low s  to  r ep la c e  expensive  cab les  by powerful  

i n t e l l i g e n t  hardware modules. The c e l l  c o n t r o l l e r  un i ts  become 

more independent and, a t  the same t im e ,  more in t eg ra ted  to  a 

d i s t r ib u t e d  system as w e l l .
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3. ELECTROMAGNETIC INTERACTIONS

3.1 T h e o r e t i c a l  Background

High current  i n t e n s i t y ,  common in aluminium e l e c t r o l y s i s  

c e l l s ,  r e s u l t s  in a strong magnetic f i e l d  ins ide  and in the 

v i c i n i t y  o f  the c e l l .  The magnetic f i e l d  has a ser ious  impact 

on the bath and on the molten meta l ;  the magnetic f i e l d ,  

through i t s  in t e ra c t io n  u ith  the e l e c t r i c  cu r r en t s ,  produces 

e le c t ro m agn e t i c  f o r c es  th a t  a f f e c t  both l i q u i d  l a y e r s .  As a 

r e s u l t ,  the in t e r f a c e  between the molten bath and the aluminium 

laye r  g e t s  d i s t o r t e d ,  the anode-cathode d is tance  may 

u n co n t r o l l e d .  The melt f l u c t u a t e s ,  thus promoting the 

r e o x id a t i o n  o f  the m eta l ,  and decreas ing  the current  

e f f i c i e n c y .  /1/

The magnetic f i e l d  is descr ibed  by the B io t -S aw ar t ' s  law. 

According to  th i s  bas ic  ru le  o f  e l e c t r i c i t y ,  the magnetic 

f i e l d ,  at any P p o in t ,  depends on the e l e c t r i c  current  and the 

geometr ic  arrangement :

I dl r0 
4 ÏÏ F

( 3 . 1 )

where:

dl : 1 ine-e lement o f  the conductor

lo ! un i t  v e c to r  from P to dl 

T : d is tance  between E and dl

The magnetic f o r c e s ,  descr ibed  by the Lorentz  equa t ion .

r i s e  in the melt ;
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F =  I-dl x B ( 3 . 2 )

where:

d l :  l i n e  element ot  the conductor

B :  magnetic induction

I t  is  somewhat d i f f i c u l t  to  desc r ib e  the magnetic behaviour 

o f  an e l e c t r o l y s i s  c e l l  p ro p e r ly -  There are s e ve ra l  f a c t s  which 

have to  be considered  :

-compl ica ted  geometr ica l  arrangement 

- in f lu e n ce  o f  extreme temperatures 

-presence o f  fe r rom agne t ic  par ts

This  problem is usua l ly  approached through s im p l i f i c a t i o n s  

: the geometry is regarded s i m p l i f i e d ,  the ex is ten ce  o f

fe r rom agne t ic  par ts  n e g l e c t e d ,  e t c .  Soph is t ica ted  computer 

models are needed f o r  an adequate s o lu t i o n .
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3.2 Construction

Aluminium smelters  use d i f f e r e n t  types o f  aluminium 

e l e c t r o l y s i s  c e l  Is ,busbar  and c e l l  arrangement. These aspects  

have a ser ious  impact on the current  and p o t e n t i a l  d i s t r i b u t i o n  

and the magnetic f i e l d  p a t t e r n .  /2,3/

Usual pot types are the h o r i z on ta l  and v e r t i c a l  stub 

Soederberg-anode c e l l s  and the prebaKed-anode c e l l s .

Ce l l  arrangement in the smelter  may be “end - to -end "  or 

* s i d e - b y - s i d e “ systems.

Current busbar arrangements are " s in g l e - e n d - f e e d "  or

"dou b le -end - fe ed ” systems.

C e l l  types

I t  is in a feu o ld  sme l te rs  only that h o r i z o n ta l  stub 

Soederberg c e l l s  are s t i l l  in use. Current in t e n s i t y  o f  these 

smelters  is rather lou ,  under 100 KA. Utien working a t  such low 

i n t e n s i t i e s ,  the e f f e c t  o f  the magnetic f i e l d  on the opera t ion  

o f  the c e l l  is n e g l i g i b l e .

Large numbers o f  v e r t i c a l  stub Soederberg ser ies were b u i l t  

in the 1950-1960's. A f t e r  twenty or more years  in s e r v i c e ,  

t h e i r  thorough r eco n s t ru c t ion  uas , in many cases ,  inavo idab le  to 

make the p o t l in e s  c o m p e t i t i v e .  Current i n t e n s i f i c a t i o n  is part  

o f  the r e c o n s t ru c t ion ;  however , the magnetic f i e l d  th a t  the 

increased current  generates  r e s u l t s  in a more subs tan t ia l  

f lu c tu a t i o n  and c i r c u l a t i o n  o f  the molten la y e r s .  A t i p i c a l  

patte rn  of  the magnetic induct ion d i s t r i b u t i o n  is shown on 

F i g u r e  22. ,'4/

Prebaked anode c e l l  has proved to  be the most favourab le  

const ruct ion  s ince the 70 ‘ s .  I t  has advantageous t e c h n o lo g i c a l  

parameters at high amperage. The magnetic f i e l d  of  a prebaked 

anode c e l l  can be seen on F igure  23.
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F igure  гг.
MAGNETIC FIELD IN A S0EDER8ERG CELL, 

HORIZONTAL AND VERTICAL CO№ONENTS OF THE FIELD

/Ura t a , 4/

upstream

Figura 23.

MAGNETIC FIELD IN A PREBAKED CELL, 

HORIZONTAL AMD VERTICAL CONFOhCNTS OF THE FIELD

/Ur ata  ,4/
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C e l l  arrangement

End-to-end layout  is the s imp les t  and most f requent system. 

The busbars are l e d ,  ove r  r i s e r s ,  along the sh o r te s t  way from 

the cathode o f  one c e l l  to  the anode o f  the nex t .  This system 

is used f o r  c e l l s  uorKing at  up to about 50KA; magnetic 

assymmetries maKe i t  unsu i tab le  f o r  l a r g e r  c e l l s .  F igure H4. 

shous t h i s  busbar arrangement and the magnetic f i e l d  pattern  o f  

a c e l l  o f  t h i s  t y p e .  S id e -b y -s id e  layout is used f o r  s e r i e s  

over  about 100 KA. This p rov ides  b e t t e r  magnetic cond i t ions  

t ia n  the end-to-end la you t .  See F igure  25.

,____ _ h e e l

M III n —

1 I I I  CL

Figure  24.

END-TO-END CELL ARRANGEMENT

/ S e l e ,3/
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B

Figure  S3.

SIDE-BY-SIDE CELL ARRANGEMENT 

/ S e l e ,3/

Busbar systems

As tar  as the magnetic c on d i t ions  are concerned,  the 

geometr ica l  p o s i t i o n  o f  the busbars on and between the c e l l s  

and the d i v i s i o n  o f  the current  in the busbars are the main 

th ings to  cons ider  during des ign .  There are a l o t  o f  v a r i e t i e s ;  

t y p i ca l  ones w i l l  be introduced here .

C e l l s  with s in g 1e -end - feed  system uere deve loped  f i r s t ,  but 

th is  concept ion uas given up soon. The douo le -end- feed  busbar 

system o f f e r s  b e t t e r  magnetic c on d i t ions  f o r  la r g e r  c e l l s ,  and 

is used e x t e n s i v e l y  in e x i s t in g  p o t l in e s  o f  the " en d - to -en d ” 

type.  Part  o f  the cathode current  from one c e l l  is brought to 

r i s e r s  at the far  end o f  the f o l l o w in g  c e l l .  As much as 50% of  

the l i n e  current  is sometimes brought to  the other  end, but 

that is expensive  and not neccessary f o r  the magnetic 

c on d i t ion s .  25-30% w i l l  normally be s a t i s f a c t o r y  < Figure 26. 

).
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Figure  26.

DOUBLE-EMJ-FEED BUSBAR ARRANGEMENT 

/Se l e ,3/

There is one important magnetic problem which has not been 

soloed by the above busbar system. The return  current  in the 

ne ighbour ing c e l l - r o w  generates  a v e r t i c a l  magnetic -f ie ld  in 

the c e l l s ,  and th i s  f i e l d  is l e f t  uncompensated on one s id e .  

Several methods can be used to compensate th i s  magnetic f i e l d .

Recent s e r i e s  o f  about 200 KA and above are b u i l t  with 

busbar systems s im i la r  to that  shown in F i g u r a  27. Actual 

industr ia l  arrangements are usual ly  patented .
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Figure  £7.

BUSBAR ARRANGEMENT OF A CELL ABOUT £00KA, 

CA) ANODE (B )  CATHODE BUSBARS 

/Sele  ,3/'
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3.3  E f f e c t s  o f  th «  Magnet ic F i e l d  on the C e l l  Operat ion

Behaviour o f  the melt can be descr ibed  by the Navier-StoKes 

equa t ion .  The in f luence  o f  the magnetic f i e l d  descr ibed  by the 

Loren tz  lau have to be con s ide red .  The genera l  form o f  the 

Nav ier -S toKes  equat ion is  :

o  . -4^- =  - g r a d  p + fg + U + k  < 3.3>
J d t

where

y  : melt d ens i ty  

V : melt v e l o c i t y  

P : pressure

f g : g r a v i t a t i o n  f o r c e  dens i ty  

fe : L o r e n t z ' s  f o r c e  dens i ty  

k ! f r i c t i o n a l  f o r c e  dens i ty

I t  is ex tremely  complicated to  s o l v e  th i s  equat ion f o r  the case 

o f  a r e a l  c e l l .  Some phenomena o f  the technology is ou t l in ed  

h e r e .

