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THE GROUP 

The Research Group on Process and Systems &gineering m die Univenie du ~ l 

au~ OUcoutimi, ~ Camda is a well established University ~seucb outfit 

working in the field m madlenwical and physical modelling. simul11ion, analysis and a>nttol 

of industrial processes involving beat. mus, momentum transfer and related phenomena. 

The acronym GRIPS comes from its fmlch name Groupe de Recherche en ln~nierie des 
~set Systanes. 

THE DOMAIN: HIGH TEMPERATURE INDUSTRIAL PROCESSES 

Canadian processing industries m bcc:oming less and less malerials expo11a1 and more and 

more materials processors. The high temperanue indusuial processes have become so 

prominently important dw they, fu more than the cost of the materials, determine the 

viability and the success (If an industry. The need and the capacity to analyze and optimize 

the processes constitute the balJmark of fu111re-«icntcd induslriea. 

Underlying these processes m the basic physical phenomena such u fluid flow, mus 
ttansfer, conductive, convcctive and radiative heat transfer, combustion, chemical~ 
phase change, porous media flow, fluidiml bed, volatile matten evolution ... Dissecting an 

indusuial process, one always encountcn one or the other or m<R likely a combination of 

those phenomena. Any one of them, taken separately, is a current mearch domain. An 

additional challenae is to combine them into one model that would be repraenwive of the 

process under study, yet sueamlined enough to be usable and useful in an industrial 

environment. 

The purpose of modcllin1 is to better undcntand the process so that its desip on operation 

can be improved and eventually opcimb.cd. The analytic models that give a full physical 

description of the process m often too complex for conuol and opcimiution purpose. 
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Therefore model indemificalion and reduction are called for, then appropriate control • 
m:bniques must be applied. Tbesc aechniqucs cover a wide nnge. from PID feedback. 

knowledge-base conaol llld supcrvisioo. to fuzzy logic and neunl netwuk applications. 

Fmally, to flCiliwe the memlbe models by indusuial WOiters, we c:onsuuct user-friendly, 

intcnctive menu-driven inlerfa:es including preprocessors and postproccsson with multi

dimensional papbical 1q11aenlllioo of outputs. 

The Group's intclatS are tbereforc not only in tbc mathematical and physical modelling, but 

also in model-hued conttol and optimiDlioo of lhcsc processes. followed by a technology 

uansfer to tbc usa, including fiieadly inlafaces. user's manuals. tutmials. bands-on practice 
sessions for tbc model user. Emi tbc best model. if it collects dust on the shelf due to lack 

of an appropriate ttansfer, is wane man not having a model at all. 

THE METHODOLOGY: STAY CLOSE TO THE REAL THING 

We invariably st.an with an on-site elaborate study of the process that may take several • 

months. We then go to tbc mathematics, which are to be solved by appropriate numerical 

methods, rcsulting in compu1a' models that must then be calibrlled and vaJidared,, based on 

the plant test dau provided by industry. Other simulations and analyses follow, always in 

close collaborabon with lbe process opemon dlemsclves. A model must faidlfully represent 

the teal thing, not the opposic. 

Human undentanding of many aspecu of complex indusuial processes is still either 

incomplete or informal. Mathematical modelling must be complemcnled, formalized. or 

validated by physical modelling using small-scale models together with measuring, 

visualizing, recording, analyzing, proceuing, filtering techniques that extend the limits of 

human nannl pen:eplioD fD pamit the observation and explanation m phenomena otherwise 

inaccessible. Our Group's efforts are aimed at a complemenwity between the two 

approaches to modellin&-
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THE RESOURCES: STREAMLINED TO MEET THE NEEDS 

GRIPS is composed of 4 Professors, 4 Research Professors. 1 Post-doctoral Fellow and 2 

Researdl F.ngineers at the M.S. lc·.'CI. Se-vaal doctoral and masters students wort with the 

group at all times. Beside the servic:es provided 10 the Group ~~ Um~ty's CAD-CAM 
Laboratory, GRIPS has its own network of HP-9000 Apollo 730's, SGI computers and 

workstations, SUN computers, SPARC wortswioos, and PC's. We have at our disposal 

most of the well known commen:ial geaenl-puipose ~ codes. u well u the computcr
aided graphics codes. We also build OID' own software as the needs arise. 

Our beat transfer laboratory is equipped with a lSOkW experime:~tal furnace, with data 

acquisition, fbwneter, suction pynxnda, five-bole piux tube, automatic controller, for use 

in the study of flow. combustion. radialive ttansfer problems and related pbenomcnL A 

laser-doppler velocimetry system by TSI inc. is used in conjunctioc with an intelligent flow 

analp.er for flow studies. A MICRO iDframl camera wi;h monitor and image processor 

helps in the analysis of solid surface lempcratun:s. Our thennogravimctty laboratory uses a 

Lindberg venical furnace, with programmable controller, Varian chromatograph and data 

logger. A SkW induction furnace is also used fer faster healing raleS up to lS<f/minUtc. 

A host of laboratory setups and small-sc:alc models have been built ia:endy and are available 

for studying various indusuial equipments: melting furnace, n:cycling furnace, rotary kiln, 

beat transfer in saap metals ... , or f<r measuring the tbennal properties of various materials. 

THE INDUSTRIAL INVOLVEMENT: BRIDGING TWO CULTURES. 

For m<n than a decade we have been continuously involved in industrial projects, either as 

joint rcscuch funded by industry and governments, or u contracts funded by industry 

alone. We i=endy modelled or arc in the course of modelling: the cement clinker, the 

_-owy dryer, the carbon anode baking horizontal flue ring furnace, the carbon electrode 

baking Ricdhammer vertical flue ring furnace, the almninium cuting furnace, the aluminium 

remelt furnace, the ingot soaking furnace. the petroleum coke rocary calcining kiln, the scrap 
melter, the dross rcmelter, the aluminium electrolytic cell, the stining tank for metallic 

composites. Several of these activities arc undenaken in collaboration with Alcan 
International Lid of Jonquim, ~bee. Canada. others with Comalco Research of 

Melbourne, Australia. 

3 



Laboratory studies of imprqnalled carbon electrodes have been caniccl out for Norsolor. a • 
subsidiary of ORKEM (France). Other projects are undertaken with Alcan for the 

consttuction of inlelldive graphic iutedDs and lbe opdma1 cmaol of aluminium electrolytic 

cells using knowledge-base techniques. fuzzy logics. and neural networks. Many of these 

subjec1S COOS1itute ideal thesis topics for Ph.D. and M.S. sruden1S. 

A five-year lndusuial Rexarcb Chair (IRC) was recently esrablisbecl within the Group with 

funding from the Nanni Science and F.ngineering Resean:b Council (NSERC) of Canada. 
ALCAN, the UQAC Fouudalion Inc., and UQAC. It provides salary support for the 

cbairholder, 3 researdl professors, in addition to gnduat.e students. Major pircs of 

computing and laboratory equipment have also been acqund with the Cbair's funds. The 

Oiair's research program coven wort on phase change, non-newtonian flows and radiative 

beat transfer. all with a view 10 industrial applicalions to high lempemhft processes. 

Through its policies. research strate~ management techniques and business relations, the 

Group endeavours to bridge the gap bcnveen the two cultures, IC8dcmic and industrial. It 

offers an environment in which indus1ry can feel that their views and their needs are welcome 

and differences in cxpectalions are rea>nCiled. 

GRIPS operates on a non-profit making buis. The possibilities for funding of the work 

done at GRIPS are flexible. Funding can take the form of a contract. a project, or in some 

cases a faculty or graduate student support. The basic criterion lies in the scientific and 

technological content of the wort envisaged, its industrial relevance, and its compatibility 

with University research. 

For more information, or a copy of die Group's annual report. please write or call: 

Dr. Rung. T. Bui, Professor 
Coordinator of GRIPS 
Universi~ du Qudbec l ClUcoutimi 
Chicoutimi, Qu&ec, Canada. G7H 281 
Phone: (418)S4S-S270 
Fax: (418) (S4S.S012 
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• TENTATIVE WORKSHOP SCHEDULE 

Nagpur, India 
September 1993 

DATE TlllE TOPIC LECTURER 

Day 1 9:00 - 9:30 Welcome and introduction. JNARDDC 
Director 

Organization of Workshop. UNIOO Experts 
Team Leader 

9:30 - 10:00 Mathematical modelling V. Potocnik 
motivation and methodology. 

10:00 - 10:30 Process overview. v. Potocnik 

10:30 - 11 :00 Simulation of an Aluminium L Tikasz 
electrolytic cell: 
basic mass and energy 
balance calculations . 

• 11:00-11:30 Break 

11 :30 - 13:00 Basic mass and energy L Tikasz 
balance calculations: 
approximating selected 
operation modes. 

13:00 - 14:30 Lunch 

14:30 - 16:00 Developing a control L Tikasz 
emulator. 
Using the dynamic cell 
model; examples. 

16:00 - 16:30 Break 

16:30 - 18:00 Computer demonstration L. Tikasz 
of the dynamic cell 
simulator and participants' 
contributions. 

18:00 - 19:30 Social time: hosted by UNIDO 
team . 

• 
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Day 2 9:30 - 10:30 30 thermo-electric v. Potoenik • modelling of the electrolysis 
cell. 

10:30 - 11 :00 Computer demonstration LTikasz 
of the dynamic cell 
simulator. 

11:00-11:30 Break 

11 :30 - 12:00 Modelling of potroom L Tikasz 
activities for cell operation. 

12:00 - 13:00 Magnetohydrodyna"';~ V. Potoenik 
(MHD): introdt.r-

13:00 - 14:30 Lun~ 

14:30 - 16:00 Electric; currant calculations. V. Potoenik 
Busbar design. 
Magnetic field calculations. 

16:00 - 16:30 Break 

16:30 - 18:00 Cell hydrodynamics. V.PotoCnik • 18:00 - 20:00 Free time 

20:00 - 22:00 Free discussion•: V. Potoenik 
Plant measurements for L Tikasz 
model validation: MHO, 
elec:trlcal, thennal. 

Day 3 9:30·11:00 The anode-baking S. Peter 
Riedhammer furnace: 
Design and operation. 
Motivation for modelling. 

11:00-11:30 Break 

11 :30 - 13:00 Development of the 20+ S. Peter 
model. 

13:00. 14:3G Lunch • 
2 



• 14:30 - 16:00 Simulation results and S. Peter 
~lities of the 20+ 
:nodel. 

16:00 - 16:30 Break 

16:30 - 18:00 Development of the 30 S. Peter 
model. 
Simulation results and 
~lities of the 30 model. 

18:00 - 20:00 Free time 

20:00 - 22:00 Free discussion•: A. Charette 
A comparison of 1 O, 20, S. Peter 
20+, 3D models. V. Poto&ik 
A comparison of vertical 
and horizonta! furnaces. 
Plant measurements • 

• Day 4 9:30. 11:00 Description of some casting A. Charette 
furnaces and overview of 
the related studies canted 
outatUOAC. 
Numerical methods in 
raclallve heat transfer. 

11:00-11:30 Break 

11 :30 - 13:00 Nurnertcal methods in A. Charette 
radlaliYe heal transfer 
(continued). 
Detail of the mathematical 
modelling of the casting 
furnaces: 1 D analytical 
model. 

13:00 - 14:30 Lunch 

14:30 - 18:00 Details of the mathematical A. Charette 
modelling (continued): 
(a) 10 control model 
(b) fuel optimization 

• calculationa 
(cj 30 model 

3 



16:00 - 16:30 Break 

16:30 - 18:00 The remelting furnace A. Charette 

18:00 - 18:30 Break 

18:30 - 21 :00 Graduation dinner, JNARDDC 
Dinner speaker Director 

Day 5 9:30 - 11:00 A general presentation on A. Charette 
(a) the various research 

projeds undertaken by 
the faculty members in 
C8nada. and 

(b) an overview of C8nadian 
aluminium industry. 

11:00-11:30 Break 

11 :30 - 13:00 Further elaboration on All staff and 
aspects identified by panicipants 
participants during the 
week. and I or free 
discussions. 

13:00 - 14:30 Lunch 

14:30 - 16:00 Same topics, continued. All staff and 
panicipants 

16:00 - 18:00 Cor.clusion - dismissal JNARDDC 
Director, 
UNIDOteam 
leader 

Note: • Discuaions may be hBld on twenin(ls of Day 2 and Day 3 a indicated and I or on Day 5 as 
patt of daytime sch«Ju,.. Decision will be mac» on the spot in consultation with ths 
particjNlntl. 
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t • Mlltllematlcal llodelllng lletlloclology 

Mathematical modeling has become one of the most important activities in 
process analysis and design. It consists of a number of steps that have to be 
combined in the most appropriate way for a given problem. Process under
standing and plant measurements link it to reality. Buiking the equations. 
choosing the numerical algorythms and programming used to be the most 
intensive tasks in the past. The advent of good commercial software packages 
has shifted the emphasis to process related activities. to selling up the scenanos 
and to the analysis of the c:ompWer runs. Relationships among all these activities 
are the subject of the mathematical modeling methodology presented in this 
session. 

2. overview of Ille Prl"*f Alumlnlum Production Proc..m 

Primary aluminium pn>duction processes comprise alumina s:rodudion. 
alumina reduction and casting. 

Alumina is procilC8d mostly from bauxite using the Bayer process. Some 
applications of the mathematical modeling in this arH wil be mentioned but not 
analysed in depth, Since this pan of the proc111 is not a subject of the workshop. 

• 

Reduction process includes elec:lrolysis and carbon electrode production. • 
In electrolysiS perhaps the most important subject is the thermal and electrical 
balance, which will be overviewed. Mm balance and process dynamics are 
closely related to cell operation and control. The electrode production process 
starts with coke calc:inalion and endl with the cathode and anode baking. Both 
have been extensively stucled by mathematical modeling, but only anode baking 
will be presented at the worbhop. 

Casting is pr9C11ded by ingot or scrap remelting. impurity elimination and 
alloying. The remelting • well • casting itleff have been the subject of 
mathematical model development and applications. but only remelting will be 
presented at the worlclhop. 

3. 111,..Dlmenalon81 Thermo-Electrlc llocMlllng of the Cell 

Co"'lffx material composition or complex boundary conditions require 
threMmeneional (30) models whenever detailed clstribution of the temperature 
or heat Iola is req&ired. Thia is C8f1ainly the case when the cathode or the anode 
is to be designed or '9dlligned. 

In this lectu'9 the I- in 30 modeling will be dsa ••ed. Examples of 
the simulations, obtained with a commercial finitHlement software package will 
be given. • 
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1. Basic llna and Energy Balance Celculattons 

This part is intended to guide the reader througil the construction of a 
simplified dynamic eel model of an aluminium electrolytic cell. The proposed 
Model itself is an integrated sofwar8 package for simulating different operational 
states of aluminium electrolytic cells. The foaJs is on the theoretical aspects. 
whereas programming details as well as necessary preparatory steps (e.g. data 
acquisition problems ~ not coverd. 

A theoretical approach is outlined showing how to derive basic equations 
to approximate th6 dynamic and static operation of a cell. The structure of the 
computation is demonstrated with special emphasis on the user-adjustable 
subroutines and functiOns. These useM1djustable parts can serve as starting 
points towmd a moN sophisticated description of the process. 

The current state of an electrolytic cell is described by lumped parameters 
averaged over a selected part (lump) of the cell. For educational purposes, 
considerable simplifications are proposed regarding the granularity of the Model: 
the geometry is the simplest possible and the upper and lower side-carbon and 
freeze blocks art1 put into generalized side-wall and freeze blocks. The selected 
control volume contains only the bath. freeze and metal lumps. and the boundary 
conditions are approximated by generalized anode. cathode and side-wall 
lumps. The environment outside the cell model is represented by temperatures 

• 

above. below and beside the cell. The material and energy balances are • 
performed on all the selected lumps and during the simulation. the mass and 
temperature variations are calculated by solving the relevant ordinary differential 
equations. 

Geometrical. chemical and electrical aspects of the aluminium electrolytic 
cell are considered. Alumina diSSOlution sub-model is introduced. Algebraic 
equations for steady-state simulation are also derived. 

2. Approximating Selected Operation Mod•• 

The adjustable model components can be used to approximate special 
operation modes. also. The most important components are: 

- line current. 
- current efficiency. 
- mass densffies. 
- eutectic temperature, 
- heat transfer coefficients, 
- specific heat coefficients. 
- equivalent thermal resistances, 
- bath resistance and conductivity. 

In this part, some examples are given showing how to select, tune, verify 
and validate equations or develop appropriate sub-models. 



• 3. Developing • Control Emulator 

•~ 

In simulating the dynamic behavior of an electrolytic cell, it is a must to provide a 
unit which approximates the necessary maintenance routines. In real situations, 
the maintenance is provided partly manually and by and adequate process 
controller. Here we concentrate on the representation of the automatic control. 
The main points discussed are the following: 

- selection of control variables, 
- data exchange between Model and Control Emulator, 
- developing a control date base, 
- developing a simple alumina feeding routine, 
- developing a simple resistance control routine. 

4. How to Use the Dynamic Cell Model 

An advanced Dynamic Cell Model is presented during the Workshop. The 
Dynamic Cell Model is a computer program, escorted by a 

- User Guide and a 
- Set-Up Guide 

Based on these Guides, the general structure and the use of the Dynamic 
Cell Model are discussed. Examples are given where the Dynamic Cell Model is 
used to simulate different operating conditions. 

5. Computer Demonstration 

In this part, real computer demonstrations are provided on advanced PC
class computers. Both the basic mass and energy calculations and the Dynamic 
Cell Model will be presented. 

With the basic equations, the particpants can cany out static and dynamic 
computations. This facility helps them understand the process fundamentals as 
well as the main relations and trends of the process. 

Using the Dynamic Cell Model, they will acquire hands-on experience with 
a complete simulator. 
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1. Introduction 

Magnetohydrodynamics (MHD) is the study of fluid behaviour under the 
influence of the e:ectromagnetic forces. This force is a vector product of the 
eledric current density and the magnetic field, therefore, MHD modelling can be 
divided into: electric current, magnetic field and hydrodynamics calculations. 

In this session, we will also explore the consequences of MHD on the cell 
performance. 

2. Electric Cunent and Magnetic Field C.lculatlons 

The objective of the electric current calculations is to determine the current 
density in the liquid metal and electrolyte (bath). This current density is 
determined by the cell and busbar design, its thermal stata, and its operation. 
The methods of calculation, software and the influence of the cell design and 
operation on the current density will be presented. It will be shown how a well 
balanced durrent distribution can be obtained. 

The magnetic field is generated by the electric current distribution in the 
cell as well as by cel~tcH:ell busbar connections. Steel structural elements of the 
cell redistribute considerably the magnetic field due to currents. This greatly 
complicates the calculations. Calculation methods and applications to different 
cell designs will be discussed. 

3. Hydrodynamics 

Cell hydrodynamics is described by the Navrer-Stokes equation that 
includes the electromagnetic force. The solution of this equation gives the 
velocity patterns in the metal and in the bath and the metal-bath interface 
deformation. Steady state and dynamic models will be examined. Criteria for the 
MHD design wiH be clecuseed. 

Applications to different cell designs will be shown, including a video 
presentation of the metal-bath interface waves • 
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1 . Th• Rledhammer Furnace: Design and Operation, 
Motivation behind Modelling. 

This part is intended to give a description of the construction and operation 
of the Riedhammer furnace. The work it is supposed to do, the general structure 
of its construction, the main phenomena taking place in the furnace (fuel 
combustion, air infiltration, release and combustion of volatile matters, 
combustion of packing coke, heat losses) are described. The role of various 
furnace sections (preheat sections. firing sections, cooling section) and the 
configuration of each section ((head wall and fireshaft zone, underlid zone, pit 
zone, underpit zone) are explained. Comments are made on the operational 
parameters of the furnace (composition of fi:-e train, fire cycle time, air flowrate, 
fuel flowrate, baking temperature, finishing temperature) and the effects of 
changing these parameters on overall furnace behaviour. Therefrom are drawn 
the motivations leading to the mathematical modelling work. 

2. Development of th• 2D+ Model 

Comments are first given on the reasons for, and the limitations of, 
approximating the process by a two-dimensional (20) model, and the need for 
extending it to a 20+ model to account for the critical differences between inner 
and outer pits, due to heat losses through lateral walls . 

The model is next presented in its mathematical concept as well as in the 
way it is solved. 

The model extends from the 1st preheat section to the last covered cooling 
section. This model considers each of the four zones, links them together with 
common boundary conditions and determines the energy sources arid sinks for 
each zone. This part of the course describes the conceptual approach used in 
the model by presenting the equations for the control vc!ume of eac.h zone and 
explaining how the four zones are treated and linked together. In addition, this 
part will include how the 20 transient conduction is solved and how the volatile 
matters release and combustion are taken care of by the model. 

The solution procedure involves the calculation of mass flow, temperature 
and composition of the gas and solid temperature for each time step, until the end 
of the fire cycle period at which time a new preheat section is added and the last 
cooling section is dropped. A new fire change starts and the program is executed 
until the total number of the fire changes or a quasi-steady otate (5°C temperature 
difference of the gas temperature between two fire changes) is achieved . 



3. Slmuletlon RMults end C.pebllltles of the 20+ Model 

The geometrical parameters and the initial values required to run the 
model will be presented for a general-purpose base case. The output from the 
model including draught profile, gas temperature profile, fuel consumption, 
oxygen profile, gas mass flow, anode temperature profile, anode finishing 
temperature will be provided and compared with the measured values. 

The capabilities of the model include changing operational parameters 
such as draught, firing scheme, fire cycle time, flow distribution across the furnace 
as well as changing geometrical parameters such as number of pits, adding or 
removing a section from the fire train. The effect of firing change on the 
performance of the furnace will be presented and compared with the base case. 

4. Development of a 30 Model 

The 30 model is built on the general-purpose code known as 
PHOENICSTM marketed by CHAM of London, U.K.. A brief introduction to the 
structure of PHOENICS and how it solves the transport equations will be given. 
Emphasis will be placed on the Riedhammer Furnace model conception in 30 
and how this CFO code suits the needs of the work. 

• 

Next, the overall conception of the 30 model is presented. One section of • 
the fire train is considered to be the control volume for the model. Body-fitted 
coordinates ae used to discretize the geornetry of a section. How various 
physical phenomena (air inleakage, turbulence, combustion, radiative heat 
transfer, conduction through the solids and heat losses) are accounted for in the 
section of interest will be discussed. Further, the initial and boundary conditions 
along with the solution procedure for the flow and energy simu,ations will be 
presented. 

5. Simulation Results and Capebllltl•• of th• 3D model 

A base case considers the simulations for the 4th preheat section. The 
input parameters for these simulations will be introduced. The resulting flow and 
energy distribution in this section will be presented and discussed. Wherever 
general plant observation data are available, a comparison will be made 
between predicted and observed results on baking temperatures, temperature 
gradients, baking uniformity or the lack thereof .... 

The capabilites of the 30 model include the effect of blocking any fireshafts 
or any CES or AES brick holes, non-uniform flow through the fireshafts, changing 
the geometry of the lid, on flow and energy distribution in the furnace. Examples 
will be presented to illustrate the flexible use of the model in these parameter 
studies. 

Note: Sponsorship by industrle• will be duty msntiontKJ. •• 
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1 . Decrlptlon of some mettlng/holdlng furnaces and overview of the 
related studies carried out at UQAC. 

Work undertaken on a classical melting-holding furnace and on a top
charged remelting furnace is outlined. 

2. Numerlcal methods In radiative heat transfer 

Radiation is the dominant mode of heat transfer in casting furnaces. A 
number of different numerical techniques are available for its calculation. Some 
of them are addressed in this presentation. The zone, discrete transfer, imaginary 
planes, discrete ordinatfv _._ M"- e Carlo methods are described and 
compared. Reference , assess the accuracy of the methods. 
Ways by which radiat.~ :nto the solution of the conservation 
equations are discussed. w ... ,:.u_. •. ·. · ·~ is also analysed. 

3. Detalls of th• mathematical modelllng of th• furnaces d•scrlbed 
above. 

3. 1 The claulcal melting/holding furnace 

3. 1.1 1 D model (analytical model) 

This simplified model is dynamic and it can simulate any 
sequence of operations such as loading, heating, stirring, skimming, 
etc... It has been validated on a real furnace. Hottel's real gases 
formulation has been used for il1e combustion chamber and the 
phase change problem has been treated with the enthalpy method. 
The techniques and the results are explained. 

3.1.2 1D reduced model (control model). 

A tenth-order non-linear control model has been obtained 
from the analytical model by least-squares approximation. A 
detailed description of the methodology is given as well as a 
comparison of both models. 

3.1.3 Fuel optimization calculatlon1. 

Such calculations have been performed using the control 
model in open and closed loop. First the open-loop formulation and 

• 
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results are presented. More emphasis is laid however on the 
closed-loop schemes with PIO control possibilities. The 
mathematical formulation is built around the minimization of a cost 
function. 

3.1.4 3D model 

This complex model is divided in two parts: the combustion 
chamber and the metal. The general-purpose code PHOENICS™ is 
used in both parts. Special algorithms are incorporated in the code: 
radiation heat transfer in the gas phase is treated by the imaginary 
planes method, the melting process in modelled with the "J:e. of the 
effective thermal properties concept and an augmented conductivity 
technique takes care of the convection in the liquid metal. This 30 
model can be used to predid for instance the best dimensions of the 
furnace and the best position of the chimney or of the solid charges. 
A complete description of the model is presented. 

3. 2 Th• remelting furnace 

This cylindrical furnace is loaded with pieces of different sizes which 
form a porous medium. Heat comes from burners imbedded in the 
walls at specific angles. Prediding the heat transfer in such an 
arrar.gement is a very difficult task. Several studies have been 
undertaken at UQAC to elucidate various aspects of the problem, 
namely: 

- flow visualization studies of the interacting burner jets (in a cold 
physical model). 

- impact convection heat transfer study (also in the cold model). 
- experiences on the transmissivity of light through different porous 

media. 
- one - and two-dimensional simplified models of the rate of melting 

of a typical pile by using an assumed heat penetration depth 
formulation. 

The presentation includes a description of the experimental set-ups and a 
discussion of the results obtained up to the present time • 
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RAW MATERIALS 

• • 
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PROCESS -·------- -·-·---

• Neary all alumina produced In the world 
today Is produced by the Bayer process. 

Large amounts of energy are used In this 
process and over a bl/I/on dollars Is 
needed to build a one MT capacity 
alumina plant 

Characteristics: 

• High energy consumption 
• High capltal cost 

" 

• 
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OBJECTIVES 

• Low production cost . 

• Product (alumina) consistency 

• Process efficiency 

• Low energy consumption 

I ttMi--~-

• • 

CHALLENGES 
RAW MATERIALS 

• Assure consistency of products 

• Size distribution of alumina has direct 
Impact on productivity In electrolysis 
Example: precipitation circuit 

• Adapt to varying quality of bauxites, 
keeping consistency of products 

• Has direct Impact on coat. 
Could Lise cheaper bauxites 
Example: slllca content, digestion, 
use of caustic 

' 

• 
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ALUMINA CALCINATION 11 PRESENT STATUS 

• Mostly mass and energy balance models 
for process units 

Alumina ca1c1nat1on 11 Example: Bayer plant slmulatlon 
EnergyGJ/t 

• 

-

-

-

Rotary kiln 
• SGJll -

Fluidised bed 
• 3,5 G.Jt1 -

Technology 

Theolellcal energy 
• 2GJlt -

--... 

~ ......... _ .. 1, 

• Some dynamic modelling 
Example: precipitation 

• Starting with multiphase fluld dynamics 
modelling 
Example: · precipitation 

C' 

Wi•--· 
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PRECIPITATION MODELLING 

Have a better knowledge 
of the effect of 

Temperature 

Impurities 

Ratio Al203/caustic 

Caustic I ~ 
Hydrodynamics 

Spec. surf ace 

Seed charge 

• 

I 

on to predict 

Kinetics Productivity 

Growth ~%Soda 
0/o Soda ~Size distribut~on 

Agglomeration ~ Morphology 

Nucleation Fragility 

Breakage 

• • 



• 
• 

REDUCTION 

• • 
1'0-10 

.,ID • 11 

Process 

• Neary all aluminum produced In the world 
today Is produced by Hall-Heroult 
electrolysis process. 

Large amounts of electricity are used In 
this process and over a billion dollars Is 
needed to build a medium capacity 
smelter (200 kt). 

Characteristics: 
• High energy consumption 
• High capital Investment 

,. 



FLOWSHEET OF HALL-HEROULT PROCESS 
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Calclnlng 
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Mixing 

• 

Forming 
(Vibrating mold) 

Figure 13. Schematic of the cathode block manufacturing process. 

Aledhammer 
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BUSINESS CHALENGES 

• Productivity 

• Respect for environment 

• Product quality 

• Cost reduction 

I 

--
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CHALLENGES REDUCTION 

• Predict current efficiency 

• Has direct Impact on capital Investment 
and operating cost 
Example: electrolysis cell 

• Predict energy efficiency 

- Has direct Impact on operating cost 
Example: Electrolysls cells, carbon 
calclnlng and baking furnaces 

.. 
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~CH_ALLENGES REDUCTION fCONTJ 

• Predict material quality 

- Has direct Impact on electrolysis 
performance 
Example: calcined coke, baked carbon 
blocks 

• Predict working environment 
Example: potroom ventilation 

• Simulate plant operation 
Example: electrolysis cell operation 

• 
CHALLENGES REDUCTION fCONTJ 

• Predict llfe-tlme of production units 

- Has direct Impact on operating cost 
and on environment 

Po ·tr 

Example: cathode of electrolysis cells 

• Predict generation of reject and toxic 
materials 

- Has direct Impact on environment 
Example: cathode of electrolysis cells, 
coke calcining klln dust 
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ROW TO GET THERE? 