S t a t i c  d i s t o r s i o n  o f  the metal sur face

The e le c t rom agne t ic  f o r c e s  in the c e l l s  may d i s t o r t  the 

metal s u r fa ce .  This r e s u l t  in uneven anode consumption. This 

"h y d r o s t a t i c "  phenomenon depends mainly on the actual busbar 

system. Tuo t y p i c a l  d i s t o r s i o n  pa t te rn  can be seen on F igure

28. and F igure  29. /5





U
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F igure  29.

STATIC DISTORSION OF THE METAL SURFACE I I .  

/Dogramadz i .3/

Metal c i r c u la t i o n

In high amperage c e l l e ,  s trong c i r c u la t i o n  in the metal is
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o f l c n  observed.  This motion can erode the s i d e u a l1 o f  the c e l l .  

The behaviour o f  d i f f e r e n t  c e l l s  be longs b a s i c a l l y  t o  two types 

o f  motion : the four edd ies  symmetric motion ( a )  and the three  

eddies asymmetric motion ( b ) .  /6/. See F igure  30.

£2,
F igure  30. 

METAL CIRCULATIONS 

/b1anc ,6/

Metal o s c i l l a t i o n

Surface o s c i l l a t i o n  o f  the l i q u id  metal reduces the actual  

in t e rpo la r  d is tance  and, c on sequ en t ly , the current  e f f i c i e n c y  

goes down. To suppress the o s c i l l a t i o n  and to  s t a b i l i z e  the 

surface  o f  the m e l t ,  the in t e rp o la r  d is tance  should be 

decreased /7/. O s c i l l a t i o n s  can occur in any types  o f  c e l l s  : 

in a normal c e l l ,  in an abnormal c e l l  and a lso  in a c e l ln d e r  

external  i n t e r f e r e n c e .  In a normal c e l l ,  the o s c i l l a t i o n
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remains un de te c ted , due to the r e l a t i v e l y  small ampl i tudes.  In

an abnormal or a d is turbed  c e l l ,  the o s c i l l a t i o n  can be 

de tec ted  through the behaviour o f  the c e l l  r e s i s t a n c e .

Some examples are g iven  in Ch.7. S t a b i l i t y  c a l c u la t i o n s  are

demonstrated in Ch .7 .4.
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3.4 Measuring methods

Measurements are usua l ly  made with Hal 1- d e t e c t o r s . Actual 

measurements are hindered by same d i f f i c u l t i e s ,  such as e f f e c t s  

o f  the c o r r o s i v e  e l e c t r o l y t e  or o f  the high temperature.  To 

meet t h i s  d i f f i c u l t i e s ,  the measuring probe is  p ro te c ted  

against  the a g r e s s i v e  melt and i t  is coo led  or i s o l a t e d .  

Severa l  methods are developed to  s o l v e  these problems.  /8/

A th r e e - a x i s  H a l l -p robe  s e t ,  one probe f o r  each 

c o - o r d in a t e ,  is  inse r ted  into  a tube.  The s e t  is  coo led  with 

h igh-pressured a i r .  Three non - fe r rom agn e t i c , s t a in l e s s  s t e e l  

p ipes are put into  one another and the pressured a i r  passes 

through them. Temperature o f  the probe should be Kept under a 

l im i t  during measurement ( F igure  3 1 . ) .

The e f f e c t  o f  high temperature may a lso  be e l im inated  by 

the i s o l a t i o n  o f  the probe.  F i r s t ,  a long g raph i t e  c ru c ib l e  is 

put in the molten aluminium. I t s  stand is f i x e d  on the cathode 

s h e l l .  The c ru c ib l e  Keeps the melt away from the probe.  The 

probe is covered by a changeable heat insu la to r  made o f  a 

cheramic m a t e r i a l .  The measuring per iod  should not taKe more 

than 10 - 15 seconds. During t h i s  short  time the temperature o f  

the probe u i l l  not grow over the temperature l i m i t .  Another 

important parameter is the angle o f  the probe;  t h i s ,  as we l l  as 

the temperature ,  has to  be checKed r e g u l a r l y .  The arrangement 

o f  the dev ic e  is shoun on F igure  32. R ea l -p lan t  measurements

are g i v e  in Ch.7
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r i ¿ur « 1 i .

HALL-PROBE, COOLED WITH PRESSURED AIR
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Figure 32.
THERMO-INSULATED HALL-PROBE
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3.5  C a lcu la t ion  and Modeling 

General aim o f  modeling

Severa l  computer programs have been developed to  c a l c u la t e  

p o t e n t ia l  f i e l d s ,  current  d i s t r i b u t i o n s  and magnetic f i e l d s  o f  

the aluminium e l e c t r o l y s i s  c e l l s .  These programs usua l ly  be long 

to a la rge  system which model the c e l l  in a complex way 

including *hydrodinamic" and thermal e f f e c t s .

C a lcu la t ion  o f  p o t e n t i a l  d i s t r i b u t i o n

In the f o l l o w in g  par ts  o f  t h i s  s e c t i o n ,  some examples are 

g iven  demonstrating p o s s ib l e  a p p l i c a t i o n s  o f  the th eo ry .  The 

computer model r e f e r r e d  below was t e s t e d  on a Soederbrg c e l l ,  

but i t  is a l s o  su i ta b le  f o r  c a l c u la t i o n  o f  prebaKed anode 

c e l l s .  / 3 /

For the c a l c u la t i o n  o f  p o t e n t i a l  d i s t r i b u t i o n ,  the 

f o l l o w in g  two-dimensional Lap lace  equat ion has to be s o l v e d :

where

: temperature dependent c o n d u c t i v i t y  o f  carbon 

f  : the e l e c t r i c a l  p o t e n t i a l

The temperature d i s t r i b u t i o n  o f  the c e l l  was determined 

expe r im en ta l1y . Cathode bars were considered  e q u ip o t en t ia l  at 

each cross  s e c t i o n .  P o t e n t i a l  drops along cathode bars were 

ca lcu la ted  with a th ree  dimensional  program. The r e s i s t i v e  

contact  layers  between the carbon and cathode bars and between 

the cathode b locks were a lso  cons idered .

The sur face  laye r  between the con tac t  la ye r  and the carbon was

descr ibed with the boundary c on d i t ion  :
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y .  d j P

an ( 3 . 5 )

where

n ! the normal to the boundary

conduct i v i t y o f the contac t  laye r

<fc : conduct iv  i t y o f the carbon

For the s id ew a l l s  o f  the cathode and f o r  the f ro z en  bath 

s u r fa c e ,  the boundary con d i t ions  are :

È L  =o
ô n  ( 3 . 6 )

P o t e n t i a l  d i s t r i b u t i o n  is ca lcu la ted  uith  the f i n i t e  

d i f f e r e n c e  method. The f i n i t e  d i f f e r e n c e  equat ions were so lved  

by Gaussian e l im in a t i o n ,  using d i r e c t  access backing s to ra g e .  

F igure 33. shows three  cathodic  b locks with a f r e e z e  above the 

one, on the r i g h t ,  at 900 C.

F igure  33.

EQUI POTENT I AL. LlhES I IN THE CATHODE AT 900 C

/ K o l t a i ,3/
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On F igure  3 4 . ,  the same blocKs arc shown at another 

c r o s s - s e c t i o n  at  700 C. The e f f e c t  o f  the con tac t  layer  

between r e s p e c t i v e  cathode bars and carbon blocKs is 

s ign i f  i c a n t .

F igure  34.

EQUIPOTENTIAL LINES IN THE CATHODE AT 700 C

/ K o l t a i ,9/

For c a l c u la t i o n s  o f  anodic cu r r en t s ,  the three-d imens ional  

Laplace equat ion has to  be so loed  :

f t - ( ' i i ) + £  <f

So lut ion  o f  th i s  equat ion was obta ined with f i n i t e  d i f f e r e n c e  

method on a non-uniform g r i d .  The f i n i t e  d i f f e r e n c e  equat ions 

uere so lved  i t e r a t i v e l y  by the s t r on g ly  im p l i c i t  procedure. 

The c o n d u c t i v i t y  o f  the anodic bars was assumed to be o f  a 

f i n i t e  va lue so the p o t e n t i a l  d i s t r i b u t i o n  o f  the anodic bars 

was a lso  determined.  On the bottom o f  the anode, constant 

current dens i ty  was assumed. This assumption was necessary 

because the an a lys is  was r e s t r i c t e d  to  the anode on ly ,  

exc lud ing the e l e c t r o l y t e  r e g io n .  This is a good approximation
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because o f  the high r e s i s t i v i t y  o f  the e l e c t r o l y t e .  /10,11/

P o t e n t i a l  d i s t r i b u t i o n  o-f a Soederberg c e l l  in a v e r t i c a l  

c r o s s - s e c t i o n  is shoun on F igure  33.

2 4-0.4 V 19 "f 0 V

Figure  33.

EQUIPOTENTIAL LINES IN A SOEDERBERG ANODE 

/ K o l t a i ,9/

Ana lys is  uas c a r r i ed  out in the conduct ive  part  o f  the anode. 

Through a s e r i e s  o f  ana lyses ,  an equ iva len t  c i r c u i t  o f  th is  

reg ion  uas determined. Then th i s  c i r c u i t  uas completed with the 

r es is ta n ces  o f  the bars in the non-conductive part  o f  the anode 

and the e - t e rn a l  bus system. The p o t e n t ia l  d i s t r i b u t i o n  on the 

bottom o f  the anode is shoun on Figure 36. Apparen t ly ,  the 

bottom o f  the anode is fa r  from being a q u i p o t e n t i a l .
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F laure 36.

EQUIPOTENTlftL LINE'S ON THE BOTTOM OF ft bOF.OERBE.RG ANODE

/Ко 11» i ,3>"
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4. SAFETY' INSTRUCTIONS

Measurements descr ibed  in t h i s  Par t  are dangerous by 

nature;  the dangers invo lve  e l e c t r i c  shocks , - f ire  or other 

hazards. Sa fe ty  r u l e s ,  in s t ru c t i o n s  and p re v en t i v e  measures 

must be imposed to  prevent a c c id en ts .  Observing these measures 

is o b l i g a t o r y .  The measures descr ibed  here are o f  a general  

nature.  D i f f e r e n c e s  betueen actual  lab o ra to ry  and potroom 

cond i t ions  render i t  inavo idab le  to  c a r e f u l l y  study and abide 

by l o ca l  s a f e t y  p recaut ions .

General ru les

1. Nobody can uorK alone in a la b o ra to ry  u i th  e l e c t r i c  d e v i c e s .

2. Personnel assigned to labo ra to ry  or p lant  measurements must 

be f a m i l i a r  u i th  a l l  the p e c u l i a r i t i e s  o f  the uorK invo lved .

3. A l l  personnel must be f a m i l i a r  u i th  the p laces  and the use 

o f  e l e c t r i c  d is con n ec to rs ,  f i r e  alarms and f i r e  ex t inqu ishers  

and other alarm d e v i c e s .  In case o f  an emergency, everybody 

must act u i th  the necessary competence.

4. A l l  personnel must Know when and hou to  use t h e i r  p r o t e c t i v e  

g e a r .

5. A f i r s t - a i d  o u t f i t ,  complete u i th  a l l  t o o l s  and m ater ia ls  

necessary f o r  f i r s t  a i d ,  must always be Kept a ue11 - ind icated  

P1 a c e .

G. In case o f  an in ju ry ,  the person must r e c e i v e  immediate 

f i r s t  aid according to the nature o f  h is  in ju ry .  A f t e r  apply ing  

f i r s t  a id ,  a doctor  must be con tac ted .

E l e c t r i c  measurements

Voltages  in the potroom may be extremely  h igh .  Use true 

ga lvan ic  i s o l a t i o n  elements to decouple these p o t e n t i a l s  from

t h e  s t a n d a r d  m e a s u r i n g  d e v i c e s
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For l i f e  p r o t e c t i o n ,  the use o f  i s o l a t in g  t rans form ators  is 

p r e f e r a b l e  to  ear th ing .Use  b a t t e r i e s  f o r  power supply in the 

potroom whenever i t  is p o s s ib l e .

Cables should be as short  as p o s s ib l e .  Use cab les  u i th  

strenghtened mechanical c o ve r in g  ar.d with strenghtened e l e c t r i c  

i s o l a t  ion.

Do u ith  a l l  care when ca r ry in g  long w ires  or conducting 

bars along the c e l l s  to  avoid  sh o r t - cu ts  betueen c e l l s  o f  

d i f f e r e n t  s e r i e s .

ftluays be prepared f o r  the appearance o f  e l e c t r i c  sparKs. 

Never pan ic .

F i r e  p ro t e c t io n

I t  is compulsory to use fa ce -gua rd ,  s a f e t y  g o g g l e s ,

in d us tr ia l  g lo v es  and laced  boots  when measurements r eq u i r e  

contacts  with the melt .  Handle hot measuring probes and 

c ru c ib l e s  u i th  g rea t  c a re .  Splashing e l e c t r o l y t e  can cause 

dangerous i n ju r i e s .

In case o f  f i r e s ,  alarm the F i r e  Brigade and s t a r t  to  

ex t inqu ish  the f i r e  immediate ly .  Burning chemicals  must be 

ext ingu ished  u i th  substances accord ing  to th e i r  na ture .  Use 

ca rbo n -d iox id e ,  dry chemical or gas ex t in g u ish e rs .  Neuer use 

ex t in gu ish e rs  on a burning man. UJrap him t i g h t l y  into a 

b l a n x e t .

F i r e s  o f  e l e c t r i c  o r i g i n  can only be ext ingu ished  a f t e r

cu t t in g  o f f  the curren t .
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5 . E L E C TR IC A L  hEASUREhENTS

5 . 1 Measur«m»nts on the Cathode

5.1.1  Current d i s t r i b u t i o n  in the bus bar 

Pr ine ip 1 es

One one hand, the l i n e  in t e g r a l  o f  the magnetic f i e l d  f o r c e  

along a c losed  curve is p ro p o r t ion a l  to  the current  passing 

through the sur face  bounded by the curve .  On the o ther  hand, 

the v o l t a g e  induced in a w ire  uhich is bounded around a current  

ca r ry ing  bar is p ropor t ion a l  to  the a l t e r a t i o n  o f  the cu r ren t .

A m ult i - tu rn  c o i l ,  c a l l e d  RogousKy c o i l ,  is used f o r  actual  

measurements. This c l o s e d ,  u i th  a f a s t  movement, around the 

current  ca r ry ing  pa r t .  To e l im in a te  the in f luence  o f  c l o s in g  

speed, in t e g ra l  va lue o f  the v o l t a g e  pulse generated in the 

c o i l  is d isp la yed .

Instrument 

Range

Diameter o f  conductor

Accuracy

h'sin s i z e s

UJe ight

Pcuer supply 

Personnel

: Rogarne t e r

0.1 -10 KA

max. 20 mm

♦/- SX

260 x 200 x 80 mm 

4 Kp

four R14 b a t t e r i e s  

tuo t e c h n i c i a n ,  sp ec ia l  t r a in in g  

i s n ' t  requ ired

Procedure,  eva lua t ion

Close the frame around the bar ;  current  f l o u in g  through the 

bar can be read immediate ly .  Log the measured va lues  and the

curr ent l e v e l s  c a r e f u l l y



-7 e -

These measurements g i v e  use fu l  in formation in case o f  a 

c e l l  s ta r t -u p  as u e l l  as during normal o p e ra t i o n .  Evaluate  the 

current  d i s t r i b u t i o n  as funct ion  o f  the c e l l  l i f e .

F i g u r e  3 7 . 

ROGAMETER

E * a rnp le

C». f f  e n t  d i s t r  i b u t  i on 

d e mo r. s t. r a t e d o n F i g u r e

i n t h e  c a t h o d e  of  

38 . Me a s u r e m e n t s

S o e d e r b e g  c e l l  i s  

u e r e  done ir> a

p r e h e a t i n g  p e r i o d  o f  a c e l l
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Figure  38.

CATHODE CURRENT DISTRIBUTION*
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5 .1 .5  Vo l tage  Losses in Cathode Bars 

Pr inc ip les

Tota l  cathode v o l t a g e  drop is r e g u la r l y  measured during 

normal opera t ion  o f  a c e l l . B u t ,  i t  is d i f f i c u l t  to  determine 

i t s  components. Losses in the bars are examined here .

A pos ib l e  method is to  use s p e c i a l ! y d r i l l e d  bar . Ulith the

aid  o f  a smal 1 probe,  v o l t a g e drop along the bar can be

scanned. Scheme o f  a d r i l l e d  bar is sho un on F igure 39. Th is

bar have to be b u i l t into the cathode in advance. In p r a c t i c e .

seve ra l dr i l i e d bars are used •for scanning the uhole cathode o f

the t e s t ce 11 . D i f f e r ent P 1 ac es and l e v e l s can be mapped.

Addd i t iona l  temperature measurements can be done in the ho les .  

Results o-f a d e t a i l e d  examination are e s s e n t i a l  f o r  eva lua t ing  

both the const ruct ion  and the o p e ra t i o n .  V e r i f i c a t i o n  o f  

computer models need th i s  Kind o f  da ta ,  t o o .

F igure  39. SCHEME OF DRILLED CATHODE BAR

• 
25
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Some mechanical problems may a r i s e  uhen d r i l l i n g  the bars .  

The geom etr ica l  de formation o f  the ho les  during operat ion  have 

to  be taken into account.

Instruments : small measuring probes 

mV meters 

thermo couples 

Personnel : tuo techn ic ian

Procedure ,  eva lua t ion

Measurements in the narrow ho les  have to  be done with g rea t  

ca re .  Scan the v o l t a g  drop o f  a bar uith  the probe.  ChecK the 

i s o l a t i o n  o f  the p robe 's  stem and the proper contact  betueen 

the probe and the bar . Log the actual  l i n e  current  values 

r e g u l a r l y ,  A d e t a i l e d ,  long- term  examination which covers the 

whole l i f e  o f  the c e l l  needs p e r f e c t  data p ro cess ing .

Evaluate  the v o l t a g e  loss  d i s t r i b u t i o n  f i r s t  ins ide  one bar 

then betueen the bars .  Analyse the v o l t a g e  losses  as function.- 

o f  the c e l l  l i f e .

Example

Vo l tage  drop and temperature d i s t r i b u t i o n  in tuo cathode 

bars are demonstrated on F igure  40. One bar was b u i l t  in the 

middle and the other at the s ide  o f  the cathode bottom. 

Measurements uere done in the e a r l y  l i f e  o f  the c e l l .



-8 0 -

F igure  40.

VOLTAGE AMD TEMPERATURE MEASUREMENTS IN A DRILLED BAR
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5.2 Measurements on the Anode

5.2 .1  Current d i s t r i b u t i o n  between anode stubs 

Pr ine ip 1es

Current d i s t r i b u t i o n  has a g rea t  importance using both 

types o f  anode. The actual  d i s t r i b u t i o n  c h a r a c t e r i z e  the 

arrangement and the l e v e l  o f  stubs or b locKs.

P r i n c i p l e  o f  the measurement is  s im i l a r  to  the one 

mentioned at cathode current  d i s t r i b u t i o n ,  in Sec t ion  5 .1 .1 .