• Increase understanding of processes 

• Increase predictive capablllty 

• for design 
• for plant operation 

• 

REDUCTION TECHNOLOGY 
MODELLING 

~ 
( -sTRE's-:-- ' 
. ANALY~ 

PROCESS ANALYSIS 
MODELLING 

MEASUREMENTS 

· INCREASE 
PRODUCTIVITY 

AND PERFORMANCE 

ENHANCE EXISTING 
AND DEVELOP 
FUTURE CELLS 

Po-lD 

, . 
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BASIC INTERACTIONS OF THE ALUMINIUM REDUCTION PROCESS 

ELECTRIC CURRENT 

HEAT TRANSFER 

PROCESS 
EFFICIENCY 

' 

MAGNETO· 
HYDRODYNAMICS 

• 

"\ . .._, 
(' 
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po~, 

~ 

TRANSFORMATION 

• • 

P.i. 2. 

Process 

• Neary all aluminum produced In the world 
today goes through a remelt or casting 
furnace. 

Large amounts of energy are used In the 
melting process 

Characteristics: 

• high energy consumption 
• low energy efficiency 

.. 
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MELTING AND HEAT TREATMENT 
FURNACES 

PROCESIMPROVMENT 

• 

c:PERATI~ DESI~ 

flo-.,!\ 

• Control and • Optimise design 
• Optimisation 

• Reduce cycle 
• Reduce thermal 

gradient· 

• New approach 
• Understanding of 

basic phenomena 
Radiation 
Convection 
Phase change. 
Coml\ustlon 

• Model development 

---v.,ir-.-.-.-.:- 11 
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CHALLENGES TRANSFORMATION 

• Predict energy efficiency 

• Has direct Impact o~ operating cost 
Example: remelt/casting furnaces 

with Jet stirrer 

• Predict productivity 

• Has direct Impact on capital cost 
Example: remelt/casting furnaces, 

reheat furnaces 

• • 

CHALLENGES 
TRANSFORMATIO~<J!ffl. 

• Predict metal cleanliness 

• 

- Has direct Impact on marketability of 
Ingot 
Example: remelt/casting furnace 

t"o·J~-

• Create new technologies for recycling of 
aluminum . 
• Has direct Impact on operating cost 

and environment 
Example: UBC furnaces 

" 
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PROCESS OPTIMISATION 

Operation 

Impacts on: 

Quality 

Cost 

Environment 

r---- -----i 

• s· I . • 1 1mu at1on1 
I I 
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I 
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I 
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~------. I ,.---------------. 

Measu-
1 
Modifications 

rement and 
improvements 



EXPERIMENT AL vs. MODELLING APPROACH 

Experimental 

Shows TRUE behaviuor of the system. 

Gives empirical relationships among 
variables (limited validity). 

Time consuming: few situations can 
be examined. 

Not all important variables are accessible. 

Only existing systems can be studied: 
extrapolation by small steps. 

Study:ng present and past behaviour. 

Costly: equipment, production losses, 
manpower. • • 

Modelling 

Is only a representation of reality. 

Is based on general laws of nature 
(general validity). 

Time efficient: many situations can 
be examined. 

All important variables can be made 
accessible (depending on the need). 

Radically new desigs possible. 

\' 

Studying present, past and future 
(predictive capability). 

Cost efficient: computers, software, () 
manpower. c:r • ~ 
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Methodology 
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Definitions: 

System: A•Mmbly of element• ectlng together wttll • common goe1 

Model: A..,,.._18tlon of a CORCNt• eptem In a pllplcml or •bear.ct • ., 

Mathematical model: An •benct model C0111pOMc1 of• Mt of ..,..flnecl 
rulff tlwt determine Ille........., of the eptem 

Slmulatlon: Solutlon of the mmtllem•tlclll model by non-~ mune 

CONTROLS 

• 
INPUT 
VARIABLES 

DYNAMIC 

SYSTEM 
• . 

OUTPUT 
VARIABLES 

DISTURBANCES 
SYSTEM BOUNDARY 

Figure 1. 2 Concept of a dynamic ayatem. 
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.4 system c~ ~ d~fined 4S a stt or 4.SStmblagt of tntitits (tltmtnu or 
compontnU) mte"tlated to tach othtr and to the whole so as to acl:itve a 
common goal. 

The emphasis is on the organization of components that act together and 
not on the individual elemenrs. • 

WUt Is a model? 

A model is a simplified representation of a system (or proctss or theory) 
intended to tnhance ow ability to undentand, predict, and possibly control 
the Mhaviow of the system. 

Understanding is necessary to change. to preserve. or just to know and 
explain the behaviour of the system. An understanding of the system may 
lead to prediction and control while the reverse need not be true. The aim 
of those involved in fundamental research is to understand the ultimate 
reality, while others including some modellers are quite satisfied with the 
prediction and control of the external behaviour of the system even if they 
cannot explain the underlying principles . 

As a minimum, the general set of questions below must be an
swered before a computer modeUn1 effort is undertaken. 

1. Who is to use the prorram? 
will develop the model? 
will pro1ram the model? 
will meintaln the software? 
can authorize resource expenditure for this effort? 

2. What ta the baalc objective? 
resources will be required? 
results can be expected? 
ran1e of con•tralnta should lt handle? 
are the minimum acceptable performance criteria? 
lanruage •hould it be prorrammed in? 
computer should it run on? 

3. Where la the work to be done? 
are the resource• needed to complete the job? 

4. When ta the work to commence? 
ta the work to be completed? 
should pro1re1a be critically reviewed? 

5. Why la thla simulation model necessary? 
isn't it betn1 purchased? 
la it betn1 developed tn-house? 
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I Models I 

Ph ys1cal models Symbolic models Mental· n't()dtls 

Mode of Mathematical, symbolic or IOCJICGI E11st only 1n 
tangible relations; maps, graphs, words, the m1ndof 
compe>nents pictures individuals 

Figure 3.2 Types of models. 

• 
Static ·· 

I Sm~- I Imitation models Prototypes 

Figure 3.3 Physical models. 

• 



• 

• 

• 

MODELS ACCORDING 
TO PURPOSE 

Purpose 1 
• Design (new and retrofits) 
• Increased understanding 

Requires detailed 30 steady-state or 
dynamic models with all physics 

Purpose 2 
• Process optimization and control 
• Plant personnel training 

Requires lumped parameter dynamic models 
with simplified physics: simulators 

MATHEMATICAL MODELING 

M-r 

Plant and 

Physical Modeling Pilot Plant Data 

Fig. 3-The balance between mathematical modeling, physical modeling, 
and plant-scale eJtperimentation. 
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INDUCTION 

GATHER DATA 

(EXCITATION/RESPONSE) 

·MEASUREMENTS 

•OBSERVATIONS 

•EXPERIMENTS 

FEATURE EXTRACTION 

•CURVE FITTING 

•REGRESSION ANALYSIS 

•STATISTICS 

•PATTERN RECOGNITION 

, ,' , GENERALIZATION 

• M 0 o·E LI NG 

PREDICTION 
~'/. 

I/ME 

ltAJlt LV j '5 Ho r:u' 

DEDUCTION 

LAWS 

• CONSERVATION-CONTINUITY 

• (GENERAL TYPE OF EQUATION) 

STRUCTURE 

• BOUNDARIES 

• INTERNAL CAUSAL RELATIONSHIP 

• TYPES AND TOPOLOGY OF ELEMENTS 

• (SPECIFIC TERMS IN EQUATIONS) 

PARAMETERS 

• ELEMENT MAGNITUDES 

• INITIAL AND BOUNDARY CONDITIONS 

• (NUMERICAL VALUES OF COEFFICIENTS) ~ 
-.s,) 



REAL WORLD 

WrlteaR.,ort 

PHYSICAL 
SYSTEM 

(REALITY) 

OIS£RVATIOM Of 
PHYSICAL SYSTEM 

IEHAVIOR 

(VALIDATION) 

COMPAllSOM OF 

OISERVED AND PR(OICTED 

BEHAVIOR 

SYSTEM 
MODEL 

(VERIFICATION) 

Fonnullltethe 

-~ ....... 

Sot.elM 
.......... tic.al ........... 

OMPUTERIZED 
MODEL 

PREDICTION OF 
PHYSICAL SYSTEM 

BEHAVIOR 

M-10 

ADJUSTMENT TO 
IMPROVE CORR£SPONOENC£ 

(AGREEMENT) IETIIEEM 
OISERVED AND PREDICTED 

BEHAVIOR 

Figure 1. 1 Buildin1 • cNdlble model. 
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GIGUI 

System:~ 
Analysed 
system 

+ 
environment 

M-il 

Subsystem to be 
analyHd 
A. 8, c, D: 
System components 

Boundary of the 
subsystem 

Hierarchical System Structure: Decomposition of a system 
Into subsystems 

Inlet 
inlorma tioa 

• v ariabla 
• cocfrlcicn 

mand (strea 
cner1 y flows) 

A MODULE 

A subsystem 
model containin1 
coded 

- • equations . 
• inequalities 
• listed data 
• calls to 

ts data buc 

Retention of param-
cfcn. variables 
for iteration 

(Submode Hing) 

-
"' Outlet 

information 
• variables 
• coefficients 

(stream and 
encru flows) 

A typical proc:eu module showina the ncca11ry interconnections of information. 



Model classification 

Model t ype 

Algebraic 
or Integral 

(,) -.. 
Lumped parameter • -c -E.!! Distributed .... 

•-a parameter .. 0 
~E 

(,) 
Continuoula -.. • time -u= 

-~ ... 
Discrete ·~· •o- event .c .... 

(,) Q.'a s .. o 
U> o E 

• 

E tion t ype 

Algebraic 

Ordinary 
dill erentlal 
equations 

Partial dlf ferential 
equations 

Probability 
distributions 

Probability 
distributions 

and 
queuing theory 

• 

E I 

• Stationary 
energy and 
ma11 balance 

• Opllmlaallon 

• System dynaml 
• Control 

Cl 

• Optimal control 

· Heat tranaler 
• Dlflualon 
• Fluld flow 
• Sir••• analy1l1 

• Operation1 
research 

· Job 1chedl g 
· Managame 

" 

• 

I ·,, 

:i 
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INTERFACE AT THE 
BED SURFACE 

• 
FREEBOARD GAS MODEL 

~----------...... ._. 

FLOW 
SUB-MODEL 

I I 
I 

I I 
I I 
I I 
I I 
I ~----.._.-.------·--------~ --_. _ 

ENERGY 
SUB-MODEL 

• I 

' I I 

.------------~------~ I 
I -------------.....----- -I I 
1 1 a a 

TASK 
MANAGER 

I I 
I I 
I I 

' ' 
FLOW 

SUB-MOOEL 

COKE BED MODEL 

ANALYZING THE HEAT TRANSFER IN A COKE CALCINING KILN 

• 

~ 
I 
~ 



M-14 

STEPS IN MATHEMATICAL MODELLING 

User 
analysis 

Physical system 
and problem 

------------ "'<::::: 5"-----------
User 
Interface ------------ ----------· 

Input 

Computer 

Analysis 

Output 

-----------------------~~~--------~----------· 
User 
Interface -- - - - -- - - --- •' ~- -- - -- - - - -. 

User 
analysis 

Results and 
interpretation 

Note: there are two places requiring significant 
user input. These are labeled by the expression 
"user Interface" In the diagram. 

• • 

"1-1$" 

/\ 

SOFTWARE APPROACH --------

• Use commerclal software 

• Enhance It with process specific features 

• Validate It on operating units 

• Apply It to cllents' problems 

EXAMPLE 

• Remelt/Casting furnace model: 

• PHOENICS 11 th• core 

• Periphery developed by UQAC 

• ESTER·PHOENICS: 

• PHOENICS Is the core 
• ESTER Is a cham addition 
• Electrom1gnetlc1 added by Alcan 

t==================r=-!r:Lil: .. ~ 

• 
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MODEL VISUALISATION 

The computer generates a large amount of 
data, that are very difficult to understand, 
unless graphics is used to visualize them. 

When dynamics of a process is to be repre
sented, static pictures, even if they are in 
colour do not reveal the dynamic features of 
the process adequately. 

Computer animation solves this problem 
and can in itself lead to scientific discovery . 



·• 

Credibility of models 

Terminology' for model credibility, developed some years 
ago. included definitions of reality, conceptual model, domain 
of intended application of conceptual model, model qualifica
tion, computerized model, model verification and model 
validation, and finally certification and documentation. The 
distinction between verification and validation is essential. 
Model verification is the substantiation that a computerized 
model represents a conceptual model within a specified level 
of accuracy; model validation is the substantiation that a con-

ceptual model within its domain of applicability possesses a 
satisfactory range of accuracy consistent with the intended 
application of the model. Sta~istical techniques have been sug
gested and used in the validation of simulation models. 
Statistical measures of data similarity have been based on cor
relation coefficienr, Theirs Inequality Coefficient, Similarity 
Coefficient, ctnd other measures. 

Some hasic questions of concern .irt•: 

Cl) Does the simul.1tion model behave as the model 
builrler beiieves (or expects)? 

(2) Does the simulatio,, ,,,rvf P 1 1r'Pl"' 11 ateiv rerresent the ob-
jective(!») Of lhe S} · "velOpPr' 

(J) What is the level (Ct. 
have in the moders re~~-..). 

;JSers 

One should recognize that model validation is not completely 
separable from model building. Validation techniques should 
be used during rhe model building process, which is an iterative 
process. Thus, confidence in the model is increased from model 
iteration to model iteration. It is also essential to have system 
data available if reasonable model confidence is to be ob
tained. Most recently, the role of model credibility in design 
of simulators' has been emphasized. 

7 scs TECHNICAL COMMITTEE ON MODEL CREDrsrurv 
·rrrnunolotiy ;or Mod•f Crcdibiliry: ~IMULl\TION 12:3 (M.>rch 19791. 
IOJ.t04. 

AUGUST 1915 SIMUl.ATION 11 

M-/· 
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W. 11t. Mo/,,.~ .5 : 

SfnJlatfon Model Verf ftcatton and Valf datfon 

A report prepared by the futures Research Grrup 
of the Congressfonal Research Service, lfbrary of 
Congress states: Valtdatton of sfn.alatfon models 
have been attempted fn at least sf x ways. These 
I re: 

- The degree to ~ich models duplfcate past 
system behavior using htstor1cal data, · 

- The degree to -"1th model behavior conf onns 
to ex 1 st i ng and re 1 e v 1 nt theory, 

- The ~gree to whfch model accurately forecast 
future states of the system, 

- The degree to "°'ich tn0del 1s found acceptable 
to other model but 1 de rs, 

- The degree to whfch model ts found acceptable 
to those who wf 11 use it, 

- The degree to .mtch model yields opposite 
results when opposite values are assigned to 
the variables and opposite relatfoMhips are 
postulated and opposite results are obtained. 

The report further states that al 1 these approaches 
contain flaws and that no one approach can claim tt 
does canplete val 1 dat1on. Sergent has reported on 
several validation techniques that are used to 
develop confidence in si1111lation models. These 
include: face validity, traces, h1stor1cal tnethod, 
multi-stage val t datton, 1 nternal val 1 dt ty. para
mete r va ri abi 11 ty, conpa ri son to other models, pre
d1ct1 ve validation, event validity, and sub-model 
testing. These techniques include both statistical 
and non-stat1st1ca1 methods [10]. 

( 10] Sa nJent, Robe rt G., •va 1 t de t ton of SttnU lat ton 
Models,• Proceedtngs, 1979 Winter StCMJlatio~i 
'-9nfcrence,. becedier 1979, Sin Otego, CA, Vo • 
2, pp. 497·503. 

''J i ~ s.c..,,,...z...-
51 M t.tfO. t; no 

Co 'ff. ~t!" c.C. 

,.,.. t'f S-
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Model Acceptance Problems 

• 

• 

• 

• 

• 

• 
• 

• 
• 

Misuse of models for purposes of •proving• something or 
advocating policy rather than for providing insights into 
cross-disciplinary dependencies. 

Hidden factors significantly affecting decisions are not 
communicated to the modeller. 

Lack of interaction between modeller/user during model 
development. 

Focus of modellers on analysis rather thar\ important 
issues. 

Failure to integrate model into organizations' information 
systems. 

Customers too busy/lazy to understand model • 

Failure to build model up gradually from mock-up 
simulation sta9e. 

Failure by modeller to prove usefulness of model 

Inadequate/inappropriate trainin9 of modellers • 

or manual 

to client •• 

Cpn4ltlpn• fAI. 19411 Ac;c1gt1nc1 

• 
• 
• 

• 

• 

• 

Rodel auat be very 1ound • 

"<>d•l au1t·have a 9ood •alesperson • 

Truated •a1de1• and decision aaker need to participate in 
aodel construction proce11 to 9ain insi9hts necessary to 
iaprove deci1ion-aa\in9 proce11e1. 

Models aust be credible with respect to coherence, 
corre1pondence, clarity, and workability. 

Modellers •u•t be willin9 to relate findin9s and 
aethodolo9ies to decision issues and proble•s as an 
inte9ral part of an •inforaation system• which includes 
aodel, •odeller, and uses of model findin9s. ~ 

Modeller must effectively communicate results directly to 
deci1ion •aker. 
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THE ACTUAL PROBLEM 
HAS A SUFFICIENTLY 
CREDIBLE SOLUTION 

YES 

YES 

SUCC£SSfUL 
TERMINATION 

FORMULATED PROBLEM 

DOES THE FORMULATED 
PROBLEM CONTAIN THE COMPLETE 

ACTUAL PROBLEM? 

YES 

NO 
TYPE Ill ERROR 
IS COMMITTED 

YES 
ISTHE 

FORMULATED PROBLEM 
REPRESENTED BY A MODEL WHICH 

NO 

NO 

NO 

TYPEI ERROR 
IS COMlllTI'ED 

ENDINGWITH 
TYPEI ERROR 

HAS SUFFIQENT 
CREDIBIUTY? 

UNSUCCESSFUL 
TERMINATION 

NO 

NO 

THE ACTUAL PROBLEM 
DOES NOT HAVE A 

SUFFICIENTLY 
CREDIBLE SOLUTION 

YES 

YES 

TYPE II ERROR 
IS COMMITIED 

ENDING WITH 
TYPE II ERROR 

THE OCCURENCE OF ERRORS IN 
THE MODEL LIFE CYCLE 

' 
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2-2 FUNDAMENTAL LAWS 

2-2.1 CondnuityEquadoas 

Total continuity equadon (mast balance) The principle of the conservation of 
mass when applied to a dynamic system says 

l Mass flow ) (mass /lo"'· ) (time rate of change ) 
\into system - out of system. = ,of mass inside system (2-1) 

The units of this equation arc mass per time. Only one total continuity equation can 
be written for one system. 

The normal steady-state design equation that we arc accustomed to using says 
''what goes in, comes out." The dynamic version of this says the same thing with the 
addition of the word .. eventually." 

The right-hand side of Eq. (2-1) will be either a partial derivative c/ct or an 
ordinary derivative d/dt of the mass inside the system with respect to the independent 
variable, t. 

• 

Component continuity equadons (component balances) Unlike mass, chemical • 
components arc not conserved. If a reaction occurs in a system, the number of moles 
of an individual component will increase if it is a product of the reaction or decrease 
if it is a reactant. Therefore the component continuity equation for the jth chemical 
species of the system says 

(
Flow of moles of jth ) (flow moles of jth ) 
component irto system - , comp1ment out of system 

(
rate of formation of moies of jth) (time rate of change of moles) 

+ compon.-·nt from chemical reaction - of jth component inside systtm 

The units of this equation are moles of j per unit time. 

(2-9) 

The ftows in and out can be both convective (due to bulk flow) and molecular 
(due to diffusion). We can write one component continuity equation for each com
ponent in the system. If there are J components there are J component continuity 
equations for any one system. However, the one total mass-balance equation and 
these J component balances are not all independent, since the sum of all the moles 
times their respective molecular weights equals the total mass. Therefore a given 
system has only J independent continuity equations. We usually use the total mass
balance and J - I component balances. 

• 
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A fundamental property <if the electric charge is the property of 
constrvation. Experiments show that no net electric charge can be 
created or destroyed. Electric charges cari be only separated or 
combined, positive and negative charges always appearing or dis
appearing in equal quantities. 

The conservation of charge i3 an dfect already noted in Section 
4-1. It can be expressed mathematically by the continuity tquation 

ap 
V • J = - at . ( 15-1. la) 

This equation represents an experimentally established correlation and 
constitutes a fundamental law relating a time-variable charge distribu
tion with electric current density. 

By means of Gauss's theorem of vector analysis, the continuity 
equation can be written in an equivalent integral form 

f J · dS = - :, f p dv. ( 15-1. lb) 

This equation shows that whenever the total charge in a given region of 
space changes, there is a net electric current (conduction, convection, 
or both) through the surface enclosing the region. Since a conduction 
or convection current is merely an organlzed motion of electric charges, 
the equation also shows that any variation of electric charge within a 
closed surface is accompanied by an influx or an outflux of electric 
charges through this surface. The charge contained in the entire 
universe is thus c;onscrved. 

Under steady-state conditions the right-hand parts of Eqs. ( 15-1. la) 
and ( 15-1.1 b) become zero, and these equations reduce to 

v. J = 0, 

M-~I 
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The first law of thermodynamics puts forward the principle of conservation of energy. 
Written for a general .. open .. system (where ftow in and out of the system can occur) 

it is 

I Flo"· of internal. ~inetic. and) (jlo-,.· o~ ~~e~na_~~ ~~~~c:. a":.\ 
( potential energy 1~to ~ystem - potent":• c~r!l.1 vu_•,,, s!ste ..• , 
\by coni-ection or drjfusron by conr:ec11on or diffusion 

(

heal added to _sy~tem by) ("·ork do~ by syste'". on) 
+ conduction. radiation. and - surroundurgs (shaft M:ork 

reaction + PV "·ork) 

= (time rate of change o! i~ternal. kinetic.) 
and potential energy inside system 

(2-18) 

In most chemical engineering systems the general form reduces. as we will show. 

to essentially an enthalpy balance. 

~ewton·s second law of motion is usually expressed for a system as 

d 
IF= dt (IM) 

in which it must be remembered that m is the constant mass of the system. IF 
refers to the resultant of all external forces acting on the system. including body 
forces such as gravity. ·and ' is the velocity of the center of mass of the system. 

This says that the time rate of chan1e of momentum in the i direction (mass times 
velocity in the i direction) is equal to the net sum of the forces pushing in the i direction. 
It can be thought of as a force balance. Or more eloquently it is called the conservation 

of mom1ntum. 

o F 

=0 

• 

• 

• 
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2-2.5 Equaliom of State 

To -.me mathematical models we nttd equauons that tell us how the ph)sical pro
perties. primarily densny and enthalpy. change wnh temperature. pressure. and com-

posauon. 

Liquid tknsity =PL = f., r •. , 

Vapo' J~nsuy = P. = f., r ,. , 

Li'.['.1td trtthalp_v =It = f!' r =·' 
Vapo' trtthalpy = H = [,,, r "·' 

Occasionally these relationships ha'te to~ fairly complex to describe the s~stem 
accuratdy. But in many cases simplificauon can be made -.11hout sacrificing much 
overall accuracy. We have already used some simple enthalpy equations in the exam-

ples of energy balances. 

h = C.T 
H = c.r + .i. 

I !-47) 

The next level of complexity would be to make the c,,·s functions of temperature: 
.r 

h :s I C,.n dT 
• r. 

A polynomial in T is often used for C,, . 

Then Eq. (2-48) becomes 

(2-50) 

Of course. with mixtures of components the total enthalpy is needed. If heat-of-mixing 

effects arc ncaliaiblc the pure-component enthalpies can be averaaed: 

/s r: •I JC,h,.\f j 
a L;. 1 x1Mi 

where % / • mole fraction of Jth component 
M 

1 
• molecular wcipt of Jth component, lb.,' mole 

h
1 

•pure-component enthalpy of }th component, Btu/lb. 

(2-Sl) 

The denominator of Eq. (2-Sl) is the averap molecular weiaht of the mixture. 
liquid densities can be assumed consWlt in maay systems unless larp changes an 

composition aad temperature occur. 

Vapor densities usually cannot be considered invariant and some sort of PVT 
relationship is almost always required. The simplest and most often used is the perfect

aas law: 

-.here P • absolute pressure, lb,/ft 2 

V • volume, fcl 

" • number of moles 
R • consrant • I ,S4S lb,·ft/molc·0 R 
T • absolute temperature, 'R 

PV • 11RT (2·S2) 
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2-2.6 Equilibrium 

The second law of thermodynamics is the basis for the equauons that tell us the condi· 
uons of a S)Stem -.hen equilibrium condJuons prevail. 

Chemical equilibrium Equ1hbrium occurs in a reacting s~stem when 

I 

'\,.,µ,=0 
,~, .. I !-54) 

.,., here ,. , = stoichiometric coeffic1enl of }th componenl with reactants having a negau .. e 
sign and producu a posiuve sign 

µ
1 

=chemical polential cf jlh componenl 

The usual way lo work wilh lhis equalion is in terms of an equ1hbrium constant 
for a reaction. For example. consider a reversible gas-phase reaction of A to form B 
at a specific reaclion rate k1 and B reacling back lo A at a specific reaction rale k:. 
The stoich1omelry of the reaction is such lhat v. moles of A react lo form•• moles of B. 

1!-SS) 

Equalion (2-S-l) says equilibrium will occur when 

(2-56) 

The chemical polentials for a perfect-gas mixture can be written1 

ll; ,,. ll; 
0 + RTln -'; (2-57) 

where µ1° - standard chemical potential (or Gibbs free ener11 per mole) of }th 
component. which is a function of temperature only 

~i = panial pressure of }th component 
R =- perfect-1as constant 
T - absolute temperature 

Subslilutin1 into Eq. (2-S6), 

v•(JA• 0 + RT In ~.> - v.(JA,., 0 + RT In 3' ,.,) • 0 

RT In~.·• - RT In 3'4 '• • v.µ,.,0 
- v.µ 8° 

~ ~) 0 0 In (-'- • v.µ.. - v•ll• 
~,;• RT 

(2-58) 

The riJht-hand side of this equation is a function of temperature only. The 
term ia parentheses on the left-hand side is defined as the equilibrium constant K,, 
and it ttlls us the equilibrium ratios of producu and reactants. 

~·· K
·, g1A'• 

(2-59) 

Pbae equilibrium Equilibrium between two pbasa occun when the chemical 
potential of eacb component is the same in tbe two pbala: 

where µ/ • chemical potential of jth component in phase I 
µ/1 •chemical potential of jtb component ia pb&le 11 

(2·60) 

• 

• 

• 
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Since the vast majority or chemical engineering systems involve liq~id and vapor 
phases. many vapor-liquid equilibrium relationships are used. They range from t~e 
..-cry simple to the very complex. Some or the most commonly used relationships are 
listed below. More detailea treatments are presented in many thermodynaaucs 
texts. 

Basically we need a relationship that permits us to calculate the vapor .:ompo
sition if we know the liquid composition. or vice versa. The most common problem is 
a bubbl~-point calculation: Given the pressure P or a system and the liquid composi
tion xi. we want to calculate the temperature of the system and the vapor composition 
Y;. This usually involves a trial-and-error. iterative solution because the equations 
can be solved explicitly only in the simplest cases. 

~--: i EQGll :~> __ : -~ 
Sometimes we know xi and T and want to find Pandy, or we know YJ and P 

(or T) and want to find xi and T (or P). 

We will assume ideal vapor-phase behavior in our examples. i.e .• the partiai 
pressure or the jth component in the vapor is equal to the total pressure p times the 
mole fraction of the jth component in the vapor Y; (Dalton's law): 

(2-61) 

Corrections may be required at high pressures. 

I Raoult's law: Liquids that obey Raoulfs law are called iMal. 

(2-62) 

(2-63) 

where P, 0 is the vapor pressure of the pure jtb component. Vapor pressures 
are functions of temperature only. This dependence is often described by 

o AJ 
In P, • T + B, (2·64) 

l-2. 7 Chemical Klnedca 

We will be modelin1 many chemical reactors. and we must be familiar with the 
basic relationships and terminology used in describina the kinetics (rate of reaction) of 
chemical reactions. For more details, consult one of the several excellent texrs in this 
field. I 



Arrbenfus temperature depeadence The temperature depende~ of a specific • 
reaction r2te. le. is usually found to be exponential: 

tZ-69} 

~here k =specific reaction rate (units to be defined below) 
x = precxponential factor (units same as k). a constant 
£=activation ener&Y (Btu/mole)~ shows the temperature dependence of the 

reaction rate. i.e .• the bigcr £. the faster k increases with temperature 
T = absolute temperature. 0 R 
R =perfect-gas constant (l.99 Btu/mole-'R) 

This exponential temperature dependence represents one of the most severe 
nonlinearities in chemical engineering systems. Keep in mind that the .. apparent .. 
temperature dependence of a reaction may not be exponential if the reaction is mass
transfer limited. not chemical-rate limited. If both zones arc encountered in the 
operation of the reaaor. the mathematical model must obviously include both reaction
rate and mass-transfer effects. 

Law of mass acdoa Using the conventional notation. we will define an overall 
reaction rate ~ as the rate of cbanac of moles of any component per unit volume due 
to chemical reaction divided by that component's stoichiometric coefficient. 

I (dn ·) A--_, - v, v dt • 

...... moles componcntj 
v sec-ft> 

(2· 70) 

The stoichiometric coefficients v
1 

arc positive for products of the reaction and neptivc 
for reactants. Note that A is an intensive property and can be applied to systems of 
any size. For example. assume we arc dcalin1 with an ineversiblc reaction in which 
components A and B react to form components C and D. 

Then 

A=-- - •- -l (. dn") I (d"') 
-v.v di • -v.v di • 

l (d"c} l (dn0 ) 
• vcV dt a• v,V dr a 

(2-71) 

The law of mass action says that the overall reaction rate •will vary with temperature 
(sinct k is temperature-dependent) and with the concentration of reactants raised to 

some powers. 

~ - k, 1 , c"·c,• 
where C" - concentration of component A. moles of A/ft> 

C1 - concentration of component B. moles of 8/ft> 

The constants a and b arc not, in aencral, equal to the stoichiometric coefficients v. and 

The reaction is said to be first order in A if a• l. It is second order in A if 

a • 2. The constants a and b can be fractions. 