Instrument : Rogameter

Personnel : two e l e c t r i c i a n

Procedure ,  eva lua t ion

Close the frame around the s e l e c t ed stub and read the

d isp 1 ayed r e s u l t s . Analyse the probab i 1 i ty charac te r  i s t  ics o f

the anode current d i s t r  ibu t ion regard ing i t s dépendance of

t e ch n o log ic a l  in t e r a c t i o n .

Examp 1 e

Current d i s t r i b u t i o n  o f  a prebaKed c e l l is g iven in Table

7. I t  was measured in a normal opera t ion  per iod o f  a prebaKed

c e l l
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No. o-f b locks Current 

KA V.

S t d . deu ia t  ion 

KA

1 1.02 1. 18 0.05

2 7.23 8.34 0.41

3 8.  14 9.39 0.32

4 7.43 8.59 0.28

5 S . 71 11.2 0.82

6 6.65 7.67 0.27

7 6.44 7.43 0.26

8 4.78 5.52 0.44

9 6.48 7.48 0.31

10 6.11 7.05 0.24

11 5.42 6.25 0.27

12 6.27 7.23 0.30

13 5.72 6.60 0.23

14 5.24 6.04 0.23

Table 7.

CURRENT DISTRIBUTION BETWEEN PREBAKED ANODE BLOCKS
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5 .2 .2  Measurement o f  Anode Movement 

Pr inc ip 1 es

Anode adjustments  are  r e g u la r  e v en ts  in c e l l  o p e r a t i o n ,  

•'here are many cases  when the anode is  moved. Alumina content  

o f  the molten bath changes with time and the changing c e l l  

r e s i s t a n c e  is  compensated by r i s i n g  or  low er ing  the anode. This 

is a f r equ en t  c o n t r o l  a c t i o n  made by manually or  a u t o m a t i c a l l y .  

Anode have to  be moved during metal tapp ing  and the d i f f e r e n c e  

between anode consumption and metal p roduc t ion  a l s o  needs anode 

ad jus tm ent .

These anode adjustments need f a i r l y  d i f f e r e n t  measuring 

methods. Adjustments f o r  r e s i s t a n c e  c o n t r o l  are  mainly 

es t imated  from the o p e ra t ion  time o f  anode motors or from the 

appearing v o l t a g e  change. I n t e g r a t in g  the turns o f  anode motors 

with a s p e c i a l  d e v i c e ,  the metal tapp ings  and the lon g - t e rm  

a l t e r a t i o n s  can be checked.  Sometimes, manual measurement are 

n e c e s sa ry .

Long-term r e s u l t  o f  anode adjustments  is examined he re .  

Instrument ! s tan d-a lone  anode movement m ete r ,

measures and s t o r e s  the number o f  up and down 

orde rs  as w e l l  as the summarised up and down 

movements s e p a ra t e l y

Personnel ; on ly  f o r  read s to r ed  data  once a week

Procedure ,  e v a lu a t i o n

A f t e r  assem b l ing ,  the instrument ope ra tes  in s tand-a lone  

mode. Superv ise  i t  and read data  w eek ly .  I t  is advantageous to  

use t h i s  measurement when a new f e ed in d  r o u t in e  or new anode 

m a te r ia l s  are  in t roduced .

Eva luate  the movements between the t a p p in g s .  Analyse the 

c o r r e l a t i o n  between the amount o f  tappeo metal and the anode 

movement. Est imate  the thermal s t a t e  o f  the c e l l .
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Examp1 2

F igu re  41. shows the anode movement o-f a Soederberg  c e l l  

■for a month. I t  was r eco rded  in the normal s t a t e  o-f a

Soederberg  c e l l .  Tappings C......... ) and anode s l i p p i n g  C--------- )

are  g iven . -rS

e

8 ? l
I  ft •  g  ft e

e _  e

5 a S
CM

>»

o

F tgur e 41 LONG-TERM ANODE MOVEf-EMT

-1
00



- 85 -

5 .3  T a s t in g  o f  Currant C arry ing  Elamants

5 .3 .1  T a s t in g  Pastas  and Mixes

P r i n c i p l e s

Tha a l a c t r i c  p r o p a r t i a s  o f  pas tas  and mixas change 

s i g n i f i c a n t l y  dur ing baK ing . Tha t a s t  methods should cove r  the 

whole p rocess  o f  oaKing.  Tha d e te rm ina t ion  o f  r e s i s t a n c e  is 

based or  tha uall-Known v o l t a g e  and currant  measurements. 

A s p e c i a l  r e s i s t a n c e  mater arrangement is  necessary  t o  t a s t  the 

p as ta s .  The instrument c o n ta in s  a c y l i n d e r  u ich  r em ovab le ,  

p lu n ge r -1 iK e  con tac ts  f o r  cu r ran t  connec t ions  at  both ends and 

w ' th  p ins  f o r  v o l t a g e  drop measurements. The c y l i n d e r  is  p laced  

into  a th erm o-regu la ted  fu r n a c e .  U i th  t h i s  instrument ,  both the 

r e s i s t a n c e  a l t e r a t i o n  during baKing and the r e s i s t a n c e  o f  the 

baKed pas te  can be de term ined .

Instrument : s p e c i a l  r e s i s t a n c e  meter a rrangement , 

see F igure  42. 

th erm o-regu la ted  furnace  

s t a b i l i s e d  power supply  

ampermetei

h igh-accuracy  v o l tm e t e r  

Personnel  : one t e c h n ic ia n

P ro ced u re ,  e v a lu a t i o n

Put a paste  or mix sample in to  the t e s t  c y l i n d e r .  PrebaKe 

the sample as necessa ry .  P la c e  i t  in to  the measuring d e v i c e  and 

f i x  the cu r ren t  c o n tac ts  on the p lungers  and tne v o l t a g e  

c o n ta c t s  on the p ins .

Heat up the furnace a cco rd ing  to  the e x i s t i n g  baKing 

p r o f i l e .  Measure and log  the cu r ren t  and v o l t a g e  d a ta .
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Prepare  and compare tha r e s i s t a n c e  v s .  temperature  diagrams 

o f  the d i f f e r e n t  pas tes  and mixes .

F igu re  42.

RESISTANCE METER FOR PASTES

Example

Table  7. demonstrates the measured s p e c i f i c  r e s i t a n c e  

va lues  meanwhile burning f o r  a ramming mix. On Table  8 . ,  the 

measured data f o r  a cathode blocK sample can be seen.
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T<C> T (C )

150 25000 635 366

200 18750 710 382

250 11860 820 6S

350 5510 930 47

43<5 3270 1010 41

500 2610 a f t e r baK i n g :

550 1560 20 59

Table B/A

SPECIFIC RESISTANCE VS. TEMPERATURE DATA FOR

A RAWINGi MIX

T< C> T<C>

20 69.7 610 58.3

215 64.0 710 56.7

310 62.8 810 55.6

<>50 60.2 910 54.7

525 59. 1 1000 54.2

Table 8/B

SPECIFIC RESISTANCE VS. TEMPERATURE DATA FOR

A CATHODE BLOCK SAMPLE
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5 .3 .2  T es t  o f  Cathode Bar F i x in g  

Pr inc i p l e s

The q u a l i t y  o f  cathode bar f i x i n g  i s  c h a r a c t e r i s e d  by the 

v o l t a g e  drop or the  r e s i s t a n c e  between the cathode b lock  and 

the s t e e l  ba r .

When d e v e lo p in g  а пен f i x i n g  p ro cedu re ,  a neu ramming mix 

or  a m od i f i ed  bar g eom etry ,  i t  i s  advantageous to  t e s t  them in 

advance. The neu development can be t e s t e d  by the  a s s i s ta n c e  o f  

a small model.  Th is  should r ep r e sen t  the r e a l  arrangement as 

w e l l  as p o s s i b l e .  F igu re  43.

hous a segment o f  a cathode b lock  model.  The measuring p ins  are 

marked.

The standard f i x i n g  procedure  should be f o l l o w e d  by 

r e g u la r  r e s i s t a n c e  measurements. The f a u l t y  b locks  can be 

s e l e c t e d ,  th a t  i s ,  the cathode l i f e  may be ex tended .

A neu cathode b lock  f i x i n g  is  t e s t e d  b e lou .

Figure  43. TESTING OF CATHODE BAR FIXING
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Instruments imicro-ohm meter

s t a b i l i s e d  power supply  

eraperineter

h igh-accuracy  v o l tm e te r  

th erm o-regu la ted  furnace 

Personnel : one t e ch n ic ia n

P rocedu re ,  e v a lu a t i o n

Prepare  an adequate rr-del o f  the examined cathode f i x i n g .  

ChecK the r e s i t a n c e  at  s e l e c t e d  p o in ts  dur ing  assem bl ing .

Put the model in to  the furnace  and baKe i t  accord ing  to  t ’ ie 

c e l l  s t a r t  up procedure .  Measure the  r e s i s t a n c e  c on t in u o u s ly .

The ac tua l  cathode blocK should be s i m i l a r  t o  the one under 

o p e r a t i o n .  T es t  i t  aga in .

Drau a diagram r e p r e s e n t in g  the r e l a t i o n  between 

temperature and r e s i s t a n c e .  Compare the c h a r a c t e r i s t i c r  o f  

d i f f e r e n t  f i x i n g  arrangements.

Example

• Table  9. demonstrates the measured r e s i t a n c e  va lues  f o r  

d i f f e r e n t  f i x i n g  methods.

F ix in g  R es is ta n ce

500 C 700 C 900 C

Ramming mix < 15 mm gap ) 14.2 16.5 13.0

Ramming mix < 5 mm gap ) 11.0 13.5 17.5

Cast iron < 10 mm 3»P > 3 .2 7.3 11.3

Table  9.

RESISTANCE OATA OF 'j IFFEPZNT FIXING METHODS
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5 .3 .3  Eddy Current Based Measurements 

Pr inc i p l e s

The s p e c i f i c  r e s i s t a n c e  o f  anode or  cathode b locKs can be 

checKed us ing  small  samples taKen from the  b locK s .  I t  is 

p r e f e r a b l e  t o  use qu icK ,  n o n - d e t e r i o r a t i n g  methods in 

i n d u s t r i a l  p r a c t i c e .

A d e v i t e  c a l l e d  C arbo tes t  has been d eve loped  f o r  t h i s  

purpose.  I t s  o p e ra t i o n  i s  based on the  eddy cu r ren t  phenomenon. 

A c o n ta c t  measuring c o i l ,  e x i t e d  by a . c . ,  i s  p laced  on the 

carbon s u r f a c e .  The magnetic  f i e l d  o f  the  c o i l  g en e ra tes  eddy 

cu r ren ts  in the carbon;  the  l e t t e r s  change the o r i g i n a l  

e l e c t r i c  p r o p e r t i e s  o f  the  c o i l  a cco rd ing  to  the  carbon 

p r o p e r t i e s .  T h is  d e v i c e  p ro v id e s  quicK and r e l i a b l e  checKlng o f  

na tura l  and s y n t h e t i c  carbonaceous m a t e r i a l s .

Figure 44. CARBOTEST



Instrument :C a r b o t e s t ,  see F igure  44.
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Range : 13-120

Accuracy : 3V.

Main s i z e s : 260 x 200 x 80 nrn

Ule ight : 2 Kp

Pouer supply : f o u r  R14 b a t t e r i e s

Personnel  : one t e ch n ic ia n  

P ro cedu re ,  e va lu a t io n

Put the measuring c o i l  onto  the  su r fa ce  o f  the  carbon 

b locK .  Reed and log  the  d i s p la y e d  v a lu e s .

Scan the uhole su r fa ce  and e v a lu a t e  the  homogenity  o f  the 

b locK in the d i r e c t i o n  o f  v a r io u s  a x es .

S e l e c t  and 

c e l l .

group the b locks  o f  s im i l a r  p r o p e r t i e s  f o r  one

Examp 1e

Table  10. demonstrates the measured r e s i t a n c e  v a lu es  f o r  

cathode b locks  o f  d i f f e r e n t  o r i g i n .

Types S p e c i f i c  r e s i s t a n c e

I . 45 .5

11. 77.4

I l l , . 73.1

IV.

(U•

(0n

V. 46.8

V I . 86.8

V I I , 52.3

Tab le  10.

SPECIFIC RESISTANCE OF DIFFERENT CATHODE BLOCKS
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5 .4  Measurements in the  Molten Bath

5 .4 .1  Metal Surface  O i s t o r s i o n  

Pr inc i p l e s

In case o f  uncompensated magnetic - forces ,  the su r fa c e  o f  

the  molten metal g e t s  d i s t o r t e d .  S t a t i c  d i r t o r s i o n  or i n t e n s i v e  

metal waving may appear.

With the a id  o f  a measuring p robe ,  the v o l t a g e  drop between 

the molten metal and the e l e c t r o l y t e  can be d e t e c t e d .  The metal 

su r fa ce  around the anode as w e l l  as the waving at  a c e r t a in  

p o in t  can be scanned.  The proper  d e t e c t i o n  needs n o n -c o r r o s i v e  

measuring p in s .  Measuring between the probe and an e l e c t r o d e  

put in to  t^ e  molten metal seems to  be r e l i a b l e .  The angle  and 

the l e v e l  o f  the probe should be measured p r e c i s e l y ;  a s p e c i a l  

stand was deve loped  * o r  t h i s  purpose.

Instrument : measuring and r e f e r e n c e  probes w ith  

wolfram pin

stand f o r  r e l i a b l e  l e v e l  de te rm ina t ion  

v o 1tmeter  

analog r e c o rd e r

Personnel : th ree  t e c h n ic ia n s  

Procedure ,  e v a lu a t i o n

Prepare  the measuring p la ces  and determine the r e f e r e n c e  

l e v e l .  Put the r e f e r e n c e  and the measuring probe in to  the 

mo 1 ten m e t a l .

R ise  the measuring probe s l o w ly  and measure the v o l t a g e  

between the probes c on t in u o u s ly .  Read and log  the l e v e l  and the 

angle  data  when any time a sharp jump appears in the v o l t a g e .

Map the su r face  d i s t o r t i o n  around the anode. ChecK the
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amplitude o-f the uav ins a t  s e v e r a l  randomly s e l e c t e d  p o in ts  and 

at the c o rn e rs .

Ex amp 1e

F fgure  45. demonstrates the  measured su r fa c e  d i s t o r s i o n  in 

a Soederberg c e l l .

F igu re  45.

STATIC SURFACE DISTORSION
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5 . 4 . S Alumina Concentra t ion  

Pr inc i p l e s

..e i l u m i '  * con ten t  o f  the e l e c t r o l y t e  is  one o f  the  most 

important parameters o f  the p ro c es s .  I t  is u s u a l l y  determined 

by l a b o ra to ry  a n a l y s i s .  On-the-spot  t e s t  o f  alumina 

con cen trâ t  ion may o f t e n  be n ecessa ry .

C u r r e n t - v o l t a g e  r e l a t i o n s  o f  the g ra p h i t e  and the molten 

e l e c t r o l y t e  p ro v id e  the b as is  t o  t h i s .  The c r i t i c a l  cu r ren t  

d en s i ty  depends on the alumina c o n c e n t r a i t  ion ; the l a t t e r  is  

p ro p o r t i o n a l  to  the maximum cu r r e n t .  Based on t h i s  phenomenon, 

a d e v i c e  c a l l e d  A luminatest  has been deve loped  f o r  r e a l - p l a n t  

measurements.

V o l t a g e  r i s i n g  s t e p -b y - s t e p  is led through the mear - ing 

probe immersed into  the e l e c t r o l y t e .  Current da ta  are d e t e c t ed  

and s t o r e d ,  and an e l e c t r o n i c  dev ic e  c a l c u l a t e s  the alumina 

concen trâ t  ion from the maximum c u r ren t .

Instrument : A luminatest  with measuring p r o b e s , see F igu re  46. 

b a t t e r  ies

Personnel  : tuo te chn ic ia n s

Procedure ,  e v a lu a t i o n

Break the c ru s t  and prepare the measuring s p o t .  Put the 

probe in to  the e l e c t r o l y t e  and wa i t  u n t i l  i t  uarms up.

S ta r t  the program then read and lo g  the d i s p la y e d  v a lu e s .  

Detect  the changing o f  alumina con cen t ra t ion  in connec t ion  with 

the f e ed in g  rout  in.

Remove the probe from the melt and c lean  i t .  Repeat the 

steps  at  an o the r  c e l l .
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F igu re  46. J

ALUMINftTEST ftND THE MEASURING PROBES

Example

Alumina c on cen t râ t  ion shown on F igura  2 .  uas measured by

A lu i r in o to s t .
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5 .5  Contro l  o f  Operat ion  C ond i t ions

5 .5 .1  Anode E f f e c t  P r o p e r t i e s  

Pr inc i p l e s

Anode e f f e c t s  are  r e g u la r  even ts  dur ing normal o p e r a t i o n .  

At a lou alumina co n cen t ra t i o n  o f  about tlV. , the  produced gases  

o f  i s o l a t i n g  p r o p e r t i e s  s t a r t  t o  cove r  the anode s u r fa c e .  The 

r e s u l t  is a sharp increase  in c e l l  v o l t a g e .

Prom a m e t a l l u r g i s t ' s  p o in t  o f  u i e v , the  r i s i n g  s l o p e  o f  

the c e l l  v o l t a g e  b e fo r e  anode e f f e c t  is  im portan t .  Another 

in fo rm at ion  about the process  is  the ch a ra c te r  o f  the c e l l  

v o l t a g e  dur ing  anode e f f e c t .

Based on a d esc - top  computer c o n t r o l l e d  data  a c q u i s i t i o n  

system, s e v e r a l  measurements can be made. C e l l  v o l t a g e  and l i n e  

current  data  can con t inuous ly  be measured and s t o r e d .  V o l t a g e ,  

current  and r e s i s t a n c e  fu n c t i o n s  can be d i s p l a y e d .  In case o f  

an anode e f f e c t ,  a neu measuring rout  in is  s t a r t e d .  A f t e r  

quenching the anode e f f e c t ,  the main d a ta ,  such as average  

v o l t a g e ,  t ype  and durat ion  o f  the e f f e c t ,  e t c ,  are  de term ined .

Instrument

Person re 1

desc - top  computer 

iso 1 at ing un i t  

mu 11 ip 1exer 

A/D con ve r t e r  

pr in ter  

P l o t t e r

one te ch n ic ia n

Procedure ,  e v a lu a t i o n  

Supposing th a t  the 

checKed and, moreover ,  

connected ,  th e re  is no

necessary  p

the ins tru  

need for  t r

rogr  a ms are

merits are  p

a ined s t a f f .

deve loped  and 

o p e r l y  i n t e r -  

User - f  r lend 1 y
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programs help the operator in his uorK. Events and re su l t s  are 

displayed and printed automatica l ly .

Examp 1e

F igu re  47. shous the r e s i s t a n c e  v s .  t ime fu n c t io n  o f  a c e l l  

uhen anode e f f e c t  s t a r t s .  The anode e f f e c t  dura t ion  can be seen 

on F igure  48.

F igure  47. ANODE EFFECT STARTING

F i g u r e  4S. ANODE EFFECT DURATION I
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5 .5 . 2  A n a ly s i s  o-f C a l l  N o ises  

Pr inc i p l e s

No ises  o f  the c e l l  v o l t a g e  o r  the c a l c u la t e d  r e s i s t a h c e  

bear in fo rm at ion  about the p ro cess  i t s e l f .  The graphs draun by 

analog r ec o rd e rs  are e x c e l l e n t  f o r  v i s u a l  a n a l y s i s .  