• 

• 
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Fundamental prlnclples used In engineering design problems 

Fundamental I Dependent Independent 

Prlnclple V.rlM>le Vari able Parameters 
-- -··-·- --- - ---·------·---

Heat balance Temperature Time and Thermal properties 
pos1t1on of material and 

geometry ot 
system 

Mass balance Concentration or Tune and Chemical behavior 

quantity of mass pos1t1on of material. mass 
transfer 
coefficients. cind 
geometry of 
system 

Force balance Magnitude and Time and Strength of 

direction of forces position material. stru·:tural 
properties. and 
geometry of 
system 

Energy balance Changes in the k1net1c· Time and Thermal properties. 

and potential-energy position mass of material. 

states of the system and system 
geometry 

Newton's laws Acceleration. velocity. Time and Mass of mate""'· 

of motion or location pos1t1on system geometry. 
and d1ssipat1ve 
parameters such 
as friction or drag 

" 
Kirchhoff's laws Currents and voltages Time Electrical properties 

in electric circuits of systems such 
as resistance. 
capacitance. ~nd ~ 
inductance ' 

I 

~ ...,.. 

,- ' (' ,- i I (• . r ' ~' (' ( ( t ~ ..... ( 
'I ',.', 

' 
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Component 

Navier-Stokes equations 
Fourier's Law 

Fick's Law 

Convective transport 
Maxwell's equations 

Thermodynamics 
Kinetics 
Constitutive relationships 

The Building Blocks of Mathematical Models 

Application 

fluid flow 
heat conduction 

diffusion 

heat and mass transfer 
electrodynamics MHD 

equilibria phase diagrams 
rate predictions 
def onnation processing 

• 

Remarks 

complex vector-tensor manipulation 
relatively simple. more complex if phase 
change is involved 
simple for one component. very complex for 
multi-component systems 
combines fluid flow. heat and/or mass transfer 
very complex problems. i.e., 
plasmas. induction furnaces. etc. 
often routine calculations 
needs experimental inpur 
very complex. needs realistic input 

.. 

• 
~ 

I 
~ 
Cit 
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Examples of fundamental laws that are written In terms of the rate of change 
of varlables rt = time and JC = posltlonJ. 

Law 

Newton's second law 
of motion 

Fourier's heat law 

fick's law of diffusion 

Faraday's law 
(describes voltage 
drop across an 
inductor) 

Mathematical Expression 

dv 
dt 

F 
m 

dT 
Heat flux = -k-

dx 

de 
Mass flux = - D-

dx 

di 
Voltage drop = L dt 

.So~d'"<:e . Cl1_ C{ pr~. 'c~ ~D 1 e > l°t 8 ~ 

Varlables and Parameten 

Velocity ( v ), force ( F J, and 
mass (m) 

Thermal conductivity fk) 
and temperature ( T ) 

Diffusion coefficient (D) 
and concentration (c) 

Inductance ( L ) and 
current (i) 

• 

.. 

~ 
I 

). 

"'-l\ 
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A FAMILY PORTRAIT OF FIELD PROBLEMS 
From the master equation which 
relatH Lile enemal influence <E.> 
to the primary unknown "'' 
throuch the 1eneric stiffneu ma
tns. [Kl we solve for the primary 
unknown: 

Start with 

{E.}=[~;nc] {u,} 
and solve. 

{ } r~Mric]-I r } 
u, = L K \E, 

Then, find the 1econdary un
knowna or SU. They an &1m01t al
way1 derived by cakulat1q the 

Heat tn.nller 

rate \#f chanp ti u, with respect to 
a 1eometry •ariable and multi
plied by the material property de
ICriptioo 

SU= (MPD) &(u,) 
4(%) 

or in cakulua t.erma, 

SU= (MPD} du,. 
dz 

• n addition, SU may be pre
. :tor (a Mria of'val

-:.z_ Tbua. MPD will 
~ !\Ill equation ia 

The famlly portrait 

{SU}=(.VPDJ { ~} 
A dusic uample ia where St: is 

the 1trna vector and ia c->mpnaed 
ti t1 .. fl,,. fl .. T,.. T,., T •• 

The 30 world i1 1imilar es.cept 
that primary unknown. have thl'ff 
compooenta. For imtance, in solid 
mecbanica di1placementa are la
beled u. u. and w. for three orthop 
nal directiou. Tbua, the pnmary 
uUDoWD, 

{•,}·{:} 

Derl,,..11u>tla17 .......... 
11aia..._,. • .. dT 

q •-11-

"" 
Sohd mectwuca Dlaplacement. u Younc'• modulua, E Stn.,tt du 

a=E
dz 

Flwd mectwua Veloacy, V 

(p , • ii beet« 

kno'Wll u IUUI. 1) 

Prulun, P. 11 a bit cbfl'....a Neslecl inertia ad~ ti.co..• prilllU'J v.nll:mwL 
OtherwtM. pN•\lft ii I MCIDlldarJ uniulowa. p • -1 d'/ltb, whef9 .. ii a CIDlllCDL 

Electroecaaca ~ PmlUUiYitJ, • 
pocnuaJ.• 
IYOILll 

MACHINE DESIGNl\cAAc:H 21. tftl 

• 

• 

• 
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THREE DIMENSIONAL ANALYSIS OF 
THERMO-ELECTRIC AND 

MECHANICAL BEHAVIOUR OF 
ALUMINIUM REDUCTION CELLS 

Vinko Potocnik 
Alcan International Limited 
Jonquiere, Quebec, Canada 
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PURPOSE 

To design the cathodes and the anodes so that they 
provide: 

-chosen operating bath temperature, 
-freeze on side-walls, 
-long cathode life . 

MEANS 

Choose a commercial finite element program (ANSYS 
or similar) and adapt it for the purpose . 



REQUIREMENTS: 
TEHRMO-ELECTRIC MODEL 

-Every material to be represented. 
-Temperature dependent properties. 
-Freeze to be calculated (moving boundary). 
-Thermal and electrical problems coupled. 

-j = -o-\i'V 

-Fluid-solid boundaries represented with heat· trans
fer coefficients: 

• bath/metal to freeze/carbon, 
e external surfaces to air. 

• 

• 

• 
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• 
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REQUIREMENTS: 
MECHANICAL MODEL 

-Stress and deformation to be calculated. 
--Some criterion of strength needed. 
-Thermal and sodium expansion to be considered. 
-Predict at least early failures due to carbon cracking 

(anodes, cathodes) . 
-Predict plastic (permanent) deformation of the cath

ode shell. Design enough strength to avoid perma
nent deformation (for easy relining and minimum 
repair in the next life cycles) . 



PROBLEMS ENCOUNTERED: 
THERMAL/ELECTRICAL 

-Heat transfer coefficients (HTC) between bath/metal 
and freeze/cathode carbon. 

• Use semi empirical coefficients 
derived from the combination 
measurements-models. 

-Radiation from external boundaries. 

• Represent radiation with heat trans-

• 

fer coefficients, but this makes HTC's • 
highly temperature dependent. 

-How to represent cradles (complicated geometry)? 

• Use an increased HTC to avoid too 
many elements. 

-Electrical contact resistances between steel and car
bon. 

• Use empirical data. 

- Large models. 

• Use submodels. 
• Exploit symmetry. 

• 



• 

• 

• 

.. 

PROBLEMS ENCOUNTERED: 
MECHANICAL 

-How to represent shell and cradles? 

• Use many small elements. 

-How to represent gaps between materials? 

• In anodes: stud-carbon. 
• In cathodes: collector-bar carbon, 

brick-carbon block, inter-brick . 
• Use gap elements. 

-Sodium swelling not well known: difficult to get 
good data. 

• Use what is best available. 

-What strength criterion to use? 

• Energy method with Von Mises stress. 

- Model size. 

• Exploit symmetry . 
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Magnetohydrodynamics (M HD) 

of Aluminum Electrolytic Cells 

• 
" VINKO POTOCNIK 

ALCAN INTERNATIONAL LIMITED 
Arvld• Re1earch and Development Centre 

Jonqul6re, Qu~bec 
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Magnetohydrodynamics (M HD) _ 

of Aluminum Electrolytic Cells 

e A. What Is MHD? 

• 

B. Why to be concerned with it? 

C. How to apply It (to electrolytic 
cells)? 
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Figure 2: A lltodtrn End-to-Ena Cell 

• 
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INTRODUCTION 

Thi• lecture will deal with tho•• phenomena of electr011A9netic• 

that are encountered in aluainua electrolyaia. !xa11pl•• of th••• 

phenomena area Eler - .~rr• .. ~ ~·•tribution iuide and ouuide the 

cella, ma9netie- tic forcea, •tal and bath motion, 

and interface cS.•cur .. anc-... • ..... c~ .. cal ud theoretical efforta to 

alleviate the undeaired effecta of electrollatnatic nature will be pre

••nted and illuatrated witb experimental reaalta and current and paat 

practice in tile aa911ecict1 de•ifll of tile alumia,.. electza~Jeio eel.le •• 

EL&CTllOMGNITIC roacu 

Ma9netic fielcla an a reault of elecuia curnnta. Aa tbe cur• 

renu in the aluai.n• eleatroly1i• are very lu9e,·tbe •tmtia fielda 

are appreciable in a wide 1pac:e arcnmd the current condac~n. •• are 

particularly concerned witb the •tnatic f iel4a iD tbe •tal and batb 

becauae there ther interact with elac:tria cu.rrenta ~ produce a force 

that diatu.rb• t!le •tal an4 bat!l. lince tbe cv~uta ue DC tbe 

reaultint field la .. taetoe~tia. 

Th• elecvic cvreat oauiu tbe calla i• at a lart• uoutb cUa• 

tance frcm the •tal pool .. t.bat we ue4 not couider ita tiatribution 

inaid• a .,uabar, bat oaly tbe total nnut f1owi.D9 la it, u if it 

flowed only in a thin conduator at ita cater. la tbe c:all, ~ ..... 

and for ou PUl'O••• la tbe •tal an4 batll, we haft to couider a de• 



• 
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tailed current diatri~ution, •xpr••••d ••the current~ct.naity distribu

tion 1cx,y,z) in A/•~ 

A unit volume of fluid experience• the follovin9 electromaqnetic 

force: 
(l) 

wheres t: fore• d•n•ity in N/a3, 

j •electric curr•nt d•n•ity in A/a2, 

1 • ma9n•tic induction or m&qn•tic: flux d•n•ity in te•l•• <• T)• 

or 9aua• !• G) • .. 
Th• dir•ction of th• ve~tor f!ll i• deteE11ined by th• rule of riqht 

hand •crew CPi9ure la) • 

.tt ia moat convenient to ua• the carteaian coordinate •Y•tea 

ahown in Pivur• lb • 

Ca) (b) 

anode •hadow on top of 
cathode carbon 

In the carte1iu.coordinate 1y1t•, the thrH vector• ares 

1 s (jx' 11 , 11 >, 'S • <•x• 8y• •,> 

vb Ve * lT • l;r • liJ• 

.. 
fDI • (fDlx' facy, t 1118), when 

1ata = jy•a • 1a•y 

, fa1y a 1a•x - '•'• 
fllla • jxly • jylx 

cauaa 11 a CCI unit 1till c:oamcnly uaed. 

(2) 

' lT • 10 G. 
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~~~ • 
In a real pot, all three componenta of th• above three vectors 

are different frcm zero. In an ideal pot jx • o and jy • O, i.e., 

th• electric: c:urrent in the bath and molten metal flow• in the verti• 

cal direction only Cfroa the anode to the cathode). In thi• case, the 

equation• (2) ares 

(3) 

The electroaa9natic force (1) ia reaponaible for metal flow, 

metal•batb interface diaturbance• auc:b aa inclination, ripplin9, 

and wave•, then •tal UMI batb rollin9, etc. Th••• proc••H• 

af fec:t the pot operatioa1 deer•••• current efflciuc:y (by oaida

tion), caue YOltat• iutability (by •bort-circ:uit1n9 the •tal to 

the anode), ancl cauae a 9rMter eneqy couumpUoa becaue th• ACD 

cannot be de:reued below a c:ertaiA value. 

EMF 

Force re1ultln1 from the Interaction 

of Eleotrlo Current and Magnetic Fl•ld 

1•1x I 
(Force • Current x Magnetic Fleld) 

N A VI ;nr•n;r x m2 

• 

• 
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Q!RECTION OE EL'Ci~OMAGNET!C =QRCES 
EfilJt1 

lNTERACTlQN OE CURRENT ANO F!ELP 

MAGNETIC CURRENT COMPONE~T 
FIELD 

COMPONENT HORIZONTAL HORrZCJNT~L 
VERTICAL TRANSVERSE LONGITUDINAL 

LONGITUDINAL TRANSVERSE 
VERTICAL - FORCE FORCE 

Bz I 
HORIZONTAL LONGITUDINAL 

/-' 
VERTICAL 

TRANSVERSE FORCE FORCE 
By 

I 

HORIZONTAL TRANSVERSE /vERTICAL \ 

~-LONGITUDINAL FORCE FORCE ' 
Bx 

' WOBST _ I N~~Ll~IBLE-~ 
EFFECTS EFFECTS 

Bz-~.f't\JOR INFLUENCE 
Bz + JHORIZ • •PERMANENT• CIRCULATION 
FORCES ARE NOT UN I FORM AT ALL LOCATIONS 
FORCES ARE NOT SAME IN BATH AS IN METAL 

! 

I 
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MAGNETIC FORCES : THE INTERACTION OF CURRENT AND FIELJ 

CURRENT 1 
1 t • ,, 

FIELD , I 

1....,.. .... • !! 
N .... : l °' FORCI! • j x i CVECTORSl 

..... ,. J ,, 
· CONDUCTOR MOVES TO THE RIGHT 

s 
,ORCI 

Motor rule. 

• 

• 

• 
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Magnetohydrodynamics (MH D) 

of Aluminum Electrolytic Cells 

A. What la llHD? 

8. Why to be concemed with It? 
' 

C. How to apply It (to electrolytlc 
cella)? 

• • 
HAGNETOHYDROOYNAHICS IS THE STUDY or FLUID 
BEHAVIOUR UNDER THE INFLUENCE or THE 
ELECTROHACllETIC FORCE. 

THE EL£CTROHAGNETIC FORCE PER UNIT VOLUME IS 
THE VECTOR PRODUCT or CURRENT DENSITY AND 
HACllETIC IIDUCTIOll. 

THE ELECTROHAOllETIC FORCE IS RESPONSIBLE FOR 
THE CIRCULATIOll or THE MITAL AllD ELECTROLYTE, 
ro11 STAT.IC DIFORHATIOI or METAL-BATH 
llTERFACI AID FOR VAVU OI THIS lllTERFACE. 

THE OBJECTIVE or tltD DISIGll IS TO HAKE THE 
HETAL-BATH IllTllPACE DEFOIHATIOll AS SHALL AS 
P~IBLE AID T• VILOCITIIS or THE HETAI. AND 
ELECTROLYTE AS LOW AS POS.SIILI AID RESTRAINED 
TO A flV SDMTIICAL CIRCULATIOll POOLS. 

ALI. ms HU TO BE ACHIEVED BY PAYING DUE 
ATn:lfTIOI TO THI BUSIAR AID EDRGY COST. 

(' 

1· 
" 

... 
0 
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NII STA&ES Of A rlfD STUDY; 

l - CALCILA!IOI OF ~GRETtC FIELD DISTllBUTIOI 
- POSITIOI AID DIVISIOI OF CURRENT II EXTERNAL CONDUCTORS 
- EFFECT OF IROI 

2 - CALCtUTIOll OF CURRENT DISTRIIUTIOI 
- CAL.CtUTIOtl OF CONDUCTOI SECTICIS 
- CAl.CtUTIOI OF INTERNAL CURRENT DISTRIIUTIOIS 

3 • CAl.ClUTIOIS rE HYDIODYIWHCS 
• CAl.C1UT10I rE FOIC£ <EJF> 
- CALC\UTIOI rE ClltClUTIOI AID 9A111-f'El'Al. INTERFACE 

II • EXPOUllTAL VOIFICATIOI 

- '8UfJllT • cuums 
• ,......., m: MIETIC FIB.I 
- EVM.ISh• m: MIEIC FIU 
• EVM.UATiml m: CATHa P• llFGIMTlm 

· · • EVMJIATiml m: RETM. CllC1UTlm 
• STQLI, EFFICIElf CILL 

,,..,. 
THI Pll&L" DUI·.. tS &llZfll IT 11 A 
PAWCTUC 1111 • l . ~ ·~ PGllJILI -II 

• 

11.UlfaClll II ma;. .41l) Tm l8t - II 
CHOlll ACCGIDlll TO ~ .71D - cunau. • 
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!LSCT1UC C~ DISTIUSU'TIOH 

THE ELECTRIC CURRENT DENSITY t9 '!'ME t.!~UIO 

ZONE IS ESSENTIALLY EQUALTO THE CELL CURRENT 
OIVIOED BY THE AREA OF THE LIQUID ZONE. 

IT IS A VECTOR POINTING VERTICALLY OOW?f WARDS 
IN THE BATH. BUT IT MAY HAVE CONSIOERABt.£ 

HORIZONTAL COMPONENTS IN THE METAL. 

THE HORIZONTAL CURRENTS ARE DUE TO: 

- CATHODE AND BUS8AR DESIGN. 

- THERMAL EQUILIBRIUM or THE CELL, AND 

- CELL OPERATIOI • 

IUSIAI DISIGI IS CCM'CSD or 'N) 

PROCISSaa 

- SEAllCI roll OPTIMAL IUll&I LOCATIOll WHICH 
IS QIIDID n nm PACT T11AT ILICTUCAL 
CUlllllTS caa&n MGllnC rm.DI. 

• SUICll POI APP•W11 11811 SUD .XCI 
IS <JllDlm, •• fJ.1'9 PACT TUT m IUllAI 
cuuar 11 A ••r1G11L TO m 1US1&1 
lllllTllCI DI I Pll&LLIL lllISTllCI 
di ... 

- onMU, CUftlU ral - -&I .. ,. a• Ulll C9 Tm PUICJPt.11 al MClllTO
llDIGDllllllCI. 

Aa it 1• YUJ 4iffinlt t:o ooauol tile elMVMI auna• cUatribu

tJ.oa la tba cella •lw '' •-• wit:ll u., tlle fosoe • tile •tal 
u4 batla la tifflnl• to -tnl u4 la alao UM ..,..._,. 

' 
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Link between Pot Operation 

and MHD: 

Horizontal current changes with 

anode ching• 

10 kA/m2 
y 

Anode 
Changed 

I 
• 
• 

l 

I I I f ~ -·~ 7. 
~ I / 

• • II , ~ .- -
• • • ' ' .... - ------- / 

I \ 

\ ~ 
'\ ' ' ................. -...------

' ~ ~ ~' 
~~~~~~ ........ --

l ' 
~~~~~~~;;) ~ ~ 

0 ...... 
Link between Thermal Equilibrium 

and MHD 

C.•••• 

·' 
C1•1lf1 

HorllonW Cunnt la Influenced bJ Ff9U8 

x 



.... 
I 

- 15 -

---·--L __ _..,. 

-g 

lllF 
. cJ'x i; 

L 80 < 0c350 

- NO f'll\_.t1·1 OF LIQUIDS 
- INTERFACE HORIZONTAL 

Willi CURRENT :-
- LIQUI: ~ YIE 
- INTE~· .. ~ JEFOll£D 

• 

• 

• 



• 

• 

• 

- 1.6 -

A NOOE ANCC£ 

al 

I I bl 

/ ,r ' 

c) 

/I I J 

E~ICt of vlttoul lide-frwe proftlle on tM dilCllOn of cunn now ~ the metal 
pad c:d100e bottOm **'G of aceL I) Diet"*' blflf'IC& b) lnlUfftcilnl ledge. c) Too large a ridge. 
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BUlblr conftgurationl for side
by-side cells. 
a) End and quarter entry. Riser 
cunw 111 can be varied. 
b) End and quarter entry; curr.at 
passing under the cathode • 
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I 

TrmsYersal 
medi111 
pl.an~ 

• 

Equipotential zone A 
I 

I 

Cathode flexible 

bar 

bar 

· - lquipot•tial acme I - ·-

nm bl• 
anode 
ri1er1 

Fig, 1- Schw of the al.UldA• coa&luc'COI' circuit 
, ill the ref er.see cell 

• 

• 

• 
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· ... · .... 

MAGNETIC PIBLD DISTJUIU'l'IOH 

Magnetic field 1• produced by th• electric currents. It is there

fore inevitable in alwninum electrolysis. Fortunately, its distribution 

in space can be controlled to a certain de9ree by suitable busbar rosi

tions and by the presence of steel (ferroma9netic) components. In order 

· to control the field, we have to be able to ~alculate it. The magnetic 

field due to currenta only i• •••Y to calculate. Th• steel enormously 

complicates the calculation8. 

l. Maqnetic field vectors 

For a complete description of the m&qnetic field•, three .. . . vectors are needed• a, H, and M • 

• 

• 
8 • maqnetic induction or ma9netic flwc density, (T), .. 
B • ma9netic field •tren9tb, (A/a), 
• M • ma9netization vector, (A/a) • 
• 
8 ia defined teima of the induced volta9e in a movin9 vire, 

H ia defined •• the field of a coil or a conductor, and l i• 

ma9netic mcaent denaity in ma9netic materiala. 

Th• thrH vector• are related by the equations 

1 • 110 ,, •• , 

• In vacum, where JC •f 1 

'i. uo t 

( 4) 

rlote th4t tke ""'··t of .+ ewe( M ,·,. 4/W1 • 1°1\Q. ~~·t 

.o.f!. ! ii te.s '" ('r) : 

-a 1 newton 1 newton • 
1 tesla • 1 weber · m • coul . (m • 1.1)• amp . m • 1 O gauss 
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2. Maqnetic field due to current• only 

All busbar• of the cells are well approxim.ted by straiqht 

conductors carryinq a current I. Even the continuoua currents 

inside th• call can be approxilllAted by descrete st:aiqht line con

ductors. CT?'.~• is qood if we choose a sufficiently larse nwnber 

of such conductor•) 

I 

The maqnetic field of a finitely lonq conductor is qiven 

by the well known formula of Biot and Savart 

• 

I J da' JC r" 
H=4'.; ,a . 

p 

I 
t 
8 
I 
I 
I 

I ' / ......... 

.l 
Z, z' 

• 

• Calc1&1acicm ol &be magnetic &eld auoci•ted wich a segment oI 
• • a·cummt-carrym1 wire. 
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The ;,,, , .. Q.tio"' 0 ~ t~.e.. ~ho"C f o ......... d._ 

o.f th• eo,,d"t.t-o-r _,,·111.s: 

-. 

• uoI •8 B • 4"R Csin8 + sine1) u for R > a 

where: I • line current 

( s) 

R • distance from the conductor to the observation points 

~. 8 • viewinq anql•• of the conductor ends from the observa-

tion point (Figure ) 

a • conductor radius • 

• 8. = unit vector in the circular direction around th• 

conductor • 

Th• ma9n•tic field dir•ction ii 4•t•Z11ined by the rul• of 

th• ri9ht•hand 1crew. ?ti only component i• circularly aymmetric 

around th• conductor. 

__.CONDUCTING 
WIRI 

MAINF'Ji'i 
"""""'~ '"""" CUM. IN DIMCTIOll 

OP "ILO 

Wiii 

MAINITIC 
'11LD 

The direction of the magnetic fteld 
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3. Ame!r•'• lav 

The m&~r.•tic f i•l4 distribution in space is governed by 

qeneral law• aaon9 vbich Ampere'• l&v ia particul&rly useful. 

Thi• law i• written aa: 

(6) 

vherea the intetral i• taken &lon9 a ~ioaed line c in apace, .. 
dl • a •mall element of that c1oae4 line, 

I • total current croaain9 the aurf ace bounded by the 

c:lo•ed line. 

• 

Thi• law i• valid alao in th• preaance of macrnetic material• • 

Exupl• No. 1 

circle. 

di 

For an infinetely lan9 conductor, the c:lo••d path ia a .. 
B i• •Ylll9trical and conatan-- ·'~na that circlea 

(a) (b) 

Calculation of the magnetic field of a current-carrying ~re . 

• 

• 
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:. 

so that fH •di = jHdl = Hjdl. Since jdl = 21"', Ampere's law for this 

problem reduces to 

and hence 

H = lencloaed • 
21"' 

Taking into account the direction of H and dropping the subscript on /, we 
finally obtain 

I 
H=-8 21"' • (r >a), 

where&. is a unit vector in the circular direction forming a right-handed 
system with the direction of the current. To find the field inside the wire, 
we likewise describe a circular Amperian loop of radius r inside the wire, as 
shown in Fig. l.>. Applying Ampere's law to this loop, we obtain, as 

before, 

H feDCIOllM 
=- 2,,, . 

However, the enclosed current is now !..._.. =- (l/••1)1"1 =- l(r1/o1), 

where a is the radius or the wire. The field is therefore 
Ir B .. r,;;i I. (r ~ o). (10-4.5) 

8. 21 
A 

I [g1u11J 
I [kllo1mper••I 
n [metre•). 

-8 



25 ·- • Exaaple No. 2 

Take the patb •• the projection of the anode perimeter i:t 

the molten metal. suppose that for given positions of cond~etors 

l th. m.nnetic fi."eld f everywhere on t.~at and steel we calcu ate ~ 

pat!l. Then, +b •• -b 

~· .. f B (+) (y) I 8 (8 ) (X) 
{ 

B (-j)y) dy t dy • dx .. I ,.oI • 8.dl • x , y y ' t -b -· •b 

-· f B (I') (X) dx (8) 
x 

•• 

I • toul current flnuin9 throqb the cell. 

acCIJ • - r-----~-+----;;.... ___ _ 
y • 

I 

9&WJ 

P?GUU f 

.,c-> 

_x 

I . .. 
uow auppoee tba& we vu• to decreue 1

1 
at the enda of the 

cell. To do tba•, w reanut• tbe bub&n ud the •teel. Aa 

the &bow cii:cnalaUoa iateti:al (I) bu to be ••ti•f1 .. (ve did 

not chant• tile total curru•>, •x -.t increue 1e111-.re alon9 

the inte9ratioa patla (uode parimeur). ftuefon, tbe 11a9natic 

To &9014 

trouble, mapeUc• aua• be de•itn .. •o tUt a food btluc1 of 

force• la acbie .... 

• 
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-. 

'· M&CJ!!!tic f leld 41atribution in the cell• 

A bit inter .. t in aatneU.c:a clurint th• lut tv0 decades ha• 

bed c:aued by tn.e d•aire to uae hi91l c:urrenu. Tb• currents 

have increased frca 'O kA to 200 kA.Mapetic• probl- are appreci

able at c:urrenu aboft 100 kA. ODlf in tile beat de•itna currents 

above 150 kA cu be uaad. 

THI MlmlTIC FIELD IS GEllEIA TED It THI 
COIUlftS FLOVIIG II TU ELECTllICAL CIRCUIT, 
COMPOS8 or THI CELL-TO-CELL 8USBAIS U1) THI 

ELECTllC•LLt COllOUCTIIG CELL IllTEllIOI. 

Tll MIGllTIC FIELD IS l VECTOI VItR l 
COMPLICltlD SPlTllL DISTIIIUTICI, IT IS 

USUlLLI PltlSarrD 11 TENG t:ll THUi ClltT!SIAJI 
COMPCWWWIS1 

• LCIGDUDIDL COMPOlllllT 81 

- TUmrllSI COMPOlllT 11 

- nlTICAL ccwoam •1 
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' COMPONENTS 

LONGITUDINAL COMPONENT 

[5J 
LI NE CURP.EHT 

B C+> 

B <·> x 

I 
I , 

I 
I 

I 
I , 

I 
\ 
\ 
\ 

\ . 
\ 

TRANSVERSE COMPONENT 

~ 
LINE CURRENT 

\ 
Bv <•> 

B C·> y 

• 
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,.. ---, .... . .. ... -........ ,.\_ ... 
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VERTICAL COMPONENTS OF ~AGNETIC F!ELJ 

~ 
J OPPOSITE 

A • fROt1 HORIZONTAL CURRENT IN CATHODE BUS 

I -fRo M HORIZONTAL CURRENT IN ANODE RISERS 

C - FROP1 OPPOSITE ROW OF POTS CI F PRESENT> 

ROW 
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VERTr C~L F: ~LDS 

SECT. a- r - --,:)-----<=>-- - - - - - -
SECT. c

SECT. F-

I ®®®~<!.!>~ f-8 I(++) ( ) I 
I • I 

J :co> co> co> : I -c -1111•~ 
' (+)I ~-} I -F 
I (+) (++) (+++)I 

~------------------~ 

Bz {+) 

SECT. I , 
SECT. c:---.;~--..Q...---- c 

I 

lz <·> 

• 

• 
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• .• . . 
I COORDINATES FOR FIELD COMPONENTS I 

x 

e 

• I END-TO-END 1 

x 

I SIDE-BY-SIDE 1 

• 
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LONGITUDINAL COMP. 
TRANSVERSAL COMP •• 

• VIRTICAL COMP. 
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x 
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EXT. m INT. 

I : I 
dJ 
m 
m 

CD 
CD 
[JJ 
-~-~---

I 

Schematic drawing of external and . internal 

I 

T 
I 
I 

current loops for com pensati.!'lg vertical magnetic fields. 

EXT. 
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Fig. 2.28: • 10·'r-.1a 
Vertical magnetic fields 
from adjacent row and in-

15 

temal and external loops. 76 F 10 

Curve F represents the et-
55 

5 
fects of the adjacent row. y 29 

a) G: internal loop, 30 kA. p I 
I 

... 
·5 ' 

H: resulting field. -s.1 -l 7 

b) J: external loop, 20 kA. I -10 
K: resulting field. 
c) L: internal and external 

.,, 
loop in series, 13 kA. 
N: re$ulting field. Ref. 12). 10·'1 .. aa 

b 15 

7.1 , , 
1.1 • K 0. v 
Pl 

-4.5 
J 

I 

•15 -12.s 

c 7.1 , 
I S.5 
I 
I 
I N y I , 

IQ 
•t. t I 

I ,-2.3 
I I 
I I 

I -· I 

-1.7 I 

·IO • 
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5. Masnetic fie14 in the pr•••nce of •teel 

Steel considerably chanqe• the ma9netic f.ield distribution 

caused by the current•. Steel is ferromagnetic material. Put 

into a ma9netic field it 9ets m~9netized and then acts like a 

permanent magnet 9ivin9 its contribution to the ori9inal ma9netic 

field. 

Steel ma9netization, expr••••d by magnetization vector 1, 
• depend• on the ma9netiain9 field B. By equation (4), it can be 

• 

. .. 
seen that also B i• a function of a. Thi• dependence ia determined 

experimentally and ia called a-1 or maC)ftetization curve 

• 
2.00 

CURVI 1 

-··-
1.50 

1.00 ... ,, .! .. 

Typicll magnetlzatlon curves for 
steel (8-H curv11). Ref. 1

). 

o.so Curve 1: Colckolled steel at 300 °C. 
Cutve 2: Steel wtth one per cent 
more carbon, or 500 °C. 
curve 3: Steel with two per cents 

o.oo men carbon, or 600 °C • • o.o s.o 10.0 15.0 20.0 
H (KILOAW,S/WITla) 
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Bia the fiel4 •~9th in•ide the aaterial.~~Unfortunately, 
it i!. vezy diffic'1lt to calculate B i!taide the steel of a pot, 

becauae it dependa on the ahape ant size of steel. Only for a 

geometrically cloaed piece of ferroa-~qn•tic m&terial 1 inside 

it i• equal to I outaide it Cand example i• a torua for vhic:h 

B-B c:urve i• meaaured). 'l'h• atul of a pot i• not clo••d (the . 
shell ia open at th• top, the vs anode caain9 at the top and at 

the bot~, the collector bar• are not clo•ed into a torus or 

rec:tan91e, etc:.) In & 9eometrically open piece of •te•l the 
• tield • inaide atHl i• in 9eneral ... 11er than the field outside 

• it. Bovever, the field I inaide atHl ia mu.:b larfer than out• .. 
aide becaue of a lute uqnetization II (•H equacion (4)). 

Pituru 12 and 13, pa9ea lt and 20, •how how the .. qnetie 

field diatril»ution in apace ia affected by aillple piece• of 

steel. 'l'h• illuatrationa can be eaaily underatood if we use 
• 

th• Amplr•'• lav. Aa the int99ration path, ve choo•• a circle 

throu9h the po in ta of meaaur .. nt. In caae Cb) of Figure l2, 

th• li•ld ia exactly the .... •• inc••• (a). In ca••• Cc) 

and (d), the field in front of the pol•• i• atron9er, because 

a atron9 field .. qu froa atee1. !y Aaplre'• lav, we find 

that the field oa the other aide of th• 1teal hu to be suller. 

ritv• lJ illutratea how we could tzy to abi•l4 the 

naapetic: f ield.8 out of the •1tiq 1ou. The idea i• qood, 

but 1011ebow i.llprac:tic:al becaue we would need lar9e piece• of 

at .. 1 to t•t 1AJ effect (the diatance betveea the open face• 

ahould be ce111parabl• to th• di1tanc:e from the conductor to th• 

meltin9 1one). Alao, accordint to the Allplr~'• law, ve cannot 

dec:r•••• the .. tnet:io field eveiyvtsere la tbe 1111ltin9 zone. 

Arplyin9 thia law to th• anode perimeter, we ••• that field 

cC11pOnuta can decreue at 1c:me locatiou, b11t !!Ill incr•••• at 

other•. 
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TO STUDY 1111. T1IE FOLLOWlllG NIST IE DETtMINED: 

JHE: MGIOIC FIELD DISTlllUTIOI. llllCM IS CALCIUJED USING 

llOT·SAVAll [QUATIOI. 

• 11IE CUllOT llSTll•TIOI WllCll IS CM.CIUltD IY llMl''S LAW . 
.. UfUCE EGllATIOI. 

11 ClllR•S UM. A.Git I.al D.EC111CM. FIB.1 lllST • TMP llTO 

ACCQllll. 

• 

• M .... tlc Flekl Dl1trlbutlon 

• ...rf axr 
B• tr -;r (llol • Sawalt) 

• Current Dlltrlbutlon 

J•o(l+tVxl) tOllllt 

I I ' ~ .... 
__, 1n11ta11• 

Ill 111111 
latllMI ..... .. ..... ... I•-'• ........ ,.... 

fa••O 

• 

-· 48 -

TI01 
• .. 

• FLUID DYllAftlCS LAWS !tUST I[ ~IED. THAT IS. 

UYIEl·STOQ;S ECIUATIOI AllD COITlllUITY EOUATIOll. 

T1IE FOMOSl~S nlE EOUILl .. 1"' fl FMCES Ill A UNIT YrA.111: 

f6 FlUIDS. 

r £0UATIOIS Ml 1111m• I• ~IMllSIOIUSS FOM TO SlllUFY TH£ 

. 

•A• 'If Dynamic• Lawe 

Na ............ .... 

S ff +('ii·')!•-F VP+i:; ''Tl+J +NK(Jxii) 

' L .... ............. I 
c ........ ......... 

~i._ I 
YI~::."' 

Cell......, .................... ._ .. ...... 
f·i•• 

Qj~ I 
................... , .. ,. .. 

• 
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Dlmenslonlass Analysis Gives 
the Relative Importance of 
Phenomena 

Table 1. D1met11lonl••• Numtaera (for the lollowlng 
typlall.._., · 

Yo• 0.1 Miit lo • 10-21', Lo• O.Ol lft (bath), 

U•(met.o. 

DI•• 181 1111 
........... ... ...... ...... .. ...,,._ a• n• ... 1111111 , ... , .. l.t 

... •11 • .-..'P I.ti 
,. 

• llMMm 
,., .. u 

.. &lltlii .... IA .. - "" . 
... 

111S TllLI 118 1'E •T C~ ll!OSlcalSS IUIDSa ........ 

--'IC ........ lllllNlm• lUC11lC \.Oii PMMlftl• _.,IC 

uno.ctt• .....-CO· ILSI CM.LEI 11C SllWIT ..... 

• • 
- .. - - • 

CCUSIGIS FIGll DlllllSIOll.US AIULYSIS. 

1. nl EUCTICl.nt All 1'111 llTAL Ml vPY DlfFEl[ltf 

l'IMllETDmaOIYllM ICM.LY, 

Z. 1'11 ND LllllDS AQ TIHLPT, 

J, 1'11 aJCTIGllMllTIC F•CC IS UIOITMT Ill IOTM LIGIHDS. 

'· 1'11 DJCTllC CllUft, llllCO IT F\.1111 F\.111. IS IOT 

•&Illa.I II 1'11 ICTM., 

s. Tll ft.Git I.al ..-TIC FIG.I II •1.mu II IOfll 

Ll•IW. 

I, Tll f\.91 II STATIGIMY Ml• .. SO S. 

I lllU. • ,._ ... mlCM. llMIMI • llTM. CllCIUTIOI llt 

CILLS • 

. ..... ...... 
• PM LGlllMIUL NIU 

• PU TIMMl•.-.s 

.. .. 
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+,-----==========::::::----~, 
,. -

-,~ 

.... . . -......... . 
+--------------~~----------~ 

+ + 

Metal Clrculatlon In End-to-encl Cell 
(110 kA. HS) •nd Side-by.aide Cell 
(150 kA. prea.ke, anode rtaera at cell end1) 

• 

-

I - 50 .. 

+ + 

-
+ + 

-----~---------------/ 

Met•I Clrculatlon In Sld•bY·•lde Cell 
Top: 71 kA. bottom: 150 kA. 
Anode rl1era at cell 1ld11 

• 

C" ,. 

• 
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Cml>UTER St:U.ATIOI GIVES ..aRE DETAILS. 

TIE DIFFERENCE BETWEEll All END·TO-etD AND A Slt£-BY-SIDE CELL C.\N 

BE SEEll Oii TMIS SLIDE. 

11 THE sn£-IY-SIDE CELL. THE Ct~CtUTION IS Sli"f£TRICAL WITH 

RESPECT TO n£ TRANSVERSE AXIS. 

THE r£TAL-BATH INTERFAct. WMlCH IS CALCll.ATED 
SIIU.TlJIEOUSLY. lS VERY DIFFERENT lN BOTH TYPES OF cru.s. 
THERE 15 A TRANSVERSE PEAK IN Tl4E ERD·fll-END CEl.L AND A 

LON61TUDIUL. PEAK II THE Sll(-BY·SIDE CELL. IN S11£-IY-SIDE CELLS 

THE AISCLUTE LtFORMTION ti= THE IMTERFACE IS "1JCH WL!.ER THAii IN 

THE END·TO-£ND CELLS. 

Advantages of Sld•by·slde Cella: 

• Tit• magnetic Held la favourable: 
Vertie.I (II) and 
Tran1ven• (ly) Component• 
are Small and Symmetrlc.L 

• Megl clrculatlon 11 divided Into 
1ymm1tr:cal poola. 

• Metal·b•th lnt1rf 1ce deformation la 1mall. 
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! 
': 0.29 
Q i' 0.28 -x 0.23 
-' 
~ 0.20 

2 0.17~ 

··--

Calcu .. ted Defonnllon ot the Me•l·llth lntertac• 
tor End-to end Cella with current Feed i OM End (Tap) Md loth Enda (Bottom) • 

- 56 -
"' " 

Clrculatlon patterns 
for end· to-end cells with 

current feed at one end (tof) 
and at both ends (bottom 

• 

--· 
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Stablllty of Metal-Bath • .. 

Interface 

Mo1t Important dynamic phenomena are: 
• local 1hort·clrcult1: 

metal 1urf1ce com•• Irregularly Into contact 
with the 1nod• 

• perlodlcal WIVll! 

metll-blth interf1ee fluctu1te1 regul1rly 
(re1onant cavity) 

STAILI CILL 

SHOAT .CIACUITI 

.... ··-·- --------·-----
•A .... ..... ... .,,. 

1 

I "''co"" 

• 

• 

• 
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STABILITY ANALYSIS APPROAOt 

1. Various analytical perturbation theories have been developed (see 
Laca .. ra and al., light Metals 1992, p. 1179). 

2. ESTER/PHOENICS ti .. dependent calculations (s .. Potocnik, light Metals 
1989, p. 227-235). Crowth or da11plng of interface waves is analyzed. 

3. Exper i •nta I studies based on : 
- analysis of cell resistance oscillations (noise and kicking index), 

individual anode current studies which give a picture of metal-bath 
interface wav .. (s .. Laroche, Bui, Boivin, Potocnik, CIM Symposiu• 
1981, p. 169-117) . 
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DESIGN APPROACH 

CELL PERFORMANCE 

HYDRODYNAMICS 

CURRENT 
DISTRIBUTION 

MAGNETIC 
FIELDS 

BUSBAR DESIGN 

- TOP DOWN (gG91 driven) 
~ APPROACH ln DESIGN 

~ BOTIOM UP (data driven) 
- APPROACH for UNDERSTANDING 

•• • 
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MHD 
.... 

CELL I I . CAPIT Al. 
PERFORMANCE COST 

• CURRENT • LINE 
EFFICIENCY CURRENT 

• · f MERGY • CELL SIZE 
t '"'CIENCY 

• 1i. 1MAL •. CELL 
EQUILIBRIUM SPACING 

-. EASE of CELL •, BUSBAR 
OPERATION WEIGHT 

•CATHODE 
LIFE 

•.BUILDINGS 
(' 

• 
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CURRENT EFFICIENCY 

··STATIC 
LIQUID I M L INTERFACE I H I INTERFACE 

VELOCmES EFORllATION WAVES DI BATH 
TURBULENCE 

"·"' Bath -- ·· Average ACD • Instabilities • 
(Noise) 

Turbulent 
kinetic 
energy • · Relative 

bath-metal 

• Patterns 

• Non
uniformity 
ofACD • Short 

circuits 
(Kicking) 

• Turbulent 
diffusivity 

(' 
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• Electric current distribution is measured by : 

• 

a) voltage probes or forks (current is deducted from voltage drop), 

b) Hal .. r instrUll9nt (current is obtained directly). 

Usually ... sured are 

- anode current., 
- collector bar current•, 
- busbar current.. 

Magnetic field distribution ia ••aaured by tri-axial Hall probes, 
cooled when put in liquid .. tal or bath. 

• Liquid 11etal velocity is ... aured by 

iron rod diaaolution technique, 
- radioactive tracer•, 
- .. tallic tracer•. 

• Metal bath interface ahape ia ... aurecl bJ iron rod i-r•ion technique 
( .. a•ur ... nt taken frCM1 the .. rk left on the rod at the ••tal-bath 
interface). 

• 

• 

• 
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HAL MA-R 

COP clamp-on portable ammeters 

Motl••I l t 11• U I •·.11111• ·• 
~ ............... - ..... , ...... , 
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Mltery opereled - rechw ....... 

.... <onlecling ...... 
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DlgilalCOP 

, ... ~COP- •••c~ ... , new 
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FACE 

FRONT FACE 

CHAN I 

CURRENT 

• 
I. BUS CURRENT MUST FLOW INTO REAi FACE WHICH IS 

IDENTl,llD IY RED DOTI ON 4 CXM a 7 CXM HEADS. 

2. CURRENT QlftlCTION AfH!OWI ON 12 CXM a 17 CXM HEADS 
IDENTl,Y. IUS CURRENT DIRECTION. 

3. CHANNEL 4't II ALWAYS LOCATED ON CAILI EXIT SIDI. 

4. CHANNIL NUMllRI PROGRESS CLOCKWISE WHIN VIEWING 
f!QNT ,ACI. 

l+Al-M A-fl 

MEASURING HEAD 
ORIENTATION • 
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CORE 

FEEDBACK 
CURRENT 
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HAL MAR 

MAGNETIC SENSOR \ 
(HALL PLATE J \ -------SENSOR ORIVE CURRENT 

SENSOR OUTPUT SIGNAL 

-''"'"'"''""'-SENSOR DRIVE CURRENT 
--------SENSOR OUTPUT SIGNAL 

MAGNETIC NULL DETECTOR DIAGRAM 
NOT TO SCALE 

PRINCIPLE OF OPEIATION 

All OYN AMP cwrrettt MOtwriftt ..,i,_flf it lliea.t ett • .......... 11,.111el,le. Tti. ....,.•tic Hfttor lllfMUCH • 
voh•te ewtpwt proport1eft•I te th9 41-• llietweeft the Ml flel4 .-; th9 ..... -.k flelL The ..,.,., 9UtPvt •• 
-•lifie4 and i1 retwmM te tlw ..... tic circuit '"the "'• ef ,.._Is ••'"'· Thia cwr,.,. •• ,. .. _, threuth 
5000 t•H to prodwc• the f~k fie14. 

. 
The OYN /AMP 111 .. turi"t he_. <•i•t CXM) it 4i•i4" iftte (•) 1tull 1ecti•t which i" r"lity •• the four ,,.._, of 
rloie head. Eoch ••• ef the he_. •4 itt HHC••H ,_.,_.. ef the titMI c•Yert• it c•lle4 • cll...a. The 111111 of 
'"'• fovr choMel cunMttt 11 the • ...,.. • .,,_ which it•••-..• in the retie ef 5000:1 t• '-'• curretlf • 

1 
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HAlL.ffDOt.'LT CUL ~~'£T?CS '.\4EAS\.U!t4E.'"TS A.'1> CO!loCPU.ISCS 
1A.Tnl CA1.Cll.A noss • 

:'.)011ai4 P Z:c11u 1114 llotien \.. Koarclt 
.a.:;~a LaDoratonct 

\.f1ggcuc Field Pxgbc 

The m11netic field rneasuremcau were made by 
1mmemn1 a rri-u:ial Hall effect probe into tile 
mew pad. The probs wu specially coas1111ClCd by 
F. W. Bell. Inc .• lO be used wi&la lbeir Modal lllRl 
f.iussrnerer. This probe. sbowa ia fi1ure 1. usu 
three mutually pcrpcadicular Hall effect crys1al 
plues 10 simulwaeously meuun all compoacnll of 
the maanctic field. 

~--· 

Fiaurc l: F.W. Bell l·AW Probe 

An air-cooled sheadl. sllowa i• n1.. 2. wu used 
to pro&eet die probe wllia. llllkial -u ia 
the badl and mNI &OHi ia I Hall·IUlwk C.U. A 
thin layer of bacll frt•lll oa die 1ufaca of dt• 
shea1ll, furahcr pro11cct11 Ill• probe d•ri•I 
operacioa. Willa die ~ dllip. IM air flow 
ratt is limilld bJ cM maffllr • die cliL Uai•I 90 
psi air. the 11u111111W probe dp ii maiatliMd .... 
50 •c. Th• uMf"1 lime die prolll may bl used 
inside a Hall ctll is limited bJ air·bunial of &be 
carbonaccou• jackll oa - ....... nil allows .... 
probe to b• uaccl for lo11·1tr• 1ra11iHC 
musureme1us. 

CyqHl MuaurgmHy 

Alcoa's TcnnctSM c:1ll1. clctilHaM '215, IN 
dcsi1ncd widl ftcaible but C:OlmKGOU &O HCla 
anod•. Anode c:uRHll weN meulU'ld u1i11 die 
vol111• drop across 1 scccicMI ol dais bu. Ft1un J 
shows a sc:hcmaaic: of else fte1ible IHlt. Ca&ltode 
c:ollcc:cor bu c:uma11 ••,. meuwM ii a simil• 
fashioa '11in1 the vol1111 dr°' acrou cwo nuiba. 
scrap conncc:cioas u sltowa ii n,.. '· lten• 

, •-CMMn ... 
·---~ ............ Ulf9eC . 

C-Jol~ 

~c-. 

z.o.c-.• ....... ........ 

Fipra l: Ail Cooled Sllcadl 

VClft ......... 
rorcurNM 
FIHI ... 

'··----

Fi ... J: AaocM Cunn& Moei&arinl Ril for 
T•• ...... P22' Call 

1"9N .,. 1wo scraps per bar. 1 b1l1acin1 rcsiscor 
a11work wu used co ob&ail a 1ia1I• si1nal per 

c:ollec:• bar. 

Eacla of &II• aaode alld c:a&llod• si1nal1 •• 
c:11ibr11tcl iadlpt1clc•llJ u1i11 1 Halmar .1P 
ponalM .......,. At a c:ltlck °" chc c:alibration, 
wll•I &Ill 11ocl• 11cl c:a&laod• c:urrent1 were 
summtd aacl c:ompaNd 10 cit• line c:urren1. tl\c 
apatnlll wu always widtil 741 for th• 32 anode 
c:l&ft'llll ucl s• for m. '° c:olltecor bar curTcn11. 
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Fiaure ': Cadlode Currens Moni1onn1 Ria for 
Tennessee P22' Cell 

" 
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Par• Cgllc"iRD 1gd lprcrtacjna 

Simuhaneous measuremeacs were made of 1node 
and collector bar currents and the 1hree 
componcnu of the maanetic field ac a sin1le po1n1 
in tile cell. Because of our interest in rrans1ent as 
well u sceady state data. each or the s11nals v.as 
scanned in a 6 ms. bunt 5 times a second. The dau 
for eacb time step wu rransmined to a hoSI 
compucer for scoraae and proceuin1. fi&ure S 1s a 
plu view sc:hemanc of rite P225 cell shov.1n1 1he 
anode and cachode locations and avera1e curren1s 
ac eacb localioa. 

Elecrrical measuremcncs are always difficult to 
perform in a porroom. because of the hiah volrace 
of che potline·to·eanll around. Battery pov.ered 
fiberoptic isolacion devices were used co insure 
sianal irnearity and minimize safery hazards. 
~parace uniu were used for the anode and cathode 
cumnu. and the chusis wu arounded to the cell 
at anode or catbode poternial to minimize sianal 
noise. Tile aaussmecer prescnced special problems 
since it requind 110 VAC power. Two isoluion 
cransformers were used in series co provide 
isolation from a 110 V. source ac the wall. Or.e w; 

located at the wall. lllcl the other at che cell when. 
the aaussmecer wu localed. Tile three 0-1 V DC 
outpu1 sian1l1 from the 1au11mecer were passed 
chrou1ll Burr-Brow• isolation amplifiers before 
conHCtia1 co me daca 1equi1ilion uniu to provide 
funber isolalio•. 

In a cypical rnapetic meuunma•c. me probe was 
placed in the liquid metal reaioa at anode aaps near 
tbe peripbery and in tbt centtr aisle of che cell. 
Dua wen collecttd for 10 • 30 minu&es at each 
probe locacio•. n. sceady stilt values were 
computtd by averaai11 over tht data collec:uon 
period for esla probe loc:acion • 
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MA- GllETi c. F I SL!) ... 

THE SENSING ELEMENT 

The Hall-Pak ''"'ratnr used for m:aanelic: flux sensin1 
i~ a ~~mic:onductor dcvicf' oper01tin1 on the Hall-Effecl 
prim:iplc. ll con!tists u( a thin rectangular wafer oC 
high-purity indium arsenide with 4 l~ads attached, 
Fi.:. 2. 

WAG Ml TIC F~US OlMS•1T 8 

TH[ HAl.L G[N[RATC>tt 

The application of control current le to the Hall 1•• 
e:ratnr results in a ftow of char1e carriers throu1b tb• 
semiconductor material in the direction of its Ion• 
dimcnsiun. When the Hall aenerator is placed in a 
magnetic fteld, the I .orenz force. actin1 on the moYlnl 
d1ar1es, denccta thc1n at ri&ht an1les to the direction 
''' their mntion throuah the Hall plate. This ls the 
same: force that deflects the electron beam in a cathode 
ray lube. 
The resulUn1 build-up of chars• carrien alon1 the 
sides or the wafer pnduces the Hall volta1•. and this 
voltap appears as an outp\lt at connections made on 
e1ch side of the element. Hall volta1• V • is dlrectlJ 
proportional to the ftux den1it1 B and to the mapltude 
at contrnl current le. 

V 11 • K. ( B x le) 
The lhrn Cacton V •• le and 8. are 1nutuall1 perpendlc• 
ular. If th• maanetic Rux vector B ii not perpendicular 
to the face of the Hall ,;enerator, the Hall output wtU 
be proportional to the component of B that 11 perpen-

• 

• 

dicular to the element. The constant of propor\lonallty 
K .. is called the Hall senlitivlt1 constant, and ii IP- • 
proximatel1 0.015 vol\ per kO-ampere for lX probes, 
and 0.0015 volt "'r kG·ampere !or lOX probes. 
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" Brian F. Bradley, Erneat v. Deving, and John N. Rogera 

METAL PAD VELOCITY MEASUIEM!NTS IT t1IE IION IOD PETHOD 

• 

Figura l • Rotattn1 rta for eallhrattna rod 
dlsaolutton rate. 

mero1 flow 

J 
~----rd 
"----./_ ---

Ftaure 2 • Cro1a aactton 
of rod before and atur 
1 ... raton (achaaactc) • 
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A. T. Tabereaux and l. I. Kester 

8TAL PAD fttOCtn a&IU'IDIDTS I• PUIMI 
&llD 'ODCUllC UIUCTIOll CllJ.S 

MET AL VELOCll'f 
ROOS 

FIGURE 7. SPECIAL METAL ROD HOLDER . 
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PRlNCIPl.ES OF~ DESIGN OF 
ALL'MINT..'M ELECTROLYSIS CELLS 

Vinko Pouinik 
Alcan InremaliOftal Limir.ecl 

AMda Resaitb and Oevelopmcnc Cenae 

19SS Mellon Blvd. P.O. Box 1250 
Ionqwae. Quaiec. Canada 

Mapemhydmdyeama CMHD> plays an ~ • · = die 
perfonnance ol aluminum declrol1Sil c.eU... 1f Mc- ,.. .• 
considered lhorouPfy enoup iD lbe desip die currer. 
enerlY efficiency of 1he c.ells may be sevcrdy decrased ana 
cell opetacion may be ouaipc impossible. In chis paper. pn;. 
ciples gWdins die cell busblr dllip procea usin1 MMD are 
reviewed. Special c:oasidmlian ii pven ro difrerem MHD 
pnme11en of die cells. sum u decft cmren& and mqnaic 
field disuibuuaa. elec:lrOCllqDelic Cocta. ftuid dynamics and 
!heir influence on cunem effic:iency. 

lngpduqjgp 

MaplDhydrodynamic phenomena iD almninam eleca'Olysis 
have exislt.d ever since che iftvenlioa ol die procea ov• 100 
years aao. bu& meir imporma wu not rsopimct uncil muc:la 
laler. (n lhe I 9'°'s when die cells '*- llrpr and lbe line 
curmu reached and surplllld 100 kA. il '*- e¥idlll& Iba 
me maplic effec:ra had Slllted ro binder ftatber npid psopa
sion rowards hi per apKiey c:cUt. 

Unril dw lilne, die dcsip oldie ccll'blllllr,,_. W11 simpll: 
mecurren1from dlecalbodlol aclll .. flddinalJ1:tdlemodl 
oCdledownsaamceU.._dll...._(llldlblcbelpea)pUI 
as poinced om by Polabik md lvm (1). la die 1950'1 10111e 
solu&ions IO die m..,.ir• p1obla WM found OD a llllli· 
empirical bail. By dlaarly lMO'H llCft "'"'''N"al buc llill 
ra&Mr qualillliw apprmdl nt inaadad ia dUa &Id. mas 
nocably by Givry ClH'J n Slepr (Sl. Orip.Dy Oivry (l) 
swdied die elec~ farc:11 ro dlri'9 IPllll crv.ia far 
the cransv- mapaic field "'I celL la I .. publicadOI 
Givry [41 i.ill'Gducld lly~ica im ._ • aadia aad 
Illus inaoduced rrtqneldlydlodyumicl iDID lbl cllll dllip 
praca1. Giviy [3) llld Saepr C51lllDlaiddowll1111 b!ftd!rione 
of bulblr ec:onomiel; dllll allow die ......... ol die 
Olldmum buablr cvm:nc denlicy wllicll ill Qllll minimim dll 
uul rn..w and operaan1 CQIU oldie .... . 

Larlr ocMr IU&han conatbulld impanu& ....... ii cd 
daip ~ bulCI on MMD. mcmJy by includinl men 

complere ph) sics. more pomarial derail and more rigorous 
madtenWical solmioas. Of coune. all rhis inaeased the c:om. 
plWly of die rau.lcinl madlemalic:al models. bu& dhs was well 
compensarrd by die nipidly inc:rasin1 compu&in1 power which 
became availabll. Millier and Solbas (61 inaoduccd a i:wo

dimcnsioall MHD model Car die calc:ula&ion of liquid velocities. 
and meal-bldl inrctface hei1h11. They used a model for mag
naic ficldc:alcullriolll. developed by Scic {TJ. Wahnsdlet [8) 
praeam a dne-dimensional cirne dependal& MMD model 
baede11ac:oaun.ialpl!Ckaae,ESTERIPHOENICS. ~91 
<kri• a cell abili&y criterioa. basal on harmOftjc ~ Jf 
a simplif'aed mlll-llldl inretfJcc wave equa&ion. PocoCnik [IOI 
used a dlM-dilnlnsionlL rime dependcm model. b;asc:d on 
ES'TUJPHOENia. ror die analysis of mccal-badl inrerface 
Wl-vel, 

By mjd.1980'1 mmy aluminum producers had mew or less 
complee lftllllana&ic:a models of cell MHD: lhese models were 
used far new daips Ind re110r&Uin1. However. die models did 
nacenlitllyelimillar& chi need tor measuremenu in die oper.ltin1 
celJa. 

MHD and Cycrgnr Efflcicnn 

1bt MHD illllf would ncx be of suc:h imporunca ii il did noc 
have I -- im1ll" Oft cell pcdonnance. Current and eneru 
efficialc:y ue cliaecdy affcted. buL we saU do no& know how 
mudt and by 1Whll medlanilln. A Cew h~ have been 
q..u&d. LilldNla •al (111 propmed a relalionlhip becween 
die cmnmdlkilacy llld rellli~ mml·bedl velocicy. Evans a 
II (121 laillldlblcmmccftlcilncy laa rocbl 1Ulbullnlldneuc 
..., ill lbl ...,., .... Robt"" (13) inrrodlad hydro
dylllmil::I vta lllltlulm& dill'uliviiy. Kaupn [14) combined Ille 
modlll of I ii ...... (11), EVUI [12) and Rabi (13} and COft• 

cludld dm dlil camtiinlliaa pa ,.... val3Ek 
individaal pllCli:a. Howtwr. no public•n bu us 
clai&All.._madlll...,dla&auidcfynunic .. _ .. sin 
die 1:11* (bldl •1111 11111ift 'lllOcicy. blab Qlrt)ulence. JlS 

concaMllliDI - bubble a) .. known bom some oilier 
modll. 'l1lal condi&iau ue CCNinly dla ~ of scve~ 
cClllribuliall Mia. MHD ... NIIMI. anodl·ro-caahode cW• 
me (AC'D) ucl llumirll concenndon. No model d\al com· 
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bines me. rrm bas been propcmd Qcepl on a qualilllPe 
basis: Lanp and Peyneau (lSJ and Roslcdl Cl al [16). MOSl 
studies sepmre MHD and ps dri"Va f1oWJ. wbidl seems to be 
aixepcable ror cell desip S1Udics based on MHD. if chcy do not 
use cunen1 efficiency airaia. Gas driven flow of bldl. SIUdicd 
by Solheimeul [ 17] and Demedde and Cam~ (11). is of die 
same order of magniwde as MHD now. The psdmen now may 
conaibur£ ro cJlc c:une .. efflCienc:y loss. because il incla.ses die 
bad! turbulence and adds ro me averaae YCJocilies. It also bas 
some venical velocity c:omponcnt in lbe intapollr sp1ee Ind a& 

the anode perimcrcr, whidl aupnems venical nnspcn of chc 
aluminum dWol* in the bulk of die baJl (l 7]. 