N e v e r t h e l e s s ,  th ere  is  need f o r  numeric e v a lu a t i o n .

N o ises  could  be c l a s s i f i e d  as waves,  f l u c t u a t i o n  and 

p u l s a t i o n .  These ,as shoun in S e c t i o n  1 . 4 . ,  in d i c a t e  the uaving 

m e l t ,  gas bubbles in the e l e c t r o l y t e  and the anode bottom 

cond i t  i o n s .

Based on a com puter -con tro l  l ed  -data  a c q u i s i t i o n  system, 

no ise  a n a l y s i s  can be per fo rm ea .  C e l l  v o l t a g e  and l i n e  curren t  

data  can con t inuous ly  be measured and s t o r e d .  The c a l c u la t e d  

va lues  a r e :  a v e ra g e ,  standard d e v i a t i o n ,  a u to -  and c ross

c o r r e l a t i o n  fu n c t i o n s ,  power d e n s i t y  fu n c t i o n s .  F ou r ie r  

a n a l y s i s  can be made, using DFFT a lg o r i th m s .

By the a s s is tan ce  o f  th ese  v a lu e s ,  f a s t  r e a l - t im e  

subrout ines  can be deve loped  and run on c e l l  c o n t r o l l e r s .  

Instrument : desc - top  computer

i s o l a t i n g  un i t  

mult ip l e x e r  

A/D co n ve r t e r  

pr in t e r  

p 1 o t t e r

Personnel  : one t e c h n ic ia n

Procedure ,  e va lu a t io n

As in Sec t ion  3 . 5 . 1 .

Ex amp 1e

F igu re  49. shows the c e l l  v o l t a g e  as a fu n c t i o n  o f  t im e ,  

the normal ised  power d en s i t y  fu n c t i o n  and the auto c o r r e l a t i o n  

fu n c t io n  f o r  a shaKy c e l l  with troublesome anode.
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6. IDENTIFICATION AND MODELING

I d e n t i f i c a t i o n  and model ing e r e  the most important p a r t s  o f  

a l l  p repa ra t ion s  f o r  p rocess  c o n t r o l .  I t s  importance maKes i t  

inavo idab le  t h a t ,  meanwhile s t i c k i n g  to  the  usual t h r e e -p a r t e d  

s t ru c tu r e  o f  " P r i n c i p l e s  - Experimenta l  -  Example*,  i t  be 

exp la ined  in more d e t a i l .

U n fo r t u n a t e l y , any r e a l  demonstrat ion  o f  computer models 

can on ly  be made on a computer.  N e u e r th e l e s s , the s t r u c tu r e  o f  

a r ea l  CAD system is g i v en  be low ;  the g en era l  subrout ines  are  

l i s t e d  and an ac tua l  model f o r  anode v o l t a g e  drop c a l c u l a t i o n s  

is d e t a i l e d .

6. 1 S t ruc tu re  o f  a CAD System

The Computer Aided Design is  an e f f e c t i v e  way o f  problem 

s o l v in g  in g e n e r a l .  I t  i n v o l v e s  a u n i f i e d ,  modular 1 ib ra ry  o f  

programs, f. g enera l  o r g a n i z a t i o n  o f  an i n t e r a c t i v e  program 

system is g i v e n  in F igure  50.

The s t r u c tu r e  c o n s i s t s  o f  two program packages;  the f i r s t  

con ta ins  the subrout ines  f o r  reduc ing  the model order  and the 

second t e s t s  the ob ta ined  approx im at ions .

The l in k  between the user  s p e c i f i c a t i o n s  and the va r ious  

se ts  o f  modules i ;  c a r r i e d  out by means o f  the Main program and 

the Choice r o u t i n .  In the Main program, the o r i g i n a l  model 

s t r u c tu r e ,  the approx imat ion  degree  and s p e c i f i c a t i o n s  f o r  the 

reduced model can be g i v e n .

The Reduction r o u t in e s  are f o l l o w e d  by S im ulat ion  ones .  The 

r e s u l t s  o f  the d i f f e r e n t  c a l c u l a t i o n s  s teps  can be D isp layed  

and P l o t t e d .  E va lua t in g  the r e s u l t s ,  the de:  ̂ igner  can modify  

the model and can cont inue  the p rocedure .

The s t r u c tu r e  o f  t h i s  system seems to  be a p p l i c a b l e  f o r  

i d e n t i f i c a t i o n ,  model ing and s im u la t ion  study in aluminium

e l e c t r o l y s i s  as w e l l .
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F ia u r t  30. A CftO PROGRAM PACKAGE / F o r tu n * , ! /
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6 .2  T yp ic a l  So f tware  Rout ines

There ar® program r o u t in e s  which are  g e n e r a l l y  used in 

computer a p p l i c a t i o n s .  These form a 1ib ra ry  and the user may 

s e l e c t  the  n ecessa ry  ones and 1 ink them. The subrout ines  may 

vary  accord ing  to  the actua l  computers ,  but t h e i r  cha rac te r  and 

task  are  s i m i l a r .

Program language

The programs are  usua l ly  w r i t t e n  on a h i g h - l e v e l  language;  

t h i s  he lps  understanding and m od i fy in g .  S p e c ia l  s im u la t ion  

languages ,  sometimes c a l l e d  s im u la t ion  p r o c e s s o r s ,  are 

d e v e l o p e d .

Demands

The whole  sys tem  should be u s e r - f r i e n d l y .  The 

problem s o lu t i o n  speeds up work,  supports  the cons 

con cen t ra te  on h is  task i t s e l f .  The subrout ines  

documented e x a c t l y ,  so tha t  e r r o r  d e t e c t in g  and 

development be easy .

i n t e r a c t  ive 

t r u c t o r  to 

should be 

cont inuous

Input and output

Input and output s e r v i c e  r o u t in e s  are the l in k s  between man 

and machine. U s e r ' s  s p e c i f i c a t i o n s  have to  be observed .  The 

output may have s e v e r a l  f o rm a ts .  Graphic d i s p la y  handl ing  and a 

p l o t t e r  are n ece s sa ry .

Data hand l i n g

Data hand l ing  should ,  as a r u l e ,  be the bes t  

cho ice  depends on the actual  o p e r a t in g  system, 

c r e a t i o n  o f  d a ta s e t s  are u su a l l y  supported by a 

amount o f  data may be d i f f e r e n t  w ith  each ta sks .

poss ib 

Check 

superv i 

S t i l l  ,

l e .  I ts

ing and 

s o r . The 

numer ic
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c a l c u l a t i o n s  r t q u i r e  l a r g e  o p e r a t in g  s t o r a g e  c a p a c i t y .  

P r e -p r o c e s s in g  r o u t in e s

P r e -p r o c e s s in g  r ou t in e s  in v o l v e  da ta  a c q u i s i t i o n ,  d i g i t a l  

■ f i l t e r s ,  harmonic a n a ly s i s  and s p e c t r a l  a n a l y s i s  < power 

spectrum, ampli tude spectrum, phase and ampl i tude  t ra t rans - fe r  

fu n c t i o n s ,  au to -  and cross  c o r r e l a t i o n  f u n c t i o n s ,  e t c .  )

Generat ion o f  s imu lated  data

This  in v o l v e s  fun c t ion  g e n e r a t i o n ,  in c lud in g  s i n e ,  p u ls e ,  

s t e p ,  ramp and h ighe r  d e g r e e s ,  and no ise  g e n e r a t i o n ,  inc lud ing  

uni form u h i te  no ise  and gaussian white  n o i s e .

An a lys is  o f  the model

The a n a l y s i s  r e q u i r e s  p o l e - z e r o  c a l c u l a t i o n ,  con ve rs ion  o f  

d i s c r e t e  model in to  continuous ones .  Bode and N yqu is t  r ou t in e s  

and parameter e s t im a t ion  a l g o r i th m s .

L i t e r a t u r e  s

1. L .F o r tu n a -A .G a l lo s

An I n t e r a c t i v e  Program PacKage f o r  L inear  System Reduction 

P r e e p r i n t s ,  V o l .  V I I I .  p p .135-189.

IPAC, 9th World Congress ,  Budapest 1984
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6 .3  Anode V o l t a g e  Drop Model

In t h i s  S ec t io n  an anode v o l t a g e  drop model -for v e r t i c a l  

stub Soederberg  c e l l s  is  p r e s en ted .  Th is  model is  based on a 

p h ys ica l  approx im at ion .  The f o l l o w i n g  groups o f  parameters a r e :

E l e c t r i c  and geom e tr i c  parameters

< i > anode cu r ren t  d e n s i t y

( i i ) e l e c r t r i c  p r o p e r t i e s  o f  the  baked pas te

< i i i ) c r o s s - s e c t i o n  o f  the anode stubs

< i v ) number o f  the stubs

( v ) d is tan ce  between stub and anode bottom

( v i ) number o f  stub l e v e l s

( v i i ) d i s t a n c e  between stub l e v e l s

( v i i i ) d i s t r i b u t i o n  o f  the stubs

Thermal p r o p e r t i e s

C i ) temperature  d i s t r i b u t i o n  in s id e  the anode

( i i ) p r o f i l e  o f  the iso therm ic  l a y e r s

< i i i > temperature  o f  the anode top

( iv > P la c e  o f  the 400 C isothermal l a y e r  ( b a k in g )

( V ) r a t i o  between the amount o f  heat  generated  in the anode 

and convec ted  from the melt

< v i ) h e a t - f l u x  in the anode

( V  i i ) thermal c o n d u c t i v i t i e s  o f  carbonaceous 

m a t e r i a l s  dur ing use

T ech n o log ica l  aspects  and co s t  f a c t o r s

( i ) q u a l i t y  o f  the raw m a te r ia l s

< i 1 > co s t  c f  a new s tu b ,  cos t  c f  renewal

( i i i ) c o s t  o f  stub p u l l i n g
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< iv > «mount o-f gases r e l e a s e d  f rom  the anode

< v > mechanizat ion c o n d i t i o n s

( v i )  s p e c i f i c  anode pas te  consumption

The anode v o l t a g e  drop d e s c r ib e s  the anode q u a l i t y ;  i t  is 

a.*- important element in e i i t h e r  v o l t a g e  ba lance  or thermal 

c a l c u l a t i o n s .  In the in d u s t r i a l  p r a c t i c e ,  i t  is  a measured 

da ta .  Uhat u i th  the  su r fa ce  o f  the  anode bottom be ing f a r  f rom 

e q u i p o t e n t i a l , s e v e r a l  measurements have t o  be made and t h e i r  

average  accepted  as anode v o l t a g e  drop .  I t  seems to  b«; use fu l  

to  c a l c u l a t e  the v o l t a g e  drop in o rde r  to  g e t  more p r e c i s e  

da ta .  The c a l c u la t i o n s  presen ted  be lou  are  used in r e a l  

examinât i o n s .