As shown by Grjocheim et al ( 19) die repons on lbc influence of 
ACD on c:umn1 efficiency are c:onfliclinl . Some llllcnlory and 
plain srudies show &bal the c:urren1 effaciency decreaes '4CfY 
rapidly Wida deaeatin1 ACD below lbe limil of abaul l· 3.5 c:m 
[16], [20), [21). This limil pobably depends on 1be MHD Uld 
opemin1 condirions of die c:cU. Thus. •Y Slllic m quai-SU&ic 
mew-badl inrcrfacc cleformarion whicb would decrease lbc 
local ACD below &his limil may !lave serious repercassions on 
the c:um:nl eff aciency. Cell ins&iability, whicb is associmd wilh 
mew-bub inr.crfacc waves (noise) and local sboncmi&I (kick· 
in1>. ir.ay concribwe ro cumn1 erracicncy lass in various ways: 
by die ~uaionofloc:al ACD (22]. by incrcasinl flow velocilies 
and wrtluJencc C1'l and by cra&.inl mclll ·snacn· (13 J, (11). 
Puucularty dea'ilncnlll seem ro be sbon ci«uiu bel..a the 
mew and die anode. as poinredou1by Hyland (231 and Tarcy and 
Sorensen (24). These may be periodic orrudanl (kjckjnl). No 
c:onsistau model. relalin1 die CWft" • ~ficiency ro me mapi
&ude and rype or ins&abiliiy has beeri published. bUl some pPeri· 
menial dara were analysed in (24). The influence of anodic 
curren1 density on c:unaH efficiency IW not bcal well &:Ub
lished. bUl in 1encr31 die da&a show an increase in cumm 
efficiencywilhincrcaingc:umn1dcnsi1y[l9].Thisrelalionship 
encen lhe analysis of cumnl efficiency loss due ro mclll·bl&b 
incaface waves [22), since dlesc cause larp varialions ol cwmu 
density locally. 

MHP "=ign Crirgria 

In an ideal world. !he currenc efficiency models would provide 
cop level airena for &be cell dcsip based on MHD. In &he real 
world, 1iven cJlc swe and qualiwive nun of me. models. 
they may be used as lmdalcy indica&an 0t ro derennine wha& 
MHD p1131nc&en may be impanaru. 

The use of MHD criW'ia on !heir own hit beeD men clarly 
es&ablished. Malhema&ical models art now available bl& ane 
cauaon mua be used in lhcit incapewioa. 1be impc:mnce ot 
vanous MHD l)lrlmacn has no& been well allblilllld yes dul 
co die lack of reliable quancira&ive cumm ctr.a.:, models. 
l'Mrefore MHD models art bat sui&td Cm compmlli" slUdia 
of inal proposala, amon1 whidl should be tom1 dlun u:c1a 
ru1 in planl pracUce. The opman1 cell dllacan pecompmrilal 
standards and can be iaed flJI model vllidacioa. bu& wt bave ro 
bear in mllld Iha& lhc aucsunau of plllll MHD ii na& my 
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becamco(inbemtt variability of Ille parame~ from cell to c::I 
as ponl.ed out recendy by Zie11u and Kourct (2SJ. 

The evaluaUoa criteria ror ~JiD solucions will also depend ~n 
&be sopfti.slicaria or available model! and Oft confidence Ill Ulc:r 
validity. In aenml. parer weight wall be Si~ ID hydrody
namic puametaSo Crircna rela.u:d co propenics or the elec::nr 
mapaic force Ind irs c:onsaiwcnu • maptic field and c:wnru 
density diSll'ibulions • canlinue ID be useful and may !lelp 
accela8 lhc clesip process. It seems dw in si>ite of the 
increased saphislicalion of &be mai;.cmarical models. die MHD
based cell dcsip process is Slill m an lhal requires a pat deal 
of experience. · 

TheobjeaiwollbeMHD-buedcelldesip is ro find an "'pu~ 
busblr IYSlm wbicb will a.u~ s&able cell operarion and good 
cell perfannance. The clements ro be considered are: 

• economics: 
• overall busblrCOSI. includinl the busblr material and insul

la&ion COil and lbe cos& of cleclrical CftCrlY Rlcued an lhe 
busbm dmin1 die lifelime or &he smeller m. r,1 (261; 

• buildint CCIII. inilucnced by chc cell-ro<ell spacan1 (32}. 

• currena and masY eff'teiency and case of opera&ion. 

• consnin11. sucb u: allOWIJ . ..i for equipmenl access t0 I.he 
cell. cell sbUldown and iU llllloW for relinin1. allowance for 
busblr conmucdoa praaices, respect fat SWldard shapes or 
individual busblr clemcnu. cc. Addirional consninu are 
usually imsx-1 for ccU reirof llS. for which cell size. busiiar 
suppons. pxroom srrucue are of1en rmcL 

• safety. 
• no busblr is aUawed ro be owrtOlded by current in regular 

and cell bypua silUllions [31 ]; 
• a ccnaiD u diaance m insulaUon is robe kept between the 

busb1n wub appreciably diffaemcleca"ical pcxentials [3 2 I. 

Desilftinl is llSUllly an ilmlive proceu (3). The MHD is studied 
rarst in Older ID deflnlline accepgble hydrodynamic conditions 
in die cell. Tbis daamina &be contiptllion of the busban 1n 
SJ*:eand lblcumau ro De carried by ach one. Then the busbar 
cro.11Ccioat mm& bl c.a,lnd•ecl IO dw buablr c:urrencs are 
pnMdecl ICCCl'dinl ID die MHD sequiremenca and dial lhe 
oven.II bulbs caa ii minimized. In die desip process resubr 
andac:epcioulalllllionluveroblc:onsidend: 

• ccUI ill rqu.llr locaiona in die poclinc. a& &be eiiremiues of 
lbl linl. a lbl ~ays and in lbe vicinicy of !he 
sbwdowa cells [26); 

• ceUa ill 19pllr IDd eaceiiaonu conditions rela&ed ID fret 
pro6Jel (27) and anode c:hln1in1 (I]. (26]. (27). 

The ftJlll dllip ii llleclllCI on &hi buil ol a 'Meilhced compro
mill...._ dilrerenl sia.aa&ionl wilh rapeci tO MHO and 
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economics. On the odler band. no comll'Qlllis cu be made an 
safety issues nor some ol lhe cansnillls quofld abcM. 

0.29 

i 
: 
""' c 0.23 
.... 
Ill 
~ 

0.17 

0.29 
i -:z: 
~ 0.25 
:! 
Ill 

:I 0.21 

i 0.20 -:C 
; 0.1• ... 
I a.11 

Fill'ft t: Calculared mecal·bldl inwflcl sbapt far rad md-to
end ceU wiLb cunenc teed a& one cad (rop) aad a& bodl endl 
(center) and a side-by·sidt c:ell (boaam). 
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·. • HydrpdynNQ!f!S 

Ouerowweliabilityolcrir.criaassocia&cdwilllcunc:ueific:er.cy. 
hydrodynamics plays lhe cenaal rote in the cell des11?L ::'t 
genenL llydrodynamic effcas are ftOl wanrcd. except for x;ei
emm1 lbc alumina dispersion in the badl. There are t'WO disunct 
drivinl forces for the Dow and inraface deformation: elcc:ro
mapeUc and ps-induced. For lhe busbar dcsip, most people 
considcrdearomqncacfon:csonly. Thismaybcr.11.herincom
plere. it judpncnl is made on the basis of CWTU1teffic1cncy and/ 
or ralbcr ablolue aillria are used for the incerfxe he:ght 
deforma&ion. bodl bcin1 influenced by lhe overall hydrodynam
ics of lhe maal and lhe elccUolyte. 

y 
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• 
Fil'ft 2: CllC"""d meal c~ Car • cad·ro-end cell 
(rap) llld lidl-by-sidlcell widlcompmwad (eam) llld a "°" 
COlltP"'"• (baaam) vaQQl mapac field camponem. 

Comidtad•._cmm~ sbow lbe imponance of 
sewn& MHD ,.._ r• ..:II II: IUIM ¥doci&y bclwecn 
melll lllll *1lalya (11). bllb IUdMllal:a (12), avenitand 
localACJ:> [UJ, (16). (21), (22). lllClll-blda ilrafac.s. itY 
(22). (23), (2A). k9 ii ............. liquid ZIDftl': Jld 
be midi u qu:iM t • u poaibll. and &bl lllltll-bldl inlltface JS 
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Fipre 3: Circulalion J*1anS for die end-f.Ooelld cell whose 
inraface defonnaaon as shoYm in Fiprc 1 foreurrast feed a& one 
end (IOP) and bodl ends (boaan). 

flat and S&able as possible. The maal circulalion pools sbould be 
several. equal in sac and• symmeG"ic:a1as possiblc.atlcaa widl 
respect io die cnnsvcne uis or die cell [28). This sequircmenl 
is supported also by die fact dial uneven circula&ion may pve an 
uneven freeze profile and possible sidewall erasion. 1bese 
principles are illusmlCd in Fisura 1 ra 3. ·.vhere c:eUs wi&b 
pally different hydmdymmic:s arc shown. The follawinl 
remarks c:an be made: 

• End-~nd ~Us arc chmctetized by a tarp bump on the 
cransvcne uis of' die cell (&his is so also for side-by-side cells 
wnh end anode risen). This hump Im also an avcrqc loap
wdinal slope in cells whose cumn& feed is not comaly splil 
between posauvc and ncpavc ends and/at whose mqnctic 
field is ncx property compcnmed for die ncishborinl row of 
cells. This rcawrc is dlc ~sull of' &he uymmary of &he 
uansvcne and venical masnctie field componencs [2],('], 
[2SJ, [30). 

- End-~nd cells usually have poorcilculalioa pool symme
try. One tarse diqonll pool and cwo small oppolir& earner 
pools arc common (Fapre 2-rop). Libwile. a showa in 
Figure 3. Lhe pools olrm lack synunmy widl iapci so dlc 
uinsvcne axas or die cell. even dlou&h dlcy n not diapJlllL 
Thi.s apin &S cau.sed by dlcasymmcvy of mapac r1eld com
ponenis. 

• Side-by-side cells widl side risen have 1 lonpudinll bump, 
widl ~la&ivdy small dclonnaaans. Mesal cireuJalion is sym. 
mcD'ical, but !his symmcll'Y can euily be daaoyed by a bill 
in the vcraca! maptet.ic racld. t=ncncad by &he ncipbarins 
row ol cells ( 1 J. lt has been st.own dlll dlc billed c:dll n Ibo 
more unmblc [ 1 OJ. v ll"ioul ways rocompens111 dUs bias haw 
been proposed [11. (261. [321. (34). 

h is r:a&ha' obvious &Ill&. pvtn I.he d'loice. bulblr daip sivinl 
the MHD of Fipn I (boa.om) and Fipn 2 (can•) should be 
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ttto.n. However. in rmofalli.t1-dlischotce is oCren not pos.s1ble. 
and improYCmCft&S Iha can be made econamacally arc h.rmtt 

Elccppmagnctic Fqn:e Mam:pc fje!d.s 
and Elecaigl Currcng Qjmjbvugn 

It bas a.lrady been mentioned thal consida3ble inConna:.;on Cl.'\ 

be draYm from die dislribuaoo at the elccaomapelic: forc:e. f. 
mapecic induction, B. and elccinc cumnt density in the mew 
pad. j. It can be shown dW lhe solenoidal pan of lhe force. 
represemed by cud f, determines lhe moaon of' the liquids. The 
poenlial pin of die force. rqnsenl£4 by div f (divergence J. Jc:s 
lite mac pressure and daennincs the shape of die metal-bat.'\ 
inrafa:c, wbicJl would be fla if only the forte of pvuy were 
pracnL 

1bc elecll'OlftllDCUc body force is 

f •jll B 

111c curt ot die ron:e is 

curl f •CB· V) j · (j · V) B 

( a a a) a;· a;-· az 
x • veta crou produa 
· • Yeti« dal product 

Accordinl IO bi* hydrodynamic principles theR is DO liqwd 
moaaa. wbaeveraart f. 0. There. dledefonna&ion "'·~me~ 
bllb imafaca CUI only be smic. This would .. _ 

round c:cU wilb purely radial forta. U curl 
lllO¥'ClllClll and iDlafacc dctomwion. caUICd by 
premn. 11 ii dlrnfare WUc IO ll'Y IO diminish curl t ... 
reduce Ille flaw Ind ane of die praaan cffea a~ same ume. 

From EqUlliaD (l) il can be seen dla& twl f depends on the field 
vllua Ind lbeirdaivali'IU ll is also well known from Ampere s 
law Iba& die mapaic field CIMOl be eliminal&d from &he c~ 
liquid zane, because dlc clecaalysil cumm puses dvou&h •L 
Mormv'S lbia Cumal chin .. abnipdy K lhe liquad zone pc· 
rimeUr and dwl mat.a il impaaible so diminall cwl ( !here. 

n. bal oac can do ii so minimill f and cud (and Jive lhem 
c.ua syaunary prapenics Deir dlc cell cenrer and on die ues 
ol symmcay. 1bil becoma me objeclivc of &he dcsip. 

Bllld ma die Sllldy ol curl f. Ciivry (2) and Gehm [291 den 
mapai1: iield c:rileria ro minimize die mapetjc effects in ii ... 

cdL Mont and Dup [301 prifared ra swdy die cleccromas· 
naic felmldncdy and posft!!JICd Iba& dlc avcnce lon111ud~ 
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1191 • Table l: Required Properties of lhc Mapaic rlCld (B) 

and Current density (j) dislriburions 

~ s......,.,.t- I v-on- Vau•ClftW I 

L:r91lldina! T rnverse I LC19llldnal T lil'IMfSI 
Vak.'es 

I 

F'."tld Cen..au'e'I i 
I 

I I 
W.1.l vetlial elsewnert i 
,.....,,.;r••• I 

I Longi!Udinal B Ant Yes 0 

T ral1SVlrSI B Yes Alli. Smal 

Vertical B Mt. .,,.. o• 

~j YIS .• smair 

TranMrSlj Nit. Yes o• 

Vlftal j YIS Constant 

•vaaun quoted moll often In 1'9ftrlnca 

forces shouJd be balanced (eq:W and appasill) wUb respect to 
Ille nnsvene WI of die c:dl and die avmp nmvme forta 
should be baJlnced widl rapea to die lonli&UdiDll WI of me 
cell Fon:es and their curt live candilionl ., be Sllist"Jed by &bl 
mapiaic r.cld and cwren& dcnsicy ~ Curt f Siva 
addiuonal condi&ions for their first dcrivarives. M shown ia 
Table L dlcsc c:ondi&ionl relae co synunary wUll respect to lhl 
coordinalc ua and ro ablolure vaJua of die c::aaqlDllllU. Only 
Ille mOlll imponan1 dcriYIDYG and die ana lllGll difficull to be 

made 1.CIO - lisccc1 

his required in principle dla die boliamllleaaaD bl9Dlllllld 
!his in aara maka die vaSal cumai imilalaa a:rom die liquid 
zone. One can do Ibis iD four WIJI ......... mmnlliNd 
simuJllMOUSly: 
. daip die busblr ... so - ... Cldladl c:oUeca -

dnws appro:1ilmral) equal c:anm (3), (30), (31 ]; 
• keep die freeze .,._.0twwtll&imidllblmodl paiml

ra (27}: 
• keep die anode Cun'lftCI unifcnil (33); 
• kecpsWficicn&ACD topnwMdll....,.olmml W8V11 

(lOJ. 

Thecomplilnca wida dll tinlcelldUiaDcny ii dlllWllP a•libili&J 
of die MMD dai1111r. who wW • ro ii bJ app;api1all bullllr 
SllinS. I& is men dillicul& ro Dip dll daind ...... cad
tions relued IO fnm and anodl CWl'lllll Mau-. (wllmwr 
&hi ccU operllClll may promill!). A wa, • eirc11D~ dail 
problan ii romalra die vcnicll ...-C ftcldCOlll,._ ..a 
e'4fYWhn. Saa coadi•m ii indllll pa& for'#lld bJQl.ay• 
a1 (321 wllO requn &1111. baica &bl cri_. iD Table L 1M 

I 
My 0 0 Any . 

I 

o· 0 o• Small i 
i 
' 

0 0 5ma11• t 
' 

0 0 My 5ma11• 

Small 0 My 5ma1• 

eon.. Conslll'I My ConsQnl 

One pil1icullrty ~ ~ ror salisfyin1 !he 
dailed crilaia far 1111 venical mapaic raeld compoacm is oic nei.....,.... row bill. Various campeaalioa schema have 
been propolld.sucll•com~nlllin1 loops (31). (34}. [3~] :and 
u,wtricll bulblrl [l]. [26). 

1be ,.. ... _Car die .,...my Ind small mapillldl or lhe nap-"·' a z•impaaiblllO..myiaead-*riscr 
cellabecllmdll.a.-n.n•r 2 lblmpecic fiddor 
dle-*cmm&.la---celllMD lblsymmnyof thas 
compma& willl sapato •---ailollbl cell may be 
dan)'ed b7 e«cn • reda IDd campeaw cbl venial 
mapaic field COll"llO' .. (1). la side·bJ-sidl eclll bodl die 
small mapiludl aad lbl lllisyaunmy wida respllCl co dlc 
naMlll uia ol IM cell Cl8 ... obllinecl ..Uy. 

11lc •stw'WI •tp Elk Ocld dimibuliall is die lcu& cririal. 
bel:llmi&emril- • 11WW11farcadlacmcaU11 limil.cd 
illlllfa dlbmlim over die (sllan) wid&b of dll cell [29J. 
N6..-1 ... i&ilde'" lbll ID,,,.., &blsytlUDlllJ ~of 
Tabla I [29], (32]. 

•mtm Sm•""' 'DimiPrke • 
11lc bulls ........... and die butblr Cwrentl !\ave beer. ,.._.•It ........ MHD balMcll ia dll c.U. This busbal 
.,.. sbauld bl pnMdid M IDiaim• co& 11w busblr 'Os& U 

eampallll ol mmtll cam _. opllllift1 cos incwred by 11\C 
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power km in 1bc busbss durin1 che lifetime of lbc smeller. 
KeJvu\'s law staaa cha lbc cost is :njnimized wbcD the maeria1 
COSl is equal ta die p:>wG' COSL These twO COSll Yll'J Wida lbc 
busblr sm andc:an be exlftSSC!d in tennSof cunen&dasily. The 
minunum occurs aia cum:nidensicy callcdop&imllor economic 
current densily (2l. (SJ. The economic: c:una11 deasily depends 
on lhc bGsbar pcopenics (resisUvicy and deasity); basblr shape. 
busba- in&aconnecuons and c:conoaucs (fallr'icaliq com. de
prccwioa. scnp value. power COIL inerea ra. cc.). 1be cost 
curve is qui~ f1al around die minimum. A 10 'dqm1ure from 
the !".COftOlllic c:umnt density mates only 0...5 ' difference in 
case a~~ depanurc mates 1..5 'clilference m. Mareowr. the 
uncer!aintics aboul ccoao.1lic faaors pcojecmd iaro lbe (llllft 
an:~ These facu make hfccasia.smce precilcapcimiwjM 
ol the busban widl rapea so the cross -=Uaaa (or aamnt 
densities) may be quire complicared if a lal of busblls are 
included ai once (3SJ. It is mucb mier ro ~ &be OWllD 
busblr sysr.em info seaions. opumizc mesc illdiYidually and 
alculare che row cost for a few aials and~ &be laUl&S. 
The opamaJ solutioa is usually quiz easy ID fmcl Tbc busblr 
currtn1 and 'IOllap dislnbu&ioa for eacJI a"ial • checbd widl a 
resisrancc nel"f4t proparn such as NEWBUS (3 IJ. nae whole 
process may S&an by scleain1 a a'ial c:n:m secliaa olabe sbmtal 
and mosl loaded bubar. la die end lbe IDOSI loldcd basblls ba,_. 
ro be vriaed apin as ro wbeda or ncx Ibey ba~ bla over· 
IOlded will\ che curra&. Care bas IO be &Ikea allD witb die cell 
sllurdown bypass lolds (31). Tbe overall bublf YOllap drop 
maGen IOO, since it maka pan of die llrpl vWap of lbe c:eJ1. 

Cam:Jysjqm 

In spire of the powaful mallema&ical models available. the c:eD 
desap process based on MHD s&all remUnl somewbll of an arL 
The link between MHD and currau and CftCrJY dT.:iacy is Sl:ill 
IOO qualiwave IO be llsed for aJcaui~ dcsip cvalUlliaftl. 
IJlSlCOld. rcla&lve '"llria based on hydrodynamics and mapaic 
faelddisa'ibuaonnmostofsenused. lbcrolcolplmu11a11n• 
menu bas shifted rrom dirca de.sap and mrof'lllin1 suppari to 
model validalion. 
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ABSTRACT 

1. Basic Mass and Energy Balance Calculations 

:\bstracl 

This part is intended to guide the reader through the construction of a 
simplified dynamic cell model of an aluminium electrolytic cell. The proposed 
Model itself is an integrated software package for simulating different operational 
states of aluminium electrolytic cells. The focus is on the theoretical aspects, 
whereas programming details as well as necessary preparatory steps 1e.g. data 
acquisition problems) arc not covered. 

A theoretical approach is outlined showing how to derive basic eljuations 
to approximate the dynamic and static operation of a cell. The structure of 
the computation is demonstrated with special emphasis on the user-adjustable 
subroutines and functions. These user-adjustable parts can serve as starting points 
toward a more sophisticated description of the process. 

The current state of an electrolytic cell is described by lum~d parameters 
averaged over a selected pan (lumpJ of the cell. For educational purposes. 
considerable simplifications are proposed regarding the grJnularity of the Model: 
the geometry is the simplest possible and the upper and lower side-carbon and 
freeze blocks are put into generalized side-wall and freeze blocks. The selected 
control volume contains only the bath, freeze and metal lumps. and the boundary 
conditions are approximated by generalized anode, cathode and side-wall lumps. 
The environment outside the ..:ell model is represented by temperatures above. 
below and beside the cell. The material and energy balances are performed on all 
the selected lumps and during the simulation. the mass and temperature variations 
are calculated by solving the relevant ordinary differential equations. 

Geometrical. chemical and electrical aspects of the aluminium electrolytic cell 
are considered. Alumina dissolution sub-model is introduced. Algebraic equations 
for steady-state simulation are also derived. 

2. Approximating Selected Operation Modes 

The adjustable model component~ can be used to approxim~ue special opera· 
tion modes. also. The most important components are: 

- line current. 

• 
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- current efficiency. 

- mass densities. 

- eutectic temperature. 

- heat transfer coefficients. 

- specific heat coefficients. 

- equivalent thermal resistances. 

2 

- bath resistance and cunductivity. 

AbSlr.lCt 

In this pan. some examples are given showing how to select. tune. verify and 
validate equations or develop appropriate sub-models. 

3. Developing a Control Emulator 

In simulating the dynamic behavior of an electrolytic cell. H 1s a must to 

provide a unit which approximates the necessary maintenance routines. In real 
situations the maintenance is provided partly manually and by an adequate process 
controller. Here we concentrate on the representacion of che aucomacic concrol. 
The main points discussed are che following: 

- seleccion of control variables. 

- daca exchange between Model and Concrol Emulator. 

- developing a ~oncrol data base. 

- developing a simple alumina feeding rouune. 

- developing a simple resistance concrol routine. 

4. How to Use the Dynamic Cell Model 

An advanced Dynamic Cell Model is presented during 1he Workshop. The 
Dynamic Cell Model is a computer program. escorted by three manuals : 

- User Guide, 

- Set-Up Guide, 

- Tutorial. 

Based on these Guides, !he general structure and the use of the Dynamic Cell 
Model are discussed. Examples are given where the Dynamic Cell \'1cxiel is used 
to simulate different op~rating conditions . 
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5. Computer Demonstration 

3 Abstract 

In this part. real computer demomtr.nions are prov:ded on ad' anced PC-class 
computers. Both the basic mass and energy calculations and the Dynamic Cell 
\1cxiel will be presented. 

With the basic equations. the participants can carry out static and dynamic 
computations. This facility helps them understand the process fundamentals as 
well as the main relations and trends of the process. 

Using the Dynamic Cell Model. they will acquire hands-on experience with 
a complete simulator. 
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PREFACE 

Basic !\tass and Energy 
Balance Calcubuons 

The present Tutorial is intended to guide the users during the wnstruction of 
a simplified dynamic cell model of an aluminium electrolyuc cell. 

The Model itself is an integrated software package for simulating Jifferem 
operational states of aluminium electrolytic cells. The Tucorial focuses on the 
theoretical aspects only. Programming details as well as necessary prepar.itory 
steps (e.g. data acquisition problems) arc not covered. 

The Tutorial proposes an approach to derive basic equations to approximate 
the dynamic operation of a cell. The structure of the compucation is outlined with 
special emphasis on the user-adjustable subroutines and functions. These· user
adjustablc parts can serve as staning point toward a more 'iophisticated description 
of the process. 

In the Literature. the most imponant sources of data related to the process 
metallurgy of aluminium are provided. Data e:<trJcted from these articles can be 

used as initial data to scan the simulation sessions. Actual data related to a cenam 
realistic situation should be provided by the user. 

• 
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1. GENERAL CONSIDERATIONS 

1.1. Geometrical Aspects 

Basic ~ass and Energy 
Balance Calcul:luons 

The current scare of an electrolytic cell is described by lumped parameters 
averaged over a selected pan (lump) of the cell. The main components 1lump~1 
of the cell arc shown in Figure 1.1.1. 

Uppe< ...... ·-----_.. Upperl---t 

""'°" .... ~--------...J ,_ ..... 
Alumu11um 

Figure I.I.I Components of the Cell 

c... .. 
~ 

Upper -Upper .... ..... U<tlan ··-· 

For educational purposes. f urthcr simplifications arc propo~ed regarding the 
geometry. It 1s proposed/reasonable to join the upper and lower side-carbon and 

freeze blocks into generalized side-wall and freeze blocks. The result 1s shown 
in Figure l.1.2 . 
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s. ... AnodeC.... 

cartloft Sid.- -..... 

Anod•C.. 

---.... 
Al - --

c. 

·"' 

Anod•C. ...... 

Basic M3Ss and Energy 
Balance C.:ilculauons 

.Al_L.,,.. 

--
C.U• -... 
- Side-
r waH - s.- --"-" 

Figure l.1.2 Simplified Cell Description 

'."liow we focus on the bath-freeze-metal pans of the cell. In mher words. 
the selected control volume contains only the bath. freeze and metal lumps. 
and the boundary conditions are approximated by generalized an<x.te. ~achode 
and side-wall lumps. The environment outside the cell model is n:pr~senced by 

1emperatures above. below and beside the cell. The n:arr;;ngemen1 1s 'ho\'.n m 
Figure L L3. The applied notation is given below: 

m, mass of l!lectrolyte lkgl 

T: tempcra1urc or el~trolytc 1•c1 
m: ma)s of lrccte [kgl 

Ti temperature or freeze r·c1 
m1 mass of aluminium [kgl 

Ti temperature or aluminium !'Cl 

Q." heat flow from cl~trolyte through an1xlc !WI 

o~, hC41t flow from i:l~troly1c 10 aluminium 1w1 

Qc h~t llow from aluminium 1hrough calhod~ [WI 

• 

-

• 
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TA 

Tc 

Ts 

-

Sid• .... 
c:..oon 

Sid• ...... 

heal llow from l!l\Xtrolyte to frcctc 

heal llow from aluminium to freeze 

heat How from freezing tone to freeze 

heat ftow from freeze through side wall 

ambient temperature above the cell 

ambient temperawre below lhc cell 

ambient temperature bt.-s1de the cell 

....,... 

8elll m, T, 

Alu1Nuum m, T> 

Ce111ode 

' Oa 

I 

ya .. 

,, Oc 

Basic ~1ass and Energy 
Balam.:c Cah.:utauons 

l w I 
I WI 

[WI 

(WI 

!°Cl 

!"Cl 

OF1 
~ 

OF2 
~ 

-

QF Os .... 
mz 

T2 

Figure 1.1.3 Components of the Simplified '.\fodel 

1.2. Chemical Aspects 

The following two reactions are considered as a ba~is of aluminium electrol
ysis procc::s in the Model. 

Primary react1v1: 

Ts 
-
~ 
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Secondary reacuon: 

Basic \tass and Eocrgy 
Balan~e Cakulauon:. 

11.2.11 

~.-\I+ :JCO.: - -- > .-ll.=01 + :JCO { 1.2.21 

The rate of the primary reaction is proponional co the line current and the 
rate of the reverse reaction equals the rate of the primary reaction multiplied by 
the factor (1-'I) where 'I is che current efficiency. 

· 1.3. Electrical Aspects 

The line current is assumed to be constant. The total cell voltage is the sum 
of the following terms: 

voltage drop in the anode, 
anode potential, 

voltage drop in pan of the bath panially filled with gas bubbles 1bubbk drop I. 
voltage drop in the bath. 
voltage drop in the 
voltage drop in r 

In the present represcm.h•V•·· ;1c .. _ within the control volume 1s 

the sum of the: 

anode potential. 

voltage drop in part of the bath panially filled""•· .Js bubbles (bubble drop>. 
voltage drop in the bach. 

1.4. Energy and Mass Balance 

The balar:ces are performed as per the lumps specified in Figure 1.1.3. All 
balances. whether material or energy. start with the fundamental balance equation. 

111p1tf - <Jltf/lltf + fll"Orf11d1011=titf1111111/o/11n; (1.-l.I) 
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5 Basu: '.\ta:.s and Eneq;~ 
Bal;,11K;: CakulaUOlh 

The energy production tenn is imponant in lumps in\"olved in chemical 
reactions and resistive 1ohmic1 heating. The mass production tenn is important 
in lumps involved in freeze melting or fonnatior. and in alumina dissolution. For 

liquid systems. the energy balance is usually gi"·en in terms of enthalpy. 1 

If Hi. mi. cp, arc enthalpy. mass and specific heat of lump i. and T1 is the 
temperature of lump i. To is the reference temper.uure. h0

1 is enthalpy oi the lump 
at the reference temperature. then the total enthalpy of the lump can be written as : 

The time derivative of this equation gives the relationship for the enthalpy 

(energy) production: 

ti fl, ,/,,,, ( 11 ;!· . ) 
,ff = Ti "· - f1 , ,.,.ti, 

( l..+.3' 

t!T, - ,,,,,,.,JI_ ,,, 

We can see chat the changes of mass rn a given lump participate rn the 

changes of energy of the lump. 

1.5. Dissolution of Alumina 

When alumina is fed to the cell. it is assumed that a fraction i:-. di:-.per:-.ed and 
dissolved in the bath almost immediately. The rest forms a n:sen.e of undi:-.sol .. c:d 
alumina mass. From the dispersed and the undissolved buffer. the alumina is 
dissolved at rates proportional co the dispersed or 'he undissolved mass and which 
is a linear function of the aluminium temperacure. Initial conditions can be set 
according to a selected situation. The proposed alumina dissoluuon model is 

shown in Figure 1.5.1. 
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s, 
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Diuolved alumina 

Figure l.S. l Components of the Simplified Alumina Balance 

Where 

m, mass of added alumma (kgJ 

m,,. mass of prodt..~.:d mcial (kgJ 

X1 mass of dispersed alumina [kgJ 

Xz mass of seulcd alumma ikgl 

X) mass of dissolved alumina (kgJ 

Si dissoh.uon r.lte rrom dispersed alumina (kg/!~I 

Si d1ssoluuon raLC from sculcd alumma lkg/)I 

S1 seuhng rate from dispersed alumina lkgt~I 

• 

• 

• 
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2. DYNAMIC SIMULATION 

2.1. State Equations 

BasK: ~1a:~s and E~~y 
Billaf1':c CakubuOO!-

During the simulation. the mass and temperature variations are calculated in 

terms of ordinary differential equations : 

1/ 111 

' = 12. l.l 1 
,/t 

and 

,ff 

,/f 
' 12.1-21 

These equations arc the state equations of the syscem. Applying the pnn

ciples mentioned in Section l. l. first order differenu.il e4uatiOn:!\ ""uh ume a~ 
independent variable can be derived for each of the following dynamic variable'.!11: 

L mass of dispersed alumina. 
2. mass of undissolved alumina. 

3. mass of dissolved alumina. 
4_ mass of electrolyte. 

S. mass of side-freeze. 

6. mass of aluminium. 

and 

7_ temperature of electrolyte. 
8_ temperature of side-freeze. 
9_ temperature of aluminium. 

To integrate the 9 linked differential equations. subroutine SDRIV2C J is 
proposed from the NMAS (Numerical ~ethods and Software) library. For decail 

related to the SDRIV2() routine refer to 111 . 
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2.2. Equations for the Alumina Balance 

'.\lass Balance 

Basic Mass and ~rgy 
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The general alumina balance can be wriuen in the form: 

tf.r I 1f.r.:. i/r I -- ~ - ~ -- = ..l1n., - ~·.,..J..111,,, 
ill ,[I dt 

and the components can be expressed as: 

./.,. . 
,/f 

"1-.'" .. :. 

<2.2.11 

(2.2.21 

C!.2.3> 

12.2 . ..tl 

The seuling -.nd dissolution processes as well as alumina feeding and metal 
production can be written &is: 

where: 

c 

'· 
k, 

... , = k,,, 

..J..111,,, = k·. I. 

saturauon concemrauon o.- alumina 

xtual concenr.rauon of alumina 

line current 

adequate process conswms 

Note, that regarding the process paramc:1c:rs , = 
"'1 

I weight <f I 

fwc1gh1 'f I 

IAI 

., ., -<---. .)I 

12.2.6> 

<2.2.71 

(2.2.8) 

12.2.9) 

• 

• 

• 
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2.3. Equations for the Electrolyte 

Ma~" Balance 

, , ""'I ,,,,, ~ -- = .Ji.111,, - k,,.Ji.111,,, - --"' ,,, 
Energy Balance 

where: 

Q 

dT1 Q - Q.-i - Q_,, - Qn 

specific h~l of dcc1rolyte 

total h~l loss ol lhe 1:dl 

IJ/kg 'Cl 

iWi 

Li sually. in steady-state. the meal heat !oss of the cell is ~xpressed as: 

(/ = If . - I . i) {. 

12.3.l 1 

(2.3.2) 

(2.3.3) 

In the dynamic calculation. a modified version of chis equation is proposed: 

where: 

u 

(/ = ( . I. - I ( . \II I . .... (/II i 

cell voltage w1thm lhc .:omrol volume IV I 

voltage equivalent of emhalpy of metal producuon IV I 

voltage equivalent of enthalpy of mcial pmducuon IV I 
( 1s0lhermal) 

energy needed to he•n-up and dissolve the alumina l WI 
added 

<2.3.41 

Heat ttows mward the environment (QA. and lacer Oc and Qs) can be 
approximated by equivalent heat resistances in che form of 

CJ, = 
\,1 I, - ., I I 

/(, I 

, , -
( _.J.:'I) 
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where: 

Q, he3l llow from lump {I) lO lhc environment 

A, adequaie surface where the heat llow 1s consuJcrcd 

T, temperature or lump ti) 

T1 temperature of environment O) 

R,.1 heat reslSlance for surface umt between lump<•> 
and environment IJ) 

Basu; Mass and Energy 
Balance Cilculauons 

iWI 

[m!J 

[°CI 

[°CI 

\m!0 ow1 

Heat flows between lumps containing molten materials or between molten 

and solid phases (QM. QF1 and iater QF2) can be approximated by equivalent heat 

transfer coefficients in the form of 

q, = h,_1 .-\,\ T, - T1 ) 12.3.6) 

where: 

Q, he3t flow from lump ( 1) to lump (j) [WI 

A, area of the surf<K.:c bct.,11cen the hqu1J and the lm"I 
sohd for lump 1 

T, temperature of lump (i) l°CI 

Ti tcmperJ:ure of lump <J) [°CI 

h,J heat lt'Jnskr 1:ocllil.:1cnts between lump (1) and (J) (W/m~°CI 

Note that for QF1 and QF2 calculation T1 is set to eutectic temperature of 

the electrolyte. 

2.4. Equations for the Freeze 

'.\'lass Balance 

,J,,,! (2J." - (2J."1 - CJF! 

df =fl. c1.,1T,-f,-1+r1-11f·-fr1 + (./ .. _ .1.) f T ! < 1•! F ! 

(2A. l > 

where: 

• 

• 

• 
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fusion heat of (ryohte 

spcc1tic heat of frce1e 

11 

culC\:Uc temperature of dtXtrolyte 

Ba~m; '.\lass and Eaergy 
Balance Cakulauons 

iJ1\.gf 

[J;\.g 'Cl 

l°CI 

Note that in this apptoximacion the freeL.e l:hange at bach and m:=cai ievei are 

considered being eGual. 

QF is calculated according to Equation (2.3.5) with T, = T,_-. The equivalent 
thenn:.l resistance RF can be expressed as 

where: 

l IF 

/,-F :! 

specific thermal condocuvit) ol lrcc1c 

averaged freeze thickness 

Energy Balance 

JI~ ,, , 

2.5. Equations for the Aluminium 

:\lass Balance 

where: 

m, 

,, ,,, ' 
=k·,/.-..:::,,111, 

,/' 

amount of tapped metal 

1m°C/W! 

tml 

ikgl 

12A.3l 

(2.5.11 
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.tr, Q_, 1 -(h·-Qr~~L-.l.1 1,:1!1 - I:• 
!2.5.2) --= 

tit Ill 1<.,11 

where: 

specific heat of aluminium (J/l<g 'Cl 

• 

• 

• 
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3. STATIC SIMULATION 

3.1. Steady-State Balances 

Basil: '.\tas::. anJ Energy 
Balanl:~ C:.ikulauon:. 

In previous sections che state equations were derived for dynamic ,imulacions. 
as per the lumps specified in Figure 1.1.3. In order to obtain sceady-,cacc: t stall~ 1 

solution. all balances. whether ma~erial or energy. start with the e4uacion 

111 /lltl - 1111111111 - 1irrn/11d 1tJ11 = II t 3.1.1) 

In ocher words. all the rime ckrivatives of the dyr.amic \anablc:s ha\t: co be 

sec to zero: 

1! 111 

--' =I) 
,/ f 

( 3.1.2) 

and 

.rr, 
=ti ( 3.1.3) 

,/ f 

~1oreovc:r. we must assume a ~ontinuous addition of raw materials and a 

continuous tapping of aluminium. as opposed co discrete actions caking place in 

real operation. From chis. it can be seen thac che cell in reality. is ne .. er in J 

steady state. The solution obtained will. however. represent the mean state of the: 

cell over a period wich constant or periodic operacion conditions. 

The derived equations have the following forms: 

I) = ~111., - l.-1'1',. - , I - I.; I I l.~.1.41 

(J = /..· t 'I - /..·~ t' ~I 1, - t I 

( 3.1.61 

(J = C! - (! I - (! \/ - (!I I t.l 1.71 
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I) = './ /-" - Ch 1 - C/ I: 

ll = (/ F - (/,; 

I)= h,/. - ~'"' 

II = j. II I,, - /. -) '• I. 

Analyzing the fonnulas. we can see that: 

Basic Mass and Energy 
Balam:c Calculauons 

13.un 

t3.L91 

t 3. L l()) 

L'U.lll 

- Equation~ <3.1.l 0) and ( 3. LI 2) set the balanced mass liows. 

- Substituting Equation 13.1.5) to (3.lA). the result is Equation C3.l.6). 

- QF in Equation ( 3.1.8) can be substituted by Os from (3.1.9). 

The bath temperature can be considered as a known I measured) parameter. 
~1oreover. Equation <3.1.6) is a dosed fnrmuh for determining 1he alumina 
concentration in bath. In pra1.:tice. ir · • •o consider c as known 
t measured) and try to determine th x ·. An additional 
equation is proposed co set the rau- Jetween ~ i 

.... 
II= - = 

.... ' 

3.2. Steady-State Equations 

k, ·l"I I(". - ( I 

k:.r :I 1 , - ' I 

After the proposed modifkations, the set of algebraic eljuauons obtained are: 

13.2.2) 

• 

• 

• 
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0 = t/ - (/ _ i - (!Jr - (/FI 

The independent variables are: 

l. mass of dispersed alumina. 
, mass of dissolved alumina. 
3. mass of the freeze. 
4. temperature of the freeze. 
5. temperature of the aluminium. 

Basu.: ~tass and Energy 
Balance Cakulauons 

13.2.31 

I 3.2.41 

... , -(_, ___ )I 

Thus. live nonlinear algebraic equations with 5 unknowns are obtained. 
To solve the sec of equations. subroutine S:"SQEO from the '.'~1AS librarv 1s 

proposed . For detail related co the S'.'SQEt) routine refer to I 11 . 
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4. ADJUSTABLE MODEL COMPONENTS 

Staning the computation requires a set of initial data but which remains 
unchanged during either for finding a s_ceady-state I static) solution or under the 
dynamic simulation. This set of initial data includes chemical and physical 
constants. correction factors. certain geometrical quantities and initial valut!s for 
the chosen ::-.dependent variables which are to be provided by the user. 

The user is proposed to begin the simulation determining a reasonable static 
solution for the ~odel. To construct the energy balance equations. further 
parameters, such as the thermal conductivities. heat transfer constants. specific 
heat values, densities, ~ath resistance. voltage balance components and energy 
production and consumption terms have to be determined. These parameters can 
be chosen as constants or as functions of other process parametas. 

In the dynamic part of the simulation. the time derivatives of the dynamic 
variables are calculated. which are the right-hand sides of differential equations. 
During the calculation. the most important parameters (e.g. line current. cell re
sistance. anode position. bath temperature. alumina concentration) can be printed. 
On-line graphic representation of calculated process parameters helps the inter
pretation of the simulation. 

During the dynamic simulation. it is essential to maintain the simulated 
process close to the real one. This me~ins. that the user h;1s to extend the 
~odel with a ··maintenance" part. • · ....... early scagc:s. chis might be JUSt an 

embryonic control emulation. b· :.ilistic representacion of scheduled 

operation interactions and proc· . stem is rel1uired. 

This Chapter outlines mOI.. ;.ionencs. which are proposed co be elaboraced 
by the user. The selected equauuns can be written in form of subroutines or 

functions. so the routines are called at every computation step and the: programmed 
calculations are fulfilled. 

4.1. Line Current 

The line current is che driving force to m;1intain che elecmx:hem1cal reaction. 

For a single cell. the line ~urrc:ni is ar. independenc inpuc htnable whll.h may 
be kept constant. However. in order to make the s1mul;1t1on nwrc: rc:al1st1c. 11 1s 

• 

• 

• 
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proposed construct a line current sub-model which generates a series of data with 

identical st:uistical properties as the selected real line current. 

By default. the line current is kept constant. 

4.2. Current Efficiency 

There are several sophisticated formulas for current efticienq ..:ak:ulauon in 

the literature. However. they are hardly suitable for reliable cak:ulation based on 
available process parameters and related to short-term operation. The user has 

the freedom to make his best choice. 

By default. the current efficiency is kept rnnstant. 

4.3. Thermal Resistances 

Thermal resiscances which are a function of thennal conductivities of the built

in materials can be expressed in form of approximating polynomial as functions 

of temperature. Equivalent thermal resistances of the lumps can be derived from 

the size and arrangement of a selected cell usin:; equivalent thermal resistance 

network approach. The user can involve all the necessary cakulacions in the 

provided subroutine or these cakulauons can be done separ:uely. 

By default. the thermal resistance values are kept constant during the sim

ulation. 

4.4. Densities 
The densities are usually approximated as functions of temperature and I or 

composition. The user has to choose the proper emp1ri...:;d relauons relaung co 

the selected cell. 

By default. freeze and liquid aluminium den-.1ues ;ire kept rnn-.canc. Elec

trolyte density is calculated as a function of mm position and temperature. 

4.5. Eutectic Temperature 

Pure cryolite melts at about 1009°C. but alumina ;ind ocher addim.es lkpre:-.-. 

the liquidus temperature. As the alumina content is increased. the liquidus 

temperature passes through a minimum c.i!led eutecrn.: temperature lor. more 
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correctly. the pseudo-binary eutectic temper.nure) and then rises again. The two 
families of curves have been represented by regression e4uations 171. 

The cryolite liquidus for mixtures in the normal range of electrolyte ~ompo
sicions can be given by: 

TF = lOll.7-0.l-lYL\/7 -O.UOOl 1q_\/.1 
. . 

- 7.0SSc + O.:!l k.! - :!.~·1~.\/1 

- >.lli7.\/4 - 11.b7:U/; 

A similar equation is generated to represent the alumina liquidus: 

T• .. : = ·":!h.1 - :LOCH.\/.:+ l-1.:!1;· 

- .L-llJ-l.\/ 1 - 1.•nu \/-. 

- IJ. l~l l.\/_:1 

+ O.:'.'i!H.\/1< 

+ O.:'.'i.).)1l.\/1c 

-r- u.:no l.\/ 1' 

The eutectic temperature TE is calculated by solving the following: 

T /:" = T F = T"' 

where 

TF cryolite liquidus r·c1 
TS alumina liquidus 1~c1 

TE eutectic temperature l°CI 
c alumina concentration !weight %J 
M2 excess aluminium tluoride (weight 'W-1 

MJ calcium fluoride I weight %1 

M4 magnesium fluoride I weight %1 

'.\115 lithium tluoride I weight %1 

The user can select other formulas av;iilable in the liter;iture. 

(4.5.1 J 

14.5.21 

(4.5.3) 

Eutectic temperature is calculated in function ElJT( J. The defau't function 
solves Equation (4.5.3) and returns the new value of the eutectic temperature. 

• 

• 

• 
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4.6. Heat Transfer Coefficients 

Basu,; \las:. and En.:rg~ 
Balan.:.: Cal.:ulal1on:> 

Heat trJnsfer coefficients present the bridge for the heat tr.insfer across the 
boundary layer between solid surfaces and fluids or between two fluids. 

Generally. all heat transfer coefficients are kept constant during a simulauon. 
The bath-to-freeze and metal-to-freeze coefficients can be: taken fmrn lab<lratory 
experiments. from heat b<ilance calculations or from nucputs of more: 1.ktaikd 
models of the cell. Heat tr • .msfer coefficients for external surface:-. co air or ga:-. 
under-the-hood are calculated by standard engineering formulas. The u:-.a .;;in 

insert these calculations into the Ylcxiel or can keep them separately. 

4.7. Bath Resistance and Conductivity 

The general formula for bath resistance calculation 1s: 

where 

I 
U11 = -

\1T 

bath resistance 

anode-cathode distance 

area of current path 

electrical conductivity of the: bach 

l!!I 

!ml 

lm~I 

11/1 ! !rn I 

(4.7.1) 

This formula is often moditied ;11.:cording to the: ~~lt:.:cc!d ga:-. layer n::-.1:-.1an1.:c: 
des~ription. In the: ~1odel. the: gas bubble! .. oltagc! drop 1:-. rc!prc:-.c:ntc:d by an 
equivalent additional anode-c;1thode distance. This means that the! rnc!an thi.:knc:-.s 
of the gas bubbles under the anode is as:-. urned to be: ;1bouc 5 mm. "'hi.:h 1:-. chc: 
surface tension limited thickness of the gas bubble layer. The moditic:d formula 

is consequently : 

I .... 11.lHJ;·) 
/{IJ = ---

\11 
(4.7.2l 

This method tends to undc!restimate the bubble rc!si-.t;in1.:e when the alumin~1 
content of the bath drops and an anode: dfecc approa1.:hc:-. . 
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There are several empirical relati0ns in the liter.uure for the calculation of 
the electrical conductivity of the bath. The relationship used for the \1odel is 
given below [51 : 

where 

lnO' = :!.01-'lh - O.O:Wlc - 0.00-1.\/1 

- O.UHih.\/-1 + 0.01 IS.\/"> 

T O.Ollld.\/h + O.:! 11.;<. u 
:!Oh~. l 

r, 

bath temperature 

alumina concentration 

excess aluminium fluoride 

calcium fluoride content 

magnesium fluoride content 

liti1ium fluoride content 

[weighc %1 
[weight %1 

I w =ight Ck I 
[weight %1 
I weight c1,; I 

(4.7.3) 

A proposed correction factor ( t--) which takes into account the susper.ded 
carbon particles in the electrolyce can be written as : 

t-. = 0.'l!l·I - lJ. l l 'l l(. + O.lllJ!lif ·~ (4.7.4) 

where C is the weigh1 % of suspended panides. 

Eleccrical conductivity of the bath is calculated in fum:tilln SIG!). The default 
function calculates Equations 14.7.3) and (4.7Al ;ind recurns che new \alue of ,T_ 

4.8. Specific Heat Coefficients 

Specific heats arc used in two ways in the Model : 

a) In steady state, to calculate the enthalpy retjuired for he;1ting up reaction 
materials (anode carbon, alumina and aluminium tluorideJ from r<xlm temperature 
to reaction temperature. 

• 

• 

• 
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b) In transient (dynamic) state. to calculate the enthalpy change due to 

temperature change in a given lump. 

The specific heat coefficients are usually approximated as functions of temper
ature and I or rnmposition. The user has to choose the proper equations relating 

co the selected cell. 

By default. the specific heat coefficients are kept constant. 

4.9. Equilibrium Potential and Overvoltages 

Several expressions can be found in the literature either for cakulating these 
components separately or as the sum of them. A standard approximauon 1s taken 
from [-lJ. Parameters for the critical current density and the limmng current 

density formulas can also be taken from 1-ll. 
Equilibrium pocencial: 

,_.u _ ~(;" ur 
1 

( ( ·uy, .,,, , ) 
L - ---r- II 

ti[ (if-" ( ·.,, 

Reaction overvohage at the anode: 

/ff ( ;,, 
If\\= --111 -) 

1.11:"1/- ,,, 

Concencration overvoltage at the anode: 

/ff ( 1,, ) 
If\('=-.-. 111 

.!./- , It I - I,! 

Concencration overvoltage at the cathode: 

where 

1/AA 

1/AC 

/ff 
I/('{' = -1_-.,.·!I.17-. - 0.1:.!->f'ItI111 (--'-· -) 

, , 11 _!-, 7 

equilibrium potencial 

reaction overvoltage at the anode 

concencration overvoltage at the anode 

ILi 

ILi 
ILi 

(-l.9.1, 

(-l.9.2J 

(-l.9.3) 

(-l.9.-l) 
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1/CC 

F 

R 

T 

Cox 

Coll( Sal) 

la 

lee 

lo 

concentration oven.oltage at the cathode 

Faraday's constant 

universal gas constant 

bath temperature 

alumina concentration 

saturated alumina concentration 

cathodic current density 

anodic current density 

critical current density 

limiting current densHy 

Basic \lass and Energy 
Balance Cakulauons 

ILi 

l°Kl 

1%1 
1%1 
(A/cm~! 

IA/cm~I 

IA/cm~I 

IA/cm~I 

The equilibrium potential and the overvohages are cakulated in function 
UANODO. The default function calculates Eliuations (4.9.1) to I 4.9.31. 'ICC 

is kept constant. The function returns the new value of U "P· 

• 

• 

• 
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5. SYSTEM REQUIREMENTS 

Basu.: ~tass and Enl!rs> 
Balanc.:c Calc.:ulauons 

The proposed Dynamic Cell Simulacor can be run on \arious popular ~om
put:uiona! platforms. The hardware and software requirements for a cypic.11 PC 

application are the following: 

any IBM compatible machine with a 386 processor or higher. 

arithmetic co-processor. 
• sufficient hard disk (minimum 40MB), 
• a floppy drive, 

VGA display. 
sufficient RA'.\1 memory I minimum 4 \1B ). 
DOS version 3.1 or later. 

To take the full advantage of this environment. and w Jt:vdop a good graphic 
interface. the following or equivalent software packages an: proposc:d: 

• DOS Extender Cfrt.>m Phar Lap Software Inc.), 
NOP FORTRAN Compiler <from Microway Inc.). 
HOOPS Graphic Library (from Ithaca Software l. 
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PREFACE 

Approltlmaling Sclecrcd 
Oper:ation Modes 

The present Tutorial is intended 10 guide rhc users how to approximate selected 
operation modes with the simplified dynamic cell model proposed in rhe Basic 
Mass and Energy Balance Calcularion chapter. 

First. two items from the user-adjustable model components arc rrcated: 

- line current generation and 
- equivalent thennal conductiviti~'i , __ .,..'!;". '• ~-1 pans. 

Then. the Tutorial proposes an approach n ... 
and events such as: 

- balanced dynamic operation. 

- changing alumina feeding rate, 

- changing anode position. 

- tapping the aluminium. 

··""tc basic operation slates 

These user-adjustable pans can serve as staning poinr for a more sophisticared 

description of rhe process. 
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Approxunaung Selected 
Opcrauon Modes 

1. ADJUSTABLE MODEL COMPONENTS 

The Basic ~fass and Energy Balance Calculation chapter proposes •1 simplified 
model of an aluminium electrolytic cell. Some of thl" model 'omponencs arc 
proposed to be worked out by the u~r. The most important adjustable ~omponcnts 
arc: 

1. equivalent thennal resistances. 
2. equivalent heat rransfci coefficients. 
3. specific heat coefficients. 
4. various mass densities. 
5. currcnc efficiency. 
6. line current. 
7. eutectic temperature. 
8. bath resistance and conducuvity. 
9. equilibrium potential and overvoltagcs. 

In this chapter two of the above listed items: line current generation and 
equivalent thermal resistances. arc treated '>nly . 

1.1. Line Current Generation 

Electrolytic cells arc connected in series in a cell line. The line cum:nt is 
deccnnincd by : 

- the status of the cells in the line and 

- the propenies of the line current control system. 

The line current is an independent input variable which is attempted to be kept 
constant. This often is not obtained in prJctice because of poor line current 
controller or because of anode effects. In order m make the: simulation realistic 
and flexible. it is a good idea to construct a hne current sub-model which provides 
a new line current data at every computational step. The data for such a sub
mode! arc obtained from the line currcnr moniroring wnich is usually recorded on 
the computer. However. this is only possible for c:xasung lanes. 

During the simulation, there arc several pos:o.1balit1cs to rrcat the simulated line 
current variable. The line current can be:: 

I. kept constant. 
2. taken from pre-recorded real data, 
3. taken directly from the process if the simulator is on-line, 
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4. generated mathematically. 

Approxunahllg SclcclCd 
Opcraoon Modes 

The :;implest solution is to keep the simulated line current constant during 
the whole simulation. The selected value can be the average or the target line 
current. This approach is perfect for steady-state calculacions and acceptable for 
operation periods where the line current is smooch. 

Use of pre-recorded real data is relatively simple and gives very good results. 
Data can be recorded directly from che plant information system. Stand-alone 
data acquisition systems can be applied. also. By selecting the operation periods. 
a good line current data bank can be set up. A major drawback is the memory 
requirement from the huge data files. 

Direct application of on-line current data requires co synchronize the time
base of the simulation to the real time. Moreover. an appropriate interface has 
10 be developed between the simulator and the plant information system. This 
method is advised for control system design and verification only. 

~athematical generation of an auxiliary signal i~ 4uite common i:i the ~im
ulation. It gives a relati\'ely simple solution wnh adju\table pmpcnie~. Thi~ 

approach fits well inm the whole simulation approach. There arc standard signal 
processing methods for r ~alyzing data as well as for construction 
of data series with pre . 

Without going into mu'n uetau. two examples for line current construction 
arc inmxluced below. The signal construction is based on a group of selected 
real data. Figure 1.1. l shows a real recording for a day-long period. 

A possible method is to analyze the recorded data using standard statisucal 
tools: stan to calculate histograms. detennine characteristic values I mean value. 
standard deviation. higher order momentums. etc.). Based on these. random 
number gener.uors can be selected and tuned. The final signal can be mixed 
from several random signals. figure 1.1.2 shows bmh the original hne current 
ltop) and the simulated signal lboltom). With some funher adjustment of the 
components, much better approximation can be reached. 

Another method is to keep the original. real data as base and cormruct the 
new signal from the fragments of the original. Firsr. the original data set should be 
cut into pans. ~ext a (random• logic i~ needed to guide the selection from rhcse 
pans. Finally. rhc reconstruction 'an be done repc:ating sclcctc.:d parts ca'h after 
other. Figure 1.1.l shows the result. m 1hc \amc way a\ the previous Figure. 

Note: Both these marhematical approai.;hc~ g1 .. c exccllcm re\uh\ for a period 
much longer than the t}pical rate of line current variation. 
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1.2. Equivalent Thermal Resistances 

Approumaung Sela:~d 
Opcr.mon Modes 

Equivalent thcnnal resistances of the lumps can be derived from the size 
and arrangement of a selected cell using equivalent thennal resistance network 
approach from which we deduce the equivalent thennal resistance for each lump of 
the model. In the cell model, the pans where the equivalent thennal resistances 
can be inttoduccd arc the following: 

I. anode block (including carbon and steel partsl. 
2. cathode block (including carbon and steel parts). 
3. cathode pier region (including carbonaceous. steel and isolating parts). 

Figures 1.2. l and 1.2.2 show the characteristic size of an anode carbon 
block and the proposed equivalent heat resistance network. Figures 1.2.3 and 
1.2.4 show the characteristic size of a cathode carbon block and the equivalent 
heat resistance network. These lumps arc relatively simple and the equivalenr 
resistances calculated with the applied simplificar1ons give good results. 

The pier region (outer cathode side) has a more complex structure with 
different built-in materials. The user should respect the differences between the 
side-wall and the end-wall pans. Moreover. when both horirontal and -.ertical 
heat ftows arc calculated between the lumps. the user should pay attention to the 
anisotropic properties of the pier 1egion. For dcmonstr.uion purposes. examples 
arc given for a typical side-wall and end-wall arrangement of the pier. Figures 
1.2.5 to 1.2.7 relate to a side-wall. while Figures 1.2.8 to 1.2.10 relate to an end
wall pan. The differences in the computation of an equivalent thennal resistance 
in horizontal or vertical directions arc evident. 

The resistance networks shown in these figures may change for a different ~ell 
design. The user has to decide how to take into account the different materials. 
using the examples shown here as the basis 
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L4: estimated half-height of an anode block 
LS : length of steel parts inside anode block 
L6 : ler.:,.iM of butt 
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Figure 1.2.1 Characteristic Si7.e of an Anode Carbon Block 
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Figure 1.2.2 Equivalent Heat Resistance Network of an Anode Carbon Block 
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Figure 1.2.3 Characteristic Si7.es of a Cathode Carbon Block 
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Figure 1.2.S Characteristic Si1.es of a Cathode Pier Region (Side-Wall) 
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2. Selected Operation Modes 

Approxun:1ung ~b:ICd 
Opcrauon Moel:) 

When the user adjustable components of the proposed model arc completed. 
the next stage is to approximate some sclcctcd opcr.ltion modes with the model. 
To do this. the user has to provide the initial values of the state variables and the 

time fonctions of control variables. 

The initial values of the state variables can be based on the steady-state 
solution of the state equations. These values have to be compared to plant 
measurements or to results from more detailed static model for validation. 

The selection of control variables depends on the user also. but regarding the 
reality. the fundamental control actions arc alumina feeding. metal tapping and 
anode position adjustment. 

The alumina feeding is esscncial co supply raw material to the chemical 
process. that is to make aluminium. The alumina feeding can be realized in 
various manners. Usually. batch and point feeding modes arc distinguished as 
standard feeding procedures. The details about the possible batch or point feeding 

operations arc beyond the scope of this Tutorial. 

The metal tapping is intended to remove the produced alumir.ium_ Comparing 
to the alumina feeding, it is a relatively simple action and its implementation is 
quite similar even on different cells. 

The anode position is regularly adjusted on lhe cell~ m keep lhe cdl res1~lancc 
between desired limits, thus limiting the electrical energy inpul to lhe cell. The 
theory of cell resistance evaluation and anode position control is nm treated here. 

For the model the essential is that at every computation step current values 
have co be provided for the control variables which represent the amount of 
added alumina, the amount of tapped metal and the size of anode adjustment at 
that cenain computation step. In a more elaborated stage of the model. a concrol 
mcdule might take care of the alumina feeding and anode adjuslment logic. The 
metal tapping can be added to the list of the scheduled operation events. 

With the above mentioned e~tensions. lhc simple cell model is ready for 
dynamic simulation. In the remaining pan of this chaplcr. a balanced dynamic 
operation as well as lhe effecli. of adju~ting control variable~ arc Jcmonstralcd . 
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2.1. Balanced Dynamic Operation 

ApprourNLang Scb.:acd 
Opcr.lllOfl ~todcs 

As a consequence of the operational practice. the cell is never in a static 
state. The target is to keep the cell dose to a selected opcr.llion poinr. This 
can be reached with sophisticated adjustmems of the control variables. For test 
purposes. it is very advantageous to approximate an almost perfectly balanced 
dynamic operation mode. Alrhough this mode can never be realized in the pb.u 
practice. it is an essential stage in the model verification and validation process. 