P re l im in a ry  assumptions

< i ) r a t e  o f  the cu r ren t  f l o u i n g  through a c e r t a in  stub

is a fu n c t io n  o f  the d i s t a n c e  between the bottom o f  

the stub and the 630 C isothermal  l a y e r

< i i ) the anode pas te  s t a r t s  t o  conduct a t  the

650 C isothermal la ye r

< i i i > the cur ren t  d i s t r i b u t i o n  around the stub can be 

mathemat ica l11y approached by an e 11 ip se -sh ape ; 

the l a t t e r  is determined by the leng th  o f  the stub 

in the conduct ing  la y e r  and by the rad ius  o f  the 

a rea  s u p p  1 ied

( i v )  the su r fa ce  o f  the supp l ied  area  is p ro p o r t i o n a l  to  

the cur ren t  pass ing  through the stub 

< v ) the r e a l  cu rren t  d i s t r i b u t i o n  accords to  the

geometr ic  arrangement
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C v i ) th e r e  is  on ly  v e r t i c a l  heat f l o u

< v i i ) the arrangement o f  the  stubs is  i d e a l , meets the 

temperature  d i s t r i b u t i o n  o f  the c e n t r a l  l i n e

( v i i i )  the amount o f  h e a t ,  conducted by a s tub ,  is independent

< ix )

o f  the ac tua l  cu r ren t  load

the anode v o l t a g e  drop is cons idered  as the r a t i o  o f  

the pouer lo s s  in s id e  the  anode and o f  the l i n e  cu r ren t

The sequence o f  c a l c u l a t i o n s

< i> thermal d i s t r i b u t i o n  in the  anode

< i i > pouer lo s s  ins ide  the  stub

< i i i ) pouer l o s s  in the co n ta c t  l a y e r  betueen 

s t e e l  and carbon

< i v ) pouer l o s s  in the carbon

< V 1 t o t a l  pouer loss

< v i > de te rm ina t ion  o f  the anode v o l t a g e  drop

Struc tu re  o f  the computer program

< i > input o f  g e o m e t r i c a l ,  thermal and s p e c i f i c  data

< i i > c a l c u l a t i o n  o f  the h e a t - f l u x  at  the anode top

f. i i i ) c a l c u l a t i o n  o f  the thermal  d i s t r i b u t i o n

< iv ) c a l c u l a t i o n  o f  the anode l e v e l

< V  > cu r ren t  load in the stubs o f  d i f f e r e n t  l e v e l s

< v i ) p o j e r  l o s s  in the anode

< V  i i ) v o l t a g e  drop in the anode

( V  i i i > checking the s p e c i f i c  pouer lo s s  in d i f f e r e n t  

stub l e v e l s

( ix ) p r i n t i n g  the r e s u l t s

< X ) s t a r t  o f  a neu c a l c u l a t i o n
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A p p l i r a t i o n  o '  the r e s u l t s

With the a id  o f  t h i s  m ode l , the  f o l l o w in g  ex texam in a t ions

can be made:

( i )  c a l c u l a t i o n  o f  the  anode v o l t a g e  lo s s  f o r  

any s t ru c tu r e

( i i )  checKing v o l t a g e  l o s s e s  f o r  a m od i f i ed  stub 

l e v e l  d i s t r i b u t i o n

< i i i )  c a l c u l a t e  the c u r r e n t - l o a d  a l t e r a t i o n  o f  the stubs 

between stub p u l l i n g s

<iv . '  c a l c u l a t e  the v o l t a g e  r i s e  a f t e r  a p u l l i n g  procedure

F igure  31. demonstrates  the  r e s u l t s  o f  a d e t a i l e d

c a l c u 1 at  ion
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F i 9 u r e 51. «NODE VOLTAGE DROP CALCULATIONS
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7 .  ELECTROMAGNETIC NEASUREhENTS AND C A L C U L A T I O N S

7 . 1  M a g n e t i c  I n d u c t i o n  M e a s u re m e n ts  in  t h e  № l t e n  B a t h

P r  i n c  i p l a s

In a l u m i n i u m  e l e c t r o l y s i s  c e l l s ,  t h e  h i g h  c u r r e n t  g e n e r a t e s  

a s t r o n g  m a g n e t i c  f i e l d .  When a H a l l - d e t e c t o r  i s  p u t  i n t o  t h e  

m a g n e t i c  f i e l d ,  t h e  v o l t a g e  a p p e a r i n g  be tw e e n  t h e  b o u n d a r y  

l a y e r s  i s  p r o p o r t i o n a l  t o  t h e  m a g n e t i c  f i e l d .

An I n s t r u m e n t  c o n t a i n i n g  a s e t  o f  H a l 1 - d e t e c t o r s  i s  

d e v e l o p e d .  T h e  t e m p e r a t u r e  o f  t h e  p r o b e  has t o  be K e p t  u n d e r  40 

C .  C o o l i n g  o r  e x c e l e n t  h e a t - i n s u l a t i o n  i s  n e c e s s a r y .  

N o n - f a r r o m a g n e t i c  s t a i n l e s s  s t e e l  c o v e r i n g  o r  g r a p h i t e  c r u c i b l e  

is  needed t o  e l i m i n a t e  t h e  e f f e c t  o f  t h e  c o r r o s i v e  m e l t .

I n s t r u m e n t  i t h r e e  a x i s  m a g n e t o m e t e r

H a l l - p r o b e  r o d

e l e c t r o n i c  a n g l e a m t e r

c h e r a m i c  t h e r m a l  I n s u l a t i n g  c y l i n d e r

g r a p h i t e  c r u c i b l e

s t e e l  s t a n d

P e r s o n n e l  > f o u r  p e r s o n s  a r e  n e c e s s a r y

P r o c e d u r e , e v a l u a t i o n

F i r s t ,  maKe h o l e s  in  t h e  c r u s t  whe re  m e a s u re m e nts  a r e  

p l a n n e d .  Ten p o i n t s  on e ac h l o n g  s i d e  and two p o i n t s  on each  

s h o r t  one a r e  u s u a l l y  m e a s u r e d .

Push t h e  g r a p h i t e  c r u c i b l e  i n t o  t h e  e l e c t r o l y t e /  t h e  b o t t o m  

o f  t h e  c r u c i b l e  s h o u l d  r e a c h  down t o  t h e  m e t a l  l a y e r .

F i x e  t h e  s t a n d  t o  t h e  r i m  o f  c a t h o d e  s h e l l ,  and f i x e  t h e  

h a f t  o f  t h e  g r a p h i t e  t u b e  t o  i t .  S l i p  t h e  H a l l - p r o b e  i n t o  t h e  

c h e r a m i c  t h e r m a l  i n s u l a t i n g  c y l i n d e r ,  and p u t  t he m i n t o t h e
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g r a p h i l t  c r u c i b l e .

Reed t h e  d i s p l a y e d  ’co m p o ne n ts o f  t h e  m a g n e t i c  f i e l d .  ChecK 

t h e  t e m p e r a t u r e  o f  t h e  H a l l - p r o b e  meanwhile* m e a s u r i n g  

r e g u l a r l y .

P u l l  o u t  t h e  c h e r a m i c  c y l i n d e r  w i t h  t h e  p r o b e  i n s i d e  f r o m  

t h e  c r u c i b l e  t h e n  t h e  p r o b e  f r o m  t h e  i s o l a t i n g  t u b e  and l e t  

th e m  c o o l .  S l i p  t h e  a n g l e m e t e r  r o d  in  t h e  g r a p h i t e  c r u c i b l e  and 

l o g  t h e  d i s p l a y e d  v a l u e .

P u l l  o u t  t h e  g r a p h i t e  c r u c i b l e  w i t h  a g r e a t  c a r e .  S t r o n g  

m e c h a n i c a l  e f f e c t s  may damage i t .

R e p e a t e  t h e s e  s t e p s  a t  t h e  marKed p o i n t s .

E v a l u a t e  t h e  r e s u l t s ,  c a l c u l a t e  t h e  s t a b i l i t y  o f  t h e  c e l l  

a c c o r d i n g  t o  S e c t i o n  7 . 4 .

Examp 1e

T a b l e  11. d e m o n s t r a t e s  d a t a  m e as u re d  in  a S o e d e r b e r g  c e l l .  

S e t  o f  H a l l - p r o b e s  was l o w e r e d  i n t o  t h e  m o l t e n  m e t a l .  The 

m e asu red  p o i n t s  a r e  o u t l i n e d .