To reach this artificially balanced state. the control \·ariable::i should be set to 
the following values at every computation step: 

- the amount of added alumina is equal with che alumina consumed. 

- the amount of tapped metal is equal ~ith the mecal produced. 

- rhe anode position is kept constant. 

Figure :U. I shows an one hour period of this balanced operation mode. 
The diagrams are che following from top down: alumina com:cntration in the 
electrolyte. electrolyte mass. electrolyte tempcrJture. freeze mass and freeze tem
perature. For demonstration purposes. the inicial value of electrolyte cempcrature 
was slightly different than in the smic equilibrium. It i:an be seen chat after a 
few steps. the solution (rhe electrolyte cempcr.uurc) converges to a value and this 
value is kept in che remaining pan of the simulation. 

It is a good practice to produce this balanced state. The 'ah.:ulated aiumina 
balance. metal production race. several mass and temper.nun: values 'an be: 
compared to plant data. Staning from this stale. thl! resuhs of individual control 
actions can be evaluated more reliably. 
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2.2. Changing Alumina Feeding 

Approiumaung Schxacd 
Oper.iuon !\.1odcs 

Considering a longer period of time. and the relevant averages. the amount 
of added alumina equals to the amount consumed. However. as far as second 
or minute-long time slices of the process. or the individual time steps of the 
simulation arc concerned. this balance docs not exist. 

This is evident in batch feeding mode. With point feeders. theoretically this 
balance can fairly well be approximated. but usually another approach is used 
in practice: overfed and underfed periods are used in the cell operation. This 
means. that the effect of changing the amount of added alumina should be studied 
with a great care. 

Figure 2.2. I demonstrates a special simulated test period. The simulaiion was 
started from the same initial values as given in Figure 2.1.1. The cell reached 
the balanced state shortly after the beginning. The control variables were set 
according co the balanced state. This state is maintained until simulated time 
2:00 hours. At 2:00 hours. the amount of added alumina was reduced by 15'1. 
This action can be interpreted as start the of underfeeding. or with ocher \\Ords. 
the beginning of an underfed period. The displayed funcnons arc the same as in 
Figure 2.1.1. The results can be explained as follows. 

The alumin~~ concentration is decreasing. This is natural, because the alumina 
supply is less than the consumption. 

The mass of the electrolyte starts to decrease. This is understandable. because 
the amount of fed alumina contributes to the mass of the electrolyte and again. the 
supply is less than the consumption. However. as seen in the following diagrams. 
the freeze mass gradually decreases and in this way it contributes to rhe electrolyte 
mass. Finally. the change in the electrolyte mass depends on these two factors 
and the result is detcnnined by the ratio between the change in the supply and 
freeze volume. 

The temperature of the electrolyte staned to increase. The reason is that 
less alumina should be warmed up. The main result of this .. extra .. energy is 
seen in the temperature. Of course, the warming effect propagates and influences 
all the temperature dependent components of the model: freeie volume, internal 
heat ftows. bath resistance. etc. The user is advised to check and analyze all the 
changes carefully. 

The mass of the freeze is slowly decreasing and the freeze temperature is 
slowly increasing as the result of the warming period. Sec explanations above. 

Note, that this is just a test period. After a while. the alumina feeding should 
be balanced again otherwise the simulated cell would not be realistic anymore. 
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2.3. Changing Anode Position 

Approiumating Sclccled 
Opcrauon Modes 

Changing the anode position is the simplest way t0 change the cell resistance 
and control the energy input to the cell. To demonstr.lte the effect of a single anode 
position adjustment. we follow the way introduced in the previous examples: the 
cell is in the balanced dynamic mode until the simulated time 2:00 hours when 
the anode position is adjusted. At this moment. a single up movement was done. 
The results can be seen in Figure 2.3. l. The diagrams arc the same as in the 
previous examples. The results arc explained as follows: 

The alumina concentration i~ unchanged. because the perfectly balanced 
feeding is maintained during the whole simulation period. 

The mass of electrolyte increases because the freeze melts and contributes to 
the electrolyte mass. 

The electrolyte temperatu1.: increases as a result of increased anode-cathode 
gap which causes an increase of the electrolyte voltage drop. Note. the line 
current is considered constant. 

The mass of the freeze decreases and the temperature of the freeze increases as 
the secondary result of this warming period. Of course. the effect of the wanning 
period propagates and influences all the temperJture dependent parameters of the 
model. 
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2.4. Introducing Metal Tapping 

Approx1maung Sekx:u:d 
Operauon Modes 

Metal tapping is a well separated opt:ration event scheduled in advance. Its 
result can easily be traced and explair.ed. The simulation was done according 
to the previous examples. To aid the explanation. two tigures were gener.ued: 
Figure 2.4.1 contains the previously used variables. while figure 2.4.2. shows 
the alumina concentration. electrolyte mass. electrolyte tempcrJture, metal mass 
and metal temperature (from top down). 

Figure 2.4.1 is not adequate to study the effect of metal tapping: here only 
the wanning can be recognized. The !llain effect is hidden from the user. 

Figure 2.4.2. shows the tapping more clearly. The mass of metal gradually 
increases due to the metal production. At simulated time 2:00 hours the metal 
tapping staned and at 2: 10 hours it finished. The decrease in the mass of the 
metal can be seen. After the tapping. the mass of the metal slowly increases. as 
it did before. according to the continuous production. 

All the rest is just a warming process. caused by che increased anode-cathode 
gap. Nore. there was no anode adjustment connected to the metal tapping. Of 
course, in the plant practice. the anode position is carefully adjusted during and 
after the tapping to avoid unwanted warming periods. This situation can easily 
be approximated with the model combining the metal tapping and anode position 
adjustment accordingly. The users are advised to put this simple case into practice. 
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PREFACE 

Developing a Control Emulator 

The present Tutorial is intended to guide the users how to devel<lp a simpli
fied control emulation which cooperates with the simplified dynamic cell model 
proposed in the Basic Mass and Energy Balance Cakulation Ch<ipter. The \loJd 
and the Controller form the main pans of the Simulamr. 

The items discussed arc the following: 

basic control scheme. 
data exchange between Model and Control Emulator. 
anode position control, 
alumina feeding by point feeders. 

Some parts of the Simulator anti some internal element~ of the Control 
Emulator (conrrol data base. control interface. control logic. etc.) are user
adjustable. The proposed user-adjustable control parts can serve as starting point 
toward a more sophisticated description of the control system. 

'.'rote: the proposed anode position and alumina feeding control logic is for 
demonstration purpose only. '.'vluch more sophisticated algorithms are needed for 

real applications. 

• 

• 

• 



• 

• 

• 

Simubuon of an Alumm1um 
Electrolytic Cdl 

1. CONTROL SCHEME 

Dc\l!IOpmg a Control Emulator 

From ~ontrol point of \·iew. the operation of an dectrolytic cell can ~ 

interpreted as follows. 

There are se"eral input signals and operation a~tions Jone either manually or 
by the automated control system. which are essential to keep the process dose to 

the target. In the operating cell. several measurements can ~ made in order to 

gain information about the state of the process. 

In the plant practice. the inputs are: line current. alumina feeding. anode 
adjustment, metal tapping. anode removal. anode supply and aluminium fluoride 
feeding. As far as the measurements are concerned. only the line current and the 
cell voltage are measured and logged continuously. All the ocher measurements 
1e.g. bath temperature. metal and bath height. freeze thickness. bath ratio. alumina 

concentration. etc.) are done occasionally. 

In connection with the presented simplified cell model. a ::implitied control 
scheme is proposed. Figure I. I shows the arr.mgement. 

Perturbation 
,_ Line current 

Anode position • . 
__ .,.. < ---

Alumina feeding <"i: ,--,, 
--= .... ". 

,,: y 

1· 

.... 
..... 
. .... 

Celli Model 

Controller 

Figure I.I Control Scheme 

... ... 

... Uce11 

The line current is independent of the cell. it is an input .. aria bk and ;1v;1ilable 
as a measurement for the controller. also. As input signals tor actions). two 
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control variables arc kept as essential: the alumina feeding and the anode position 
adjustcment. At the output of the model. only the simulated cell volrage is 
available for the controller as source of information about the process. 

Based on the line current and cell voltage measurements. the cell controller 
calculates the cell resistance. The internal control logic is based on the trend 
analysis of this cell resistance. 

The controller can generate two control actions ac a time: feeding a tixed 
amount of alumina and adjusting che :i:.node position up or down. Combining 
these control actions. the cell can be held in the vicinity of the target values 
(target concentration and target cell resistance). 

Developing a Control Emulamr usually means m reproduce or appro"imate 
some e~isting or planned control logic. A reasonable appnxlch is to determine 
che really important part of the control logic and emulate that one only. Too 
many details might ttide important relationships. ir is a g<xxi pr.ictice to develop 
a separate control data base. independent of che internal '.\1odel data. All the data 
used by the control logic (raw and computed data. tempor.iry and averaged values. 
trends. results of statistical analysis. ecc.) should be scored in chis database. 

A control interface has to be provided where che user can access and sec 
chose data which are available in the real control system. This interface should 
be similar to the real one. le is a g<><xi practice co provide a training envir•>nment 
similar to the real one. It facilit.ues the fam1liarizacion with the Simulator for 
users who are already faniliar with the practical cdl oper;uion. 

• 

• 

• 
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2. DATA EXCHANGE 

O.:"doping a ClJfluol Emulator 

The cell '.\1odel and the emulated Concroller are put co a shell \\ hich is named 
Simulator. Inside the Simulator these: main componems are supported by other 
modules to provide the necessary operation em ironmenc. Figure ~-1 :-ho\\ s a 
possible arrangement of such a system wich their typical inter.u:tions . 

figure .?.I Data Exchange Scheme 

The dynamu.: cell ~o<ld 1s m the hean of the S1mul;11or. Ac che begmnmg or 
a simulation session. sec-up par;1mecers are transferred co the \lode! determining 
the initial conditions of the applied equations. These iniual parameters are 
usually grouped in advance co describe ~ertain selected pbnt si1u;1uons 1merfed 
or underfed cell state. cell before or after metal tapping. etc.). 

During the simulation. line current data and all the actu;1I interactions are 
sent to the ~odel at every compucacion step. The algebraic equations inside the 
\todel are solved and the differential equ;Hion..; are incegraced one seep ahead. 
The results of every new compucarion seeps are sent to che ourput module where 
reports. graphs. event lists can be generated on demand . 
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3. ANODE POSITION CONTROL 

The fundament:tl idea behind the resistance comrol is to keep the cell resis
tance between limits by adjusting the intereleccrode gap. The incereleccrode gap 
might change for several other reasons (anode consumption. metal production. 
freezing-warming trends. etc.). so it is more precise co name it anode position 
concroL 

The anode position control is usually based on cell resistance ubsen ation. 
The cell resistance is obtained from line current and cell voltage measurements. 

A real anode position control logic is a 4uite sophisticated collection of 
advanced data acquisition and data pr<ll:essing casks. To esr;xblish a reliabk anode 
position control. the main steps co be Jone are the follm" ing. 

Preparacory phase: 

select proper sampling rate. 
select proper measuring method. 

select proper data logging structure. 

Analysis phase: 

verify measured data. 

provide data conditioning ta••eraging. pre-tiltenng. etc. 1. 

compute resistance values. 

process these resistance 1 Ii leering. statistical ;inalys1s. etc .1. 

recognize trends in the resistance data. 

respect possible restricuons and limnauons 1 sign;il \ alues. urning. l."ornc1-
dences. etc. 1. 

Command phase: 

generate a control command. 

verify this control command. 
activate che conm,i command. 

• 

• 

• 
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It is almosc impossible to pru"ide a gcncr.i.l purpose anode posicion control 

logic. However. a possible (dcfaulu conuol algorichm mighc \\.Ork in rhe following 

manner: 

at every computation step (e.g. O!le second). take: a cell \Oltagc: and a line 

current value. 
calculate resist:ince from individual readings. 

average resistances for about 30-60 seconds. 
compare this resistance valtic to the prescribed resistance limits !dead band 

limits. acceptable minimum and maximum values. etc. l. 

generate a proper up or down control command if the resistance value is out 

of the dead band but within the acceptable limits. 
pass the control command (usually a control tfag and che size of the action 1 to 

the ~odcl according to a pre-defined format so :he '.\todel be able co handle 

the command. 

~ote. thac in this li::o.t there arc no preliminary data \enticauon. trend ;,1n;ily,1s 

.>r any riming limicacions. The generated control signal can be proporuonal co 

the resistance deviation but a ti~c:d-size up or down mmc:ment ..:ommand also 

possible. There arc no funcuons whtch might cake care or ;.my :o.pec1al 'Huauon 

(anode position control during metal tapping. anode change. etc.). le is a major 

job t0 elaborate all of the details and provide a reliable. realistic anode position 

control logic . 
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4. ALUMINA FEEDING CONTROL 

This chapter applies to a cell with automatic brcakmgJfeeding. The funda
mental task of the alumina feeding control in a modem breaker/feeder cell '' to 

keep the alum!na content in the electrolyte continuously ;u a low lc\el. m spi[e 
,>f the continuous met.ii pruducuon process in ;iction 

The cells arc equipped with remote control crust breakers and alumina feeders. 
The alumina feeding control logic should generate control orders co trigger [he 
breaking - feeding actions at proper times. Cnfonunately. direct measurements 
related to the alumina concentration of the electrolyte are not ;n ailabk The 
concrol logic ~hould rely on the me;tsured data tcell • =·hage an;i line curreno and 
some additional 1 manuall~. occasionally measur 

Csually. the :ilumina feeding logic is as' ne-ba~ed. almost opcn-
loop controller. The control base ts the the. -- .... .i1umma consumption r metal 
production1 of a cell at an a\erage current efriciency. The amount of alumina in 
one-shoe is tix.ed by the geometry of [he feeder. :-.o che feeding race: is the only 
adjustable: parameter. lt is commo11 co derine some tl'\ed feeding rates 1 nominal. 
normal. fast. \Cry fastl wh11.:h are further dererminc:d by the ,,l(ub1lny of the 

applied alumina. mechanical strength of che breaker. etc. 

Lack of direct measurements m.ikes the control ta:-.1.. diftku!t. :-.o 11 I'< a mu:-.t 
to incroduce planned pcnurbauon:-. such as tracking to the feedmg m on.kr co g;un 
extra information about the process. 

Preparatory phase: 

define apphcaolc: basic feeding r;1tes u10min;1!. nonnal. hrn.. high. etc 1. 

set ume hm1t'.'I 1durarions1 for chc:sc: fc:c:ding r;11c:s . 

. .\nalysis phase: 

ac every seep. make a decision whc:chc:r to change: che fc:edmg rate or keep 

the currenr one. 

at every 'itep. make a dc:cismn whether to fc:ed alumin;1 or not. 

• 
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Commilnd phase: 

7 

gener.ue a concrol command if alumina feeding has to ~ done. 
acti,;ate the concrol command 

A real alumina feeding control logic contains several restrictions for special 
situations. The proposed (default> alumina feeding logic works in the following 
very simple manner. 

based on the nominal feeding r.ue. detine a low I XO<} 1 and at least one 
high (150%) feeding rate: usually an extr.i fast feeding is ab.o ne1.:c:-.-.ary 
( 300-400'h: ). 
set time limits 1duracions) of these feeding rates a1.:cordmg to the plant snuauun 
(alumina solubility. restrictions by the breaker-feeder mechanism. ecc.1. 
analyze the cell resistance (based on 60-3<Xl second a\·erages1 and judge the 
state of the process (based on 1-IO minute a\·crages> with special emphasis 
on the alumina balance. 
at every step. make a decision whether m change the feeding rate . 
at every seep. make a decision whether to feed alumina or nm. 
synchronize the feeding and the anode adjustment logic. 
respect all the restrictions I timing. e\Cnt ~oinciden.:c:s. et~. I. 
generate a control command if alumina feeding has to ~ ordered. 
pass the control command 1 usually a control tfag and the size of the action I 
to the ~odcl according to a pre-defined format so. chat the ~lodel will ~ 
able co handle the command. 

='locc, that there arc no preliminary data verification. resistance: trend analysis 

and any limitations listed above. '."\o tracking routir:= '" rc.1dy made and there 
arc no functions which might take: care of any -.pc1:1;il -.uu;iuon c h:cding ~ontrol 
before and during metal tapping, anode 1.:hange. ct1.:. 1. These important deta1s 
should be elaborated by the user. h is ;1 major task to de"elop a good qu;1lity 
alumina feeding control logic . 
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The Dynamic Cell ~odel <Simulator) is an integr.ued sofcware package 
containing a cell :\1odel, an emulated Controller and several ocher modules which 

complete the operation environment and make the Simulacor work. 

There are three manuals accompanying che Simulator: Cser Guide. Sec Cp 
Guide and a Tutorial. The User Guide outlines che cheorecical background of 
che Model, che Sec l'p Guide gives all che information needed co prepare a 
simulation session. The Tutorial contains complete examples demonscracing che 
basic operation as well as the basic usage of che Simulacor. 

The user is advised co study carefully chesc manuals. On that base. he can 
conscrucc his own inpuc daca files and can do the necessal) modifications of 
the adjustable model pans. When these preparacory phases are completed. che 
Dynamic Cell ~odel can be scarred and several simulation sessions have co be 
done co be fully familiarized with che Simulator. 

This Chapter docs noc anempt to replace the chree '.\fanuals mentioned above . 
Here. we point to a few important items. instead. :\ 4u1ck overview is given for: 

- user-adjustable data tiles. 

- user-adju~table model pares. 

- user-adjustable control pares. 

- user interface. 

It is supposed that the user has access co the properly installed Dynamic Cell 
~odel and can do all the prepar.uions. modifications and test runs at his own pace . 
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1. USER-ADJUSTABLE DATA FILES 
Considering che Dynamic Cell Simulator. che whole ~ell is divided. into 

elements or lumps as shown in Figure l. l. 

Anode Stud (3) 

AnOde Gas 
(5) 

Crust (10} 
Anode Carbon (6} 

Bath (2) 

Aluminium ( 1) 
(12; 

' 
Cathode Carbon (7) 

Cathode Bottom ( 11 ) 

Upper 
side· 

Upper 
side-wall 
carbon 
(9} 

Figure I.I Components of the ~1odel 
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The user-adjuscable daca files are designed m ..:omam the informacion ne.:ded 
co desaibe a selecced ..:ell under sdecced operauon mode. The u~er-adjuscable 

daca files are che following: 

input.dat 

dynam.dat 

evem.dat 

plms.dat 

workpl.dat 

1.1. Basic Input Data 

for input data 

for dynamic data 

for events data 

for plms data 

for workplace data 

The most imponanc data tile is the basic input data tile. Its content (the data 
relating to a cenain cell) is grouped co facilitate che setup and the maintenanct: 
of the Simulator. These data groups have names such as Thermal Conductivities. 

Heat Transfer Coefficients. etc. They are listed below . 

Title '.'\ame of Dara Groups '.\o. of hems 

COND Thermal Conductivities 14 

HTCO Heat Transfer Coefticiems D 

SPEC Specific Heat Coefficients 10 

DENS Densities 6 

REAC Reaction Parameters 3 

RESI Resistances Parameters 3 

VOLT Voltage Paramecers 
.., 

CCRR Line Current Paramecers 
.., 

LENG Length IX 

AREA Areas 11 

MASS Masses 8 

REFE Reference Values 11 

INIT Initial Values 16 
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The user has to provide all these data unless he speciries some equations using 
the adjustable model components co obtain the required values. For details, refer 
co the Dynamic Cell Model Set-Up Guide and see a sample inpuc.dat file .. 

1.2. Dynamic Data 

The Dynamic Data file consists four pans starting with the following control 
words: 

- STRT. for START parameters. 

- SAMP, for SAMPLING parameters, 

- SOUJ, for SOLl:TION parameters. 

Jn STRT data part, the start and the: end time of che simulation have to 
be given. The SAMP data part contains the time step c sampling rate J of the 
simulation. In SOLU data part. the following parameters have to be specified: 

Fraction of alumina added which dissolves immediately 
cor.ceming one feeding action 

Fraction of undissolved alumina and sludge which is assumed lO 

lie under the aluminium pad 

Volume of cruse which is knocked into the pot on the rouune 
side-type cruse breaking 

Initial value of che time constant for the dissolution of alumma 

Reference temperature for alumina dissolution 

Initial quantity of undissolved alumina in che cell 

Initial volume of sludge in the cell 

1m3
> 

(S) 

!';Cl 

1kg) 

cm 31 

For programming details. refer to a sample dynam.d~1t tilt: and the Set·Lp 
Guide. 

1.3. Scheduled Events 
For batch feeding operation. chis tile lists all the schc=dukd fc=c=ding-brc=aking 

actions besides the planned manual interactions like mc=t;il capping. ;1nodc= blod 
removal. anode block supply. 

• 

• 

• 
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For automated alumina feeding. this tile is somewhat less important be1.:ause 
the al1.>:nina feeding is controlled by the control emulation routine. Of course. the 
scheduled manual interactions have to be enlisted. too. 

The scheduled time of actions has tO be given in day-hour-minute-second 
_format. At metal tapping, another time parameter, the durJtion of the tapping 
has to be given. also. The relevant amount or size of an action has to be given 
in proper units: breaking in % of the total crust area. supplied alumina. tapped 
metal. removed and su;:>plied anode 1.:arbon in kg. n..- possible wmmands ;.imi 
the units are the following: 

BRK part of the total c.rust area broken in q. 

A203 supplied alumina kg 

REMC removed anode carbon kg 

SUPC supplied new anode carbon kg 

AL tapped metal kg 

For programming details n:fer to a sample e-.c:nb.dat tik . 

1.4. Plots Data 

The Simulator is programmed to display simultaneously up to 5 variables as 
functions of time. The variables can be selected from predefined variables such as: 

line current. 
cell voltage. 
cell resistance. 
anode position. 
anode-cathode distance. 
metal height. 
bath height. 
thickness of upper freeze block. 
thickness of lower freeze block. 
bath temperature. 
anode temperature. 
cathode temperature. 
cathode bottom temperatun: . 
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eutectic temper . .uure. 
bath ratio. 
alumina concentration. 

mass of anode. 
mass of bath. 
mass of metal. 
mass of freeze. 

H'>"' lll L ~~ lhc 
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Plots Data files control the graphical representation of the simulated resulcs. 
The line numbers from the above list serve as codes for parameter sele\:Uon. F,>r 

programming details refer to a sample plocs.dat tile. 

1.5. Workplace Data 

The Simulator is designed co fulti '. ~ds of different users. In general. 
potential users are classified as STU DE:'\ T .. \JASTER ~ind EXPERT level users 
selected by confidential passwords. With a \alid password. the user has access 
to different. pre-arrJnged sets of input tiles. These pre -arranged input ti ks are 

listed in the Workplace Data ti le. 

A Workplace Data tile contains three groups of data inside. each containing 

names of available basic input data. schedukd event. plot p~irameter. current data 
and dynamic data files. For programming details refer to a sample workpl.Jat tile. 

• 
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2. USER-ADJUSTABLE MODEL PARTS 
Advanced users can modify certain pans of che Simulator co caylor ic co cheir 

particular needs. These model parts are FORTRAN subroucines or functions. For 
programming details refer co the available source code tiles. 

User-adjustable Model parts are: 

a_ceff 

a_cond 

a_curr 

a_dens 

a_euc 

a_hcc 

a_rgas 

a_s1g 

a_spec 

a_uanod 

currem efficiency cakulacion 

equivalent chermal wnducli\ily cakulacion 

line current generacion 

mass densicy calculacion 

eutectic temperature calculation 

heat transfer coefficient calculation 

additional gas layer resistance calculacion 

bath conducciviy calculauon 

specific heat value calculation 

e4uilibrium pmemial and m ervoltages 
1.:alculation 

Subroutine where passwords can be sec 1s: 

a_pass password detinition 

Subroutines where data save options can be sec are: 

a_dsave 

a_esave 

d~tta save opcion 

event save option 
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3. USER-ADJUSTABLE CONTROL PARTS 
Subroutines for adjusting the interface of the emulated wocrol system are the 

following: 

a_cell 

a_cenc 

a_group 

Cell Controller definition 

Central Computer level definition 

Group Controller level definition 

Subrouunes where the control frame and the selected ~ontrol logic can be 

implemented are: 

CONTROL! 

COSTROL2 

for CTR STAR fC ). CTRE:" 0!) and CTR.\'tESSll 
definition 

for CONTROU >. RCO:"TROL< l and 
FCO~TROL< 1 definition 

The design of the frame program and the arrangement of the special tasks 
should be done by the user of the Simulator. 

Data from the ~odel are sent as command line parameters to both 
CTRSTART() and CONTROL(). Inside. there is a control data base where 
parameters related to the control logic are stored. The CTRSTARTi > subrou
tine suggests a possible arrangement for this data base. For details. refer co the 
available source tiles. 

At every computation step CONTROL() gets new values from the '.\fodel. h 
calls RCONTROL() and FCONTROL() control routines which realize the anode 
position and the alumina feeding control. These control routines are nm treated 
here. For details. refer co the Set-l!p Guide and the •1v;1il;1ble source code tiles. 

• 
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4. USER INTERFACE 

HtlW ll) L ~~ l~ 
D~nam•~ Cdl \lillld 

When all che necessary daca files are ready made che user can scare che 
simulation. At first. the Simulator asks for a password and when che gi••en 
password is accepted. the user can continue and fulfill the simulation session. 

During the simulation session. the user communic:ues wich the Simulator via 
the user interface. A cypical screen arrangemenc is shown in Figure -J. l. 

Main menu 

Program name User 

' ' 
DYNAMIC SIMULATION I I 

,,0 
Sr~ Sroo 

I ,•At 

QO 

so J 

~ ,,erv..1 

~ '° l --
n 

Diagrams -· :i ""' 
20 ·-·-- - - - -- -- .. "''!"f ,"'.: 

' •• 
c .... 

..t", .:."~ 

T'I Ci 

~· ...__ _________________ .. ~, :."~ 

I 
, •2 •. , I I 

Menu 
Items 

Time Simulated data Message window 

Figure 4.1 Typical Screen .-\rrangemenl 

The interface is screen oriented. menu driven. For derails and examples refer 
co che Dynamic Cell Model Tutorial. 
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PREFACE 

The computer demonstration 1s an imponanc pan of the Workshop: the 
Dynamic Cell ~1odel cSimulatori will be introduced using several e:\amples. 

The computer demonstration is incended to be held under e:\pen guidan~e
Thc course participants ~an ask questions. follow the demonstr-.ued example~ e\en 
realize their own simulation sessions. 

This Chapter contains only two examples taken from the Dynamic Cell '.\-lodel 
Turorial. For funher details refer to this Tutorial and follow the demonstr-.uion_ 
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1. DYNAMIC SIMULATION EXAMPLES 
Simulate the dynamic behaviour of a cell with target values gi\·en below. 

Linc currcm 70.0 1kA1 

Cell voltage .i.95 1V1 

Bath temperature 965.0 !;Cl 

Ratio Ll7 t weight ratio) 

CaF2 5.8 1%) 

Anode effect freq&.1ency LI - L3 !day· I) 

Anode current density 0.942 1A/cm'!.1 

ACD 5.0 Cerni 

Current efficiency 90 . .J (CTl 

Anode cover thickness 9.0 1cm1 

~etal height 22.0 ccm1 

Bach height 23.0 ccm1 

The other parameters needed co describe the cell's ~Cate are collected in 
1 input.dac file. For details refer to the Dynamic Cell ~ode! Tutorial and study 
the sample 1 inpuc.dat file. 

• 

• 
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1.1. Example 1. Batch Feeding Operation Mode 

This Example shows a .. -ery simple dynamic simulation session. The steady
state calculation with I inpuc.dac parameters has been completed before. The 
dynamic simulation is staned from the steady-state. 

Dynamic parameters for the simulated period were in ldvnam.dac tile. The 
~Ont'" 1c of the dynamic data file is gi..-en in Table 1.1.1 

During the 3imulation period. some of the regular pot operations were sk1ppc!d: 
no anode change and metal capping were involved. Table 1.1.2 shows the 
scheduled e..-ems (crust breaking and alumina feeding actions). 

For plot parameters. 2plots.d:u file was selecced with the content shown m 
Table 1.1.3. 

The diagrams shown in Figures I. l. l contain a six hour long slice of the 
simulation. The line current is simulated. and the alterations in the Resiscam:e. 
Anode Position. Alumina Concentration and Electrolyte Temperacure diagrams 
are recognizable. L" sually. a :?-l hour long diagr.im is the best to see pnx:ess 
tendencies. To CO\ier the gap between chese kinds of diagrams. an O\ier\iiew Hem 
has been added co the '.\todel L"cilities. Wich its aid. working in a short cime slice . 

che user can ask for a 0 to 2-l h overview co e..-aluace the trends then he can return 
his time slice immc:!diately. 

Report lists from the dynamic simulation - generaced at six hour - are 
gi..-en in Figures 1.1.2 to ! . I A where operacion•1l par;imecers. cakulated masse-. 
and temperatures are shown. 

We propose that you replay this dynamic simulation and be1.:ome familiar wuh 
the facilities pro"ided. You can modify the simulation changing the: Sc~ue Selt:ccor 
or introducing operational events. In the subsequent Examples. there are .. e\eral 
suggestions which will help you develop your simul~uion skills . 



Simulauon oi ;an Alummaum 
Elccirolyl11: Ci:ll 

Table I.LI Dynamic Data 
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Table l.1.2 Scheduled E,·ents 
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Table l.1.3 Plot Data 
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1.2. Example 2. Point Feeding Operation Mode 

This Example demonscrates a cell's behavior under point feeding operation. 
The dynamic data and the plot data are the same <!S in Example I. :"'o schedulc:d 
events were defined for this simulacion period. 

The diagrams of the simulation are given in Figures 1.2.1. 