1 2  3 4 5

12/a *!  ! 6 / a  ---------

i i

12/b * !  ! 6 / b -----------

--------------------.------------ I

11 10 9 6 7 !

!
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P l a c o Components < mT> 

BC x > B( y )  B< z >

1 - 3 . 8 4 . 0 1.1

2 - 4 . 0 4 . 3 2 .  1

3 - 2 .  1 3 . 8 - 0 . 3

4 - 0 . 3 5 . 6 - 1 . 3

3 1 .2 0) • (0 - 2 . 4

6/a 4 . 2 3 . 4 - 1 . 5

6/b 4 .  1 - 0 . 7 - 1 . 4

7 3 . 3 i (Л • - 0 . 7

8 1 .4

s•(01 - 4 . 1

9 0 . 7 - 6 . 1 - 3 . 5

10 - 2 . 9 - 4 . 7

0)•O’1

11 - 3 . 7 - 4 .  1 - 6 . 0

12/a ru • (0 - 1 . 1 1.1

12/b - 1 3 . 0 - 2 .  1 - 4 . 8

Т а Ы о  11.

IM JU C TIO N  COI*FOIÆNTS IN  ft SOEOERBERG CELL
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7 .2  Magnetic  Induct ion  M t « s u r «m n t s  in the  A i r  I .

Pr inc i p l e s

Magnetic  f i e l d  is  a l s o  s i g n i f i c a n t  in the  v i c i n i t y  o f  the 

c e l l .  Measuring p r i n c i p l e s  and the deve loped  instrument are  the 

same as f o r  measurements in the  m e l t .  There is  no need f o r  

s p e c i a l  p r o t e c t i o n .  C oo l ing  is  much more s im p le r  than i t  uas in 

the m e l t .

Instrument : th r e e  a x i s  magnetometer 

H a l l - p ro b e  rod

cheramic thermal  in s u la t i o n  c y l i n d e r s  

a u x i l i a r y  measuring rods 

Personnel  : th r e e  person are  necessury

Procedure e v a lu a t i o n

MarK the measuring p o in ts  around the c e l l  on the f l o o r .  

Prepare  the a u x i l a r y  measuring r od s .  F ixe  the H a l l -p ro b e  on the 

a u x i l i a r y  r od .  Stand i t  in to  the  proper  p o s i t i o n  at  a marKed 

p o in t .  Measure in the s e l e c t e d  l e v e l s .  Read and log  the 

d isp la yed  components o f  the indu c t ion .

Represent the r e s u l t s  in d i f f e r e n t  p r o j e c t i o n s .

Example

Some p a r ts  o f  a measurements are demonstrated on the 

f o l l o w in g  F i g u r e s .  Data r e f e r  t o  ground l e v e l .  F igu re  52. shows 

the induct ion v e c t o r  p r o j e c t e d  to  the x -y  p lane  and F igu re  53. 

shows the v e r t i c a l  component o f  the Induc t ion .
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F ig u r *  52.

IMJUCTION C0l«P0r>ENT5 AROUND A SOEDERBERG CELL 1.

Figura S3.

iraUCTION COMPONENTS AROUND A SOEDERBERG CELL I I .
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7 .3  Magnetic  Induction Measurements in the A i r  I I .

Pr inc ip l e s

P r i n c i p l e s  are  the same as in Sec t ion  7 .2 .  Magnetic  

measurements at  d i f f e r e n t  p la c e s  o f  the potroom, f a r  from the 

c e l l  are sometimes n oc es sa ry .  Such types  o f  problems may be:  

- i n t e r a c t  ions betueen c e l l s  or l i n e s

- in f lu e n c e  o f  the magnetic  f i e l d  on e l e c t r i c  d e v i c e s  

- e l e c t r o m a g n e t i c  i n t e r f e r e n c e s  u i th  microuaue remote c o n t r o l

Instruments and personne l  are  the  . a m  as in S e c t io n  7 .2

F igu re  34.

CROSS-SECTION OF A POTROOM
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P r o c i d u r t ,  « v a lu a t i o n

Marie t h «  p o in ts  u h t n  the induct ion  has t o  b «  m a tu r e d  an» 

f o l l o w  the s tops  d e t a i l e d  in S e c t io n  7 .2 .  Represent  the  r e s u l t s  

in d i f f e r e n t  p r o j e c t i o n s .

Example

F igure 34. shows the cross s e c t  ion o f  a pox rooa .

Measurements were done in the whole c ross s e c t  i o n , from the

ground l e v e l up the h e ig h t  o f 6 m. The measured da ta are

demonstrated on F igu re  S3.

ñ tA m ti

F igu re  35.

INDUCTION COMPONENTS IN THE CROSS-SECTION OF «  POTROOM
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7.4 Calculation o-f Call S tab i l i ty  

Pr ine iples

It is of a groat interest to aatimato the stablli-ty limit  

of an e lec t ro ly s is  co l l  on the basis of tho main technological 

paranmter. An empirical formula for  s t a b i l i t y  calculation by 

T.Solo is presented boro. Tho simplif ied matheemtical formula 

is i

(D+W*Ht|> A-B*I. <?.!>

uhoro

D s anode-cathode distance. Cm)

P » «  equivalent "anode* distance, <m)

0.64 m for prebaKed ce l l s  and

0.036 for Soederberg ones 

HM t metal height,  (m>

A * 5-1(Frn/GauB8-kA)
empirical constant

Bs * mean aritmetical value of vert ica l  magnetic 

f i e ld  under the anode, <Gauss>

Is < se r ia l  current, <KA)

The ce l l  is in a normal operation mode uhen the inequality

is f u l f i l l e d
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C a lc u la t i o n  example

C a lc u la t e  the  s t a b i l i t y  o f  a Soederberg  c e l l .  Le t  

t e c h n o l o g i c a l  parameters be the f o l l o u i n g s  :

D -  0•04 m 

D0= 0.036 

Hn= 0 .28 

I s = 80 KA

Bjr = 23 Gauss (mean v a lu e )

C a lc u la t in g  by the  g i v en  fo rm u la ,  the  l e f t  s id e  g i v e s  0 

,and the r i g h t  one is  0.0092 . That i s ,  the  c e l l  is  s t a b l e

t h i s  mean.

L i t e r a t u r e  

T .S e l e  :

I n s t a b i l i t i e s  o f  the Surface  in E l e c t r o l y t i c  C e l l s  

P ro c eed in g s ,  V o l . l . ,  pp .7 -24 .

AI ME L ig h t  Meta ls  Annual M e e t in g ,A t I a n t a , 1977.

the

021

in

I



I

- 1 1S-

APPENOIX

Bas ic  Ins trumentat ion  o f  

Bas ic  E l e c t r i c  Instruments

1. D i g i t a l  mult imeter

2. P o r t a b l e  mult imeter

3. U n iv e r sa l  measuring b r id g e

4. Funct ion g en era to r

4. Double beam s to ra g e  

osc i l l o s c o p e

5. Double power supply

2 x 0-2A

6. Auto t ran s fo rm a to rs

7. I s o l a t i o n  un i ts

8. R-L-C s e t s  and standards

3 .  Thermostat

Recorders

1. Analog r e c o rd e rs

2. M u l t i l i n e  r ec o rd e rs

3. X-Y r e c o rd e r s

4. P o in t  r e c o rd e rs

an E l e c t r i c a l  Measuring Group

AC/OC v o l t a g e , c u r r e n t , 

r e s i s t a n c e  measuring 

10 u V -1000 V 

10 mOhrn-1 MOhm 

100 mV-600 V

0 .2  A - 10 A

0.01 Hz-10 MHz

0.01 V-110 V

s ine , t r i a n g I t , r e c t a n g u l a r  

0-23 MHz

max. input 100 V 

2 x 0-40 V

up to  30 channels

4-6 channels 

0 .2  mV/cm - 20 V/cm 

A3 w r i t i n g  su r fa ce  

6-12 channels
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5.  Analoge - d i g i t a l  

tap *  r e c o rd e r

6. Cassete  data  r eco rd e r

f o r  thermocouples 

4 channels  

4-6 hours 

7 channels  

0 - 3  KHz 

4 speeds

D i g i t a l  T es t  Instruments

1. M ic roprocessor  development 3 2 k ROM,Prom 

system

2. Log ic  ana lyse r  m u l t i  channel

3. L o g i c  p ro b e ,  l o g i c  pu lser

4. ROM emulator

5. ROM e ra se r

Complete Measuring Systems

1. .Real - t ime s i g n a l  ana lyse r  Dc-100 KHz

up t o  200 channels

2. Automatic  data  a c q u i s i t i o n  A/D inputs and outputs  

and a n a lys in g  system

3. In f ra r ed  therm ov is ion  system

4. Desc-top  computer w ith  standard i n t e r f a c e s

5. Pr in t e r

6.  P l o t t e r

7. Graphic d i g i t i s e r

8. I/O modules

Spec ia l  Instruments f o r  Potroom Measurements

1. Current  d i s t r i b u t i o n  meter

< Rogameter >



2. S p e c i f i c  r e s i s t a n c e  meter f o r  

carbonaceous m a te r ia l s

< C arbo tes t  )

3. Alumina c o n cen t ra t ion  meter 

( A luminatest  )

4. Magnetic  induct ion  meter

5.  E l e c t r o l y t e  temperature  meter 900

6.  I n f r a - r e d  t e l e - th e rm o m ete rs

7- Thermo-coup les , thermo-e lements

8. H e a t - f lu x  meter 

3 .  Thermal c o n d u c t i o i t y  meter 

10. A i r - f l o w  meter

Transport

1. Trolleys
2. Measuring c on ta in e rs

17
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1000 C

3. Mini bus