Figures 1.2.2 to l .2.-t are repon pages taken at the end of the simulation . 
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PREFACE 

AdJmonal Rc:admgs 

Two anicles recently published are annexed for additional reading~-

The Resis1a11ct Fluctuatiuns i11 a11 Alumi11ium Elec1ruly1ic Cell \'-:.t~ prc:pared 
for the CI~f 32nd Annual Conference of '.\tetallurgists. Quebec City. Quebec. 

Canada. 1993. 

This anicle can be considered as an example how co add new facilities to 
the Dynamic Simulator. The Simulator has been extended to ;;imulate various 
instability types and to emulate control routines for eliminating them. Resistance 
fluctuations included arise from waves in the metal. gas bubbles and local short 
circuits. Different cells under different operacing condicions can be simulated. and 

che main characceristics of a noisy scare can be sew.lied. 

The Discrete E~·ent Simula1io11 Approach for a11 Alumi11i11m Electrolysi.'i 
Potroom was prepared for che VIL Aluminium Symposium. Banska Bysrrica. 

Slovakia. 1993. 

In this article. servicing of a small group of cells in a potroom is simulated by 
a simple discrete event model. which includes manual operator actions. regular 
alumina feeding, anode changing and metal capping. The model demonstraces che 

feasibility and usefulness of discrete event simulation for resting. planning anJ 
optimizing the pocroom operation_ 



RESISTANCE FLUCTUATIONS IN AN 
ALUMINIUM ELECTROLYSIS CELL SIMULATOR 

L. Tikasz. V. Potocnik•. R. Ouellet and R.T. Bui 

Universite du Quebec a Chicoutimi 
Chicoutimi, Quebec, Canada G7H 28 I 

• Alcan International Ltd 
Jonquiere, Quebec, Canada G7S -IKB 

ABSTRACT 

• 

Resistance fluctuations in an aluminium electrolytic cell. often referred to as noise or instability. 
are closely related to its operational state. Analysis of these nuctuations yields information about 
the process. Modem cell control and supervision systems have built-in routines to analyze and treat .IL 
these nuctuations. 

A computer simula•or for the cell. recently published. has been extended to simulate various 
instability types and to emulate control routines for eliminating them. Resistam;e lluctuations included 
arise from waves in the metal. gas bubbles and local shon cin:uits. DilTercnl cells under different 
o;>erating conditions can be simulated. and the main char;u;tcristics or a noisy state can be studied. 
The control emulator detects instabilities and provides automatic treatment 

In this paper. it is shown that the model can serve as a research tool for analysis of process 
nuctuations and for testing and developing control routines for instability treatment. An educational 
version can be used for demonstration and training. 

• 
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l~TRODl:CTIOS 

Aluminium electrolysis cells arc designed on the basis of the th.:rmal equilibrium bct\.\cen the 
he:it generated in the cell. the heat absorbed by the reaction and the heal lost to the environment. 
The generated heat comes predominantly from the ohmic dissipation. which is determined by the cell 
resistance and the electric currcnc. Thus in order to control the thermal state of the cell it is necessary 
to control the resistance. ln normal operation the resistance is controlled to a lixed. pre-selected t~et 
within a control interval by raising or lowering the anode panel. 

Deviations from the target larger than the control interval are allowed or even deliberately set 
in special circumstances. such as during resistance uacking. anode effect waiting. anode changing or 
instability treatment. ln such circumstances. the resistance is regulated by different control actions. 

The resistance variations are caused by a variety of phenomena such as 

anode consumption and metal production. the difference between the two resulting in a change 
in the anode-cathode distance. 
anode movement. 
bath resistivity changes due to bath ten.v..:raturc. chemical composition and alumina concentration 
changes. 
local changes of the interpolar distance 1 ACDI due lo bath-metal imerface movement. 

gas bubbling. 

The cell control logic must recognize the source of the resistance variations in order to choose 
appropriate action to keep the resistance C:ose to the target or lo monitor its evolution when a lixed 
target is not followed. such as in tracking. The central l!lemcm in this comrol is the average resistance 
and some measure of variance such as standard deviation over a given time interval. composed of 
a fair number of sampled values. ln resistance tracking. the average rate or resistance increa.'e or 
decrease is also often used. 

Short term resistance variations. often within a time interval from a fraction of a second to several 
minutes. are either random or periodic. Random variations. due to the gas bubble release from the bath. 
are always present. Occasionally. large amplitude random oscillations arc also present ( l l. [:!!. These 
arc thought to be due to local short circuits between the metal surface and one or more anodes. These 
are often superposed on periodic oscillations appearing at each trough of the resistance vs. time curve. 

The periodic resis1ance variations arc due lo the presence 01 waves on the metal-ba1h interface 
(:!!. (31. 1-'l- The pericxfa:ily can vary from perfectly sinusoid;.il IO yuite .:omplcx. In the laner ~a~e 
it is obviously composed of a number of harmonics of dillerem amplnuJes. Sometime:-. it 1s even 
impossible to say. whether these are truly periodic or no1. or what their frcquem:ies arc. Fourier 
analysis may help in this sense. 

In the pursuit of obtaining a good average resis1ancc and a good measure of devia1ion. 1hc above 
mentioned short 1erm resistance variation appears as an obstacle. The more variations 1here ;.ire. lhc 
more difficult it is to obtain a good average. unless one resorts to longer averaging interval and 
smoothing. This. however. incrca.'ics the reaction time of the control system and is often unacceptable. 
A typical example is an approaching anode effect which causes very rapid resistance changes just 
before it occurs. The control system action must be very rapid if we want to avoid 1he anode effect. 
but this would be impossible if the resistance had been overly smoothed. Good control logic is therefore 

• 

a compromise between these contradicting factors. Such logic is often developed on a trial-and-error 
basis and on operating cells. 



The purpose of our developmem was lo provide a model of cell resistance vanauons and to • 
incorporate it into the cell simulation reponcd earlier (5). (6J. (71. The simulation would then be able 
to generale cell resislance having all kinds of regular or irregular variations. This 1o1;ould enhance its 
realism. be il for training or for control system development and testing. 

THE '.\tODEL 

As described earlier. the evolution of the average resistance is the result of physico-chemical 
changes in the cell and of manual or automatic actions carried out on the cell. This resistance is 
calculated by the process model in the cell simulator. 

The resistance fluctuation model is phenomenological. The variations are not the result of 
fundamental changes in metal waviness or gas release or some shon circuit mechanism. lbcy can 
only be represented by a mathematical construct. built on a set of user-ad1ustable parameters. In the 
present form of the model. :hese parameters arc assigned default values or a range of values. on the 
basis of experimental data taken from operating cells. However. the user can freely change them in 
order to test his perception or test a given control logic or its computer implementation. 

The total resistance of the cell is split into three pans: 

where 

res<,,,. 

.n 

= 
= 
= 

average resistance calculated by the process model of the simul.itor. 

base random rcsistam:e. caused by gas bubble action. 

resistance due to the waves. in general of a periodic naiurc. 

The bubble resistance. res,,ubbl~s is defined in tenns of 
a percentage of the average resistance res,.,,.. It is also a funct .. 
b) a unifonn random number generator: 

· im and minimum amplitude as 
) The randomness 1s c~ated 

where 

,-,, 
C.\'l 1 

= 
= 

weighting factor for bubble generation. 

uniform random number generator between -1 .md -+ I 

The resis[ance variation due to waves. res...,,Ms· is much more complex. hs basic varia1ion is 
expressed with sinusoidal funcLions. presently 1o1;ith one single. user-spccilied frequency: 

where 

f.., = 

= 
r = 

-r f, I . ..\C {)I • l't •• ""' 111 • ' . ,. I! 

weighting factor for wave gencr:uion. 

amplification or damping factor for waves. 

time of wave formation, 

13) 

• 

• 
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= frequency of basic sinus funclion. 

= weighling faclor for short circuil generalion. 

= uniform random number generator between -1 and +I 

The firsl lcnn in Equation 13) describes the regular oscillalions and lhe sei.:oml the random 
oscillalions lhal appear al lhe lrough of lhe rcsislance wh.:n lhe ampliludes gel larger. The derivalions 
and dclailcd explanations of wcighling faclors ft,.j..., and f, arc beyond lhe scope of lhis paper. Instead. 
a brief description of lhe real operational states and some possible approximations arc given below. 

Various phenomena. appearing eilher alone or superposed. have been observed in practice: 

I. It has been observed in operating cells and in an MHD wave model (41. lhat. when a wave appears 
or disappears. the average resistance decreases or increases. This variation was approximated w ilh 
exponential functions. with the rate of decrease or increase as a parameter. The default values of 
lhese parameters were derived from the signals measured in operating cells. They also depend 
on ACD. 

2. The amplitude of the oscillations depends on ACD. The model delin.:s lhis by ranges of ACD 
changes wilh respect to a given value. lypically chosen as lhc opcr.lling value for a given cdl. 
The relationship between the wave amplilude and a given ACD range is dclennined according lo 
observed values or according to common sense. Of course. in lhe model lhc required variation is 
then followed whether the ACD is changed manually or automalically by the control system. 

3. In some cases. particularly at low ACD's or when the cell is in bad condition. il has been observed 
in practice that. superposed on a regular oscillalion. a random resistance decrease oci.:urs. usually 
at the trough of the resistance. This is assodaled wilh local short dri.:uits. when lhe wave 1.:rest 
approaches the anode. The randomness may be due lo spurs or metal. released from the .:rcsl. 
This is modelled by superposilion of a random rnmpon.:m at the resistani.:e trough (see last ll.!nn 
in Equalion ( 3)). The amplitude of this 1.:omponem is a luni.:tion ol the wave amplitude itself ;.inJ 

of some user-specified paramclers. 

4. A special condition in the cell is short drcuiting. In this case. the average resistani.:e drops lo 
very low values within a few oscillations. typically corresponding to a voltage of 2.5 to 3.5 V. if 
by control action the anodes are not raised rapidly. It was also noliced that lhe recovery from a 
short circuit is often not symmetric with respect lo ACD. In order lo get rid of the oscillations at 
the end of an experiment. the anode panel had to be raised 1-2 mm above its base lev'.!l. This 
can also be simulated by the model by choosing different s.:ls of ACD-dependent parameters for 

the recovery and destabilizing stages. 

To conclude the m1Jdel description. a simulation using a stand-alone noise model is shown in 
Figure I. There was no automatic anode adjustment by a control system. The simulated resistance 
fluctuations arc the result of four I mm down movements of the anode taken m:.nually after 5. 10. 15 
and 20 minutes. All types of fluctuations described arc prescn1: 

In the first pan of the simulation (0-5 minutes). the oasic noise was set to almost zero showing 
an "undisturbed" period as reference. 

Next, the second part (5-10 minutes) is "slightly noisy". some random noise of moderate amplitude 

are present. ·- Then in the third pan ( 10-15 minutes>. a small "wavy component is added to 1he im:rea,ed 
random noise. 



Later. in lhc founh period (15-20 minutes). a significam increase of lluctuations can be detected. • 
Even a .. shon circuiC type resistance drop is present. 
Finally. in pan lhre (:!0 minutes until the end1. a heavy shon circuit slate is simulated with all 
the noise types present. 
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Figure I - !)1 ll)tance fluctuations. 

The recovery pan is not shown here. At this stage. it should form a s) mmctric sh1pc. a"ording 
to the anode upward adjustments. A more realistic recovery and funhcr dynamic characteristics of 
the simulated fluctuations are discussed below. 

COMPARISON OF REAL ASD SIMULATED FLUCTUATIONS 

When the noise model was integrated into the dynamic simulator. some real plant data were 
selected for cells in which noisy states were present spontaneously or were induced by experi}nents. 
The plant data shown in Figures 2 to 4, top two diagrams. are the line current (I) and the real cell 
voltage (Ur). T·J help the comparison. the generated resistance fluctuations have been convened to 
volt"ges. The simulated cell voltage l Us> as well ·is the real anode position ( 0) are shown in the 
third and founh diagrams of the same figures, respectively. Note that the real anode adjustments on 
operating cells were used as inp1.ios .11 'he simulator. 

Figure 2 shows the results, genera. '. from ;i single set of model parameters. As seen in Figured 
2. the simulated cell voltage is quite f •om the measured one. The main problem is that the real 

• 

recovery is usually not symmetrical. it d 1ot follow the anode adjustments strict1y. In this particular • 
case, the experimental recovery from th\; oisy state occurs only after the anodes were raised 2mm 
above the starting position. 
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Figure 2 - Simulated fluctuations with symmetrical recovery. 

A possible approximation to the real recovery can be described as a modification of res ... avcs: 

and 

where 

s, 

f, 
:\CD, 

= 

= 

= 

.,,1...\C D, l = f,1 -\CD. AC D, 1 • 1·t:..•,,m If t 

shape factor for recovery phase. 

weighting factor for recovery phase. 

adjusted ACD for recovery. 

( 5) 

By introducing such a shape factor. a better ~imulation can be achieved. Figure 3 shows the 
results. Note that the noisy state is eliminated also in the model by raising the anode panel 2 mm 
above the initial position. 

Another example is shown in Figure 4. where a noisy state with gradual recovery was studied. 
Adjusting the above inwrl•!ced s, factor. good results can be obtained. especially at the staning and 
finishing periods. Funht" dinements can be made by the user according to the current requirements. 

The comparison of the measured and simulated resistance traces shown in Figures 3 and 4 indicates 
a reasonable fit. except for much more regularity in the simulated signal; this is understandable • 

• 

considering that the base frequency in the model is constant This could be improved by combining 
several functions of different frequency. 
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EXA'.\IPLES 

In Figures 5 and 6 another example is shown in which several successive Jown movemems of 
the anode produced more moderate instability than the one shown in previous tigures. Herc lhc heavy 
short circuits are not present. but the random noise still is. Of cou~. the amplitude of this noise 
can be free!) adjusted. 

The wistable state was induced by lhe following steps c Figure 5): 

L The simulation stans from the operational anode position co level>-

2. The anode panel is moved down by Z mm; the cell is still stable. ooly the noise component Ju~ 
to gas bubbles is stronger. 

3. Another 2mm down movement pushes lhc cell to the stability limit. 

~- The third 2 mm down movement causes a well developed wavy sc:ue. 
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fi&ure S - lnducine an unstable stale. 

The recovery from an unstable state is shown in Figure 6: 

t. The cell is in an unstable state. Strong waves and random noise arc i;rescnt. 

2. The recovery process is staned wich a significant (4 mm) anode panel raising. A decrease of che 
wave amplitude as well as a significant bubble noise reduction can be clearly seen . 

• 3. 'The second anode raising (3 mm) fully resrabilizes the 'ell; only small random noise is present. 
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Figure 6 - Recovery rrom an unstable state. 

CONCLUSION 

The purpose of lhe model was nor ro simulare lhe shon cirtuilS precisely. ll was ro provide the 
simularor wilh a reasonable variery of resisrance variations for the purpose defined at the outset A 
user's freedom to vary the paramerers was an imponant clemcn! in this development. All this. we 
believe. has been achieved. 
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ABSTRACT 

The operation of aluminium clecrrolytic cells is essentially based on mass 
and energy balances. which arc sensitive to perturbations in raw materials and 
cell conaol. This stresses the importance of correct cell operation and. as a 
consequence. the importance of the availability of service equipment and operating 
personnel when needed. 

In chis article. servicing of a small group of cells in a pocroom is simulated by 
a simple discrete event model. which includes manual operator actions. regular 
alumina feeding. anode changing and metal tapping. The model demonstrates the 
feasibility and usefulness of discrete event simulation for testing. planning and 
optimizing the porroom operation. 

The model is based on SlMAN/ClNEMA simulation language from Systems 

Modeling Corporation. 
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• 
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l'.'iTRODlCTIOS 

Aluminium electrolysis is a continuous process at high temper.uurc. in the 
presence of aggressive melts and gases. The driving force for the reactions is 
the electtic current passing through the cells. which arc electrically connected in 
series and located in poaooms. 

Scheduled and unscheduled interactions with the process - either automatic 
or manual - arc essential to keep the process close to the steady-state targets. 
The cells arc regularly fed with alumina. and the produced metal is tapped out. 
The consumed anode carbon, aluminium fluoride and other additives have to be 
supplied on a regular basis. The cell operation practice is different in each smelter. 
depending on cell type and potroom arrangement as well as available service and 
control equipment. 

Considering the costs and risks involved. the very hostile environment in 
which the cells operacc. plant tests and learning by trial-and-error are not always 
recommended or even possible. An alternative is to develop computer-based 
simulators. built on the basis of mathematical models of the cell and of the cell 
operation . 

PROCESS MODELS 

Simulation may be considered as an experimental and applied methodology. 
· A selecccd model describes the chara..:teristic behavior of the system. ~odel 

parameters tune the model to a special state and calculations can be done co 
predict system behavior. Experiments can be performed with different sets of 
parameccrs in order to explore the reaction of the system to parameter variations 
and in order to find and optimum set. 

Models can be classified in various ways, such as deterministic. stochastic. 
static. dynamic. continuous, discrete. distributed-parameter and lumped-parameter. 
In the context of aluminium electrolysis. the models serve different purposes: 

- Detailed. distributed-parameter models simulate thtrmal. electrical and 
magnetic fields and hydrodynamics of the cells [ l I. [2). These models are used 
mainly for cell design and optimization. 

- Lumped-parameter models simulate mass and energy balance of cells as 
functions of previous operational states and current interactions. Such models 
are used to investigate static and dynamic behavior [31. (4). They can also be 



used for developing and cesting process control and supervision algorichms and 
for personnel craining. 

- Discrete event models deal with utilization of personnel and objects to 
carry out cercain activities. They arc based on probabilicy and queueing cheory. 
In !he context of this article. they arc used for studying the activities of service 
equipment and cell operators in an aluminium electrolysis pouoom. 

In this anicle. a simple discrete event model of a potr00m section is described. 
An integrarcd simulation tool named SIMAN/CINEMA was used. The model 
described here is limited to three cells. because the educational version of the 
software was used. which is limited to 100 modelling blocks only. Despite this. 
the principles and the feasibility of such an approach have been demonstrated. The 
extension to a full pouoom is relatively easy if the full version of the software 
is available. 

SIMULATION WITH SIMA~/CINEMA 

In the SIMAN environment. there is a distinction between Model and Exper
iment [5]. A ~odel is a functional description of the system's components and 
their interaction. An Experiment defines the '.'w1odel parameters. Animation of the 
system's accivities is done by CINEMA. The i...1imation helps the interpretation of 
the simulated results. An integrated Siman Environment 1SE) is provided for fast 
'.'w1odel and Experiment development and output processing. Although SIMA'.' 
targets models with discrete-change state variables. it can equally well represenr 
continuous processes and can handle a combination of discrete and continuous 
processes. 

SIMAN Model Frame 

The SIMAN language uses entities. attributes and processes as generic terms. 
Entities (objects. persons) move in the system between stations and they cause 
changes in the state of the system. Characteristics of entities arc referred to as 
ataibutes. A sequence of operations or activities through which the entities move 
is called process. The Model Frame integrates entities and processes forming 
a model of the real system. Individual statements in the process description arc 
called blocks. The whole process can be modelled by block diagrams. Basic block 
types with their symbols, operands and adjustable parameters are pre-defined. 
Typical blocks arc shown in Figure l and these arc explained below. 

• 

• 

• 
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CREAlE blocks generate physical or logical (conO'Ol) entities which progress 
through the model. QUEUEs arc places where che entities can stay and even 
accumulate ac~ording to current situation. WAIT blocks stop che encicy ftow 
until some defined conditions arc fulfilled. DELAY blocks hold entities until che 
defined delay cimes elapse. ALLOCATE blocks arc used co change the logical 
state of machines and operators. MOVE blocks define che position change of 
machines and operators. BRANCHes arc general purpose conO'Ol blocks for 
insening conditional jumps into the entity ftow. 

CREATE 

LABEL 
,,_ --a-u-=e-u=e.-ON __ ___ 

MOVE 

BRANCH ' 

DELAY 
CONDITION ---+ LABEL 

Figure l. Basic Block Types 

SIMAN Experiment Frame 

The experimental conditions for the model arc defined in this Frame. State
ments arc called clements. Generic format of an Experiment file is shown in 
Table 1. 

The PROJECT item contains a project title and any comments about the 
simulation inside its clement list. The items following define - according ro 
their names - ataibutcs and variables with initial values. stations, applicable 
layouts, queue names and queue capacities, available resources, storage places. 
applicable transponcrs, distances between stations as well as counters to collect 
statistical information . 



Table 1. Generic Format of an Experiment File 

BEGIN 
I. PROJECT Cdenlent listJ 
?. ATTRIBUTES ldetnent list) 

J. VARIABLES (ekaena list) 

"· STATIONS t tltment lisl) 

s. LAYOVTS (element lisl> 

'· QUEUES (eleaant Iii&) 

7. RESOVRCF·- (elelMllC lilt) 

•• STORAGE- 1tlt9car list) 

9. TRA~SPOKTER~ . ..,"'' list! 
10. DISTANCES 
II. COlJNTERS 

END 

CINEMA Animation 

Animation building is a two-step process. The first step consists in building 
a model to represent the system. This is followed by the construction of an 
animation layout. a graphical representation of che model. 

A layout contains static and dynamic objecrs. representing the tixed and 
changing pans of the model, respecrivcly. Static objects arc background elements, 
routes. walls. aisles. etc. Dynamic objects might change their position. shape. 
color and arc used for representing work tasks. mobile equipment. tr • .msport 
elements and workers. In CINEMA. a graphic editor is provided. Assignment of 
model components and graphic symbols must be done inside CINEMA. 

SIMAN Environment (SE) 

SE integrates all SIMAN/CINEMA cools into a window-based, menu-driven 
environment. Block-oriented Model and Experiment editors and interactive de
bugger are provided. From Model and Experimenr source files. Model and Ex
periment object files can be compiled. Linking rhcse tiles with mher SIMAN 
library routines. a ready-to-run Program file can be generated. If Animation is to 
be done. the necessary tools arc inregr.ucd to the Program tile and the CINEMA 
interface is activated. 

• 

• 

• 
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SElTING UP A POTROOM SIMULATION 

The aluminium production within a cell is essentially a continuous process. 
supponed and conttolled by events from the environment on a discrete time basis. 
This means that a combination of continuous and discrete approaches is needed 
for an acceptable representation. In this article. we focu.; on the discrete aspects of 
the process. Continuous aspects of the process arc modelled by a simple submodel 
built with SL~AN mathematical functions. 

As metal is produced in every cell. individual cell models arc assigned to 
the simulated cells accordingly. The models have common saucturc but are 
individually tuned co specific operational states. 

Conaol and regular maintenance of these individual cells need a porroom·wide 
cooperation of operators and machines. A full porroom model would incorporate 
all operating cells. machines. operators as well as a description of the operator 
activities and of scheduled use of dedicated machines. In the present model of 
three cells only. the same clements arc present. but the model is much smaller 
than for a full porroom. The generic tools provided by SIMAN/CINEMA can be 
relatively easily adapted to potroom simulation . 

The core of a meaningful simulation is the experimental data. Geometrical 
data. basic porroom arrangement and typical machine parameters arc easy co 
get. The problems arise with service times. waiting times. routes, personnel 
availability and event coincidence. Reliable statistical descriptions of these need 
gocxi historical records and some theoretical considerations. For example. a 
realistic identification of anode effect duration. anode effect handling. metal 
tapping and anode changing, etc. determines the quality of the model and of 
the simulation. For model verification and validation several simulations need co 
be done with regular and exceptional input conditions. The validation must be 
based on plane d~ta. 

In the simulatim, presented here. the data were fictitious and no plant 
validation was done. The purpose of the work is to demonsrratc the principles 
and the methodology invo!vcd. 

Model components 

SIMAN was intended to simulate fabrication. assembly and client-server 
cype processes. In such cases. location of the machinery is usually fixed and 



entities arc passed from station to station. from machine to machine. from one 
worker to another. In the aluminium production. the machines as well as the 
polJ'OOm opcr:rors move among fixed cells. The model components arc selected 
accordingly. 

One part of the model is shown in Figure 2 in order to illustrate the SIMAN 
modeling approach. 

TAPWAIT 

CREATE 

QUEUE,Q1 _?'""""" <:::::::::...__. --- WAIT ----

-:..~EASE 

-----=-:_ ~ .... 
Auoc ... re- --

-TAP,TAPSTA TION 

MOVE 
- TAP, TAPSTATION, 51 

DELAY ____ -
-EX----PON--ENTl~-Ai.(E1) --· 
------ . 
----MoVE -

TAP, TAPO, 52 

FREE 
tAP 

BRANCH, 1 

ALWAYS ---. TAPWAIT 

Figure 2. SIMAN Model of a Tapping Cycle 

This part describes the metal tapping of a cell. The anode effect quenching 
by crust breaking and anode changing submodels arc very similar and will not be 
presented here. Altogether. close to 100 blocks were used for describing these 
three processes for tile three cells. 
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The tapping cycle is approximated in the following way. 

1. A logical (control) entity is crcaterl <CREATE) and put to a queue (QUEUE 
QI) waiting for a re!easc signal (RELEASE). The queue has a label (TAP
WAIT). 

2. Signal (RELEASE) triggers a tapping action while the logical entity passes 
through a temporary queue (QUEUE Q2). 

3. A tapping action is started with the logical allocation of the tapping machine 
(TAP) to a current cell (TAPSTATION). 

4. The machine (TAP) is moved (MOVE) to the cell (TAPSTATION) with the 
speed of S l, via previously specified length of the route. Route specifications 
arc done in the Experiment frame. 

5. The metal tapping duration is approximated by a delay block (DELAY). 
containing the exponential distribution with a mean value of El. This 
distribution is quite commonly used for representing service times. 

6. When tapping is completed, the machine is guided (MOVE) to the unloading 
station (TAPO) with a speed of S2. Now, the machine (TAP) is declared to 
be free (FREE). 

7. Finally, the control entity is sent back to label (TAPWAIT), that is, to the 
main waiting queue (QUEUE 13). The model-pm is waiting for a new 
release signal again. 

Experiment components 
In general, these parameters define the cell operation conditions, but in our 

case they provide possibilities to adapt a model to different potroom situations 
that we wish to simulate. Modifying the parameters of STATIONS. STORAGES 
and QUEUES, new temporary stations, storages and queues can be defined and 
new situations can be tested keeping the original cell arrangement and machinery. 
Modifying the parameters of STATIONS and DISTANCES. new service routes 
can be generated. With new TRANSPORTERS. some machines can be inrroduced 
or replaced (e.g. auck and fork lift service can be replaced by multipurpose 
overhead crane). 

Animation components 
It seems reasonable to model a small pan of a potroom first. This helps 

understanding the concept. A simple outlay of a potroom section is shown in 
Figure 3 . 
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Figure 3. Outlay of a Potroom Section 
Into this outlay, we have to draw pictograms for the personnel and the 

machinery representing busy and idle states. There is a possibility to derine 
different pictograms for different busy states (e.g. moving trucks with full or 
empty containers). A simple set is given in Figure 4 . 

... , .. ..... , 2. .... 

~- ........ ~ ~ ~ . 

r...,r..,. w ~ ~ 
AnMeC:... w ~ ~ 
ao..- ~ ~ ~ 

Figure 4. Machines and Operators 
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Finally, there are different possibilities to display calculated variables during 
the simulation. Typical examples for simulated time, alumina concentration level. 
status vs. time graphs and numerical value display are shown in Figure 5. On 
the screen, these displays change dynamically. The machine and the operator 
movements as well as alarm signills when they occur are also animated. 

Format Plctog,.m 

Slmula!lon clock 

•arua..._.,. 

level meter 

Figure S. Examples or Variables Oisplays 

A CASE STUDY 

In the remainder of the article. details of a simulation session are described. 
The whole simulation time wa'i 12 hours. Figure 6 shows a snapshot taken at 

about 11 hours. 

The simulation is done for a section of a prebake pocline with ene1-to-end 
cell arrangement and floor-rolling service equipment. , -. .. , ! .... ~i.. a feeding (crust 
breaking) is done by a -... heel crust breaker. New an·: :-:, . •: "'.- ~ are transponed 
by a truck. Metal is tapped into a crucible. transpo1.c:~ oy anotl'ler truck. Each 



vehicle is opcratcd by a person noc shown. In idle mode. these vehicles scay ac 
the end of che pocroom. 

The two operators stay in a dedicated waiting area when chey arc idle. They 
go to a cenain cell when an adequate signal is sent to the waiting room. When 
chey finish a cask. they return co che operator room. This is done so. because of 
the l~block limitation in the model. Nonnally, they would check if there is 
another cell in need of service nearby before they would return. 

-------------------------------
U91VER9TY OF QUUEC AT CtKOUlll9 

,.._ ... p L IEJD.T0.£11D 

c.11.,._ : ,_UICI I 

===================~====~ i••r i••r , ..... r , .... r ~ i••r 
c.11 J. c.111. 

STATUS OllPUY 

0 I I I .. 
0 • • 12 .._ __ 
I' 
0 I I i ... 

u (VJ 4.47 : t --
0 0 I e I I I 1j .. r-

•.•a &47 

0 • • 12 

, ..... -..... I' 
0 i I i ... 

0 • • 12 
- ----- ---

Figure 6. Snapshot of a Simulation 

The anode effects occur when the alumina concentration is below a specified 
limit, here 1.8 %. The alumina concentration as well as the voltage arc generated 
by a simple model using SIMAN mathematical functions. In a more serious 
simulation, SIMAN continuous blocks wo11ld be used for such rate dcpendcm 
processes. 
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Status display for the three simulated cells is shown on the screen. Level 
meters display alumina concent:.irions. cell vollages arc displayed in a digital 

form. 

Cther diagrams show busy and idle periods of the operators and of the three 
service machines considered. The status shows how many entities arc busy at 
a given time. 

Further information about the simulation session is available in the SIMAN 
Summary Repon. Detailed statistics for every variable and event (presence of 
anode effects. anode effect scan and stop times. services done by the operators. 
percentage of busy time for machines and operators. etc.) arc listed if requested. 
Some signals arc not displayed on the screen continuously (e.g. a flashing light 
appears on a cell when it is on anode effect). 

The selected snapshoc shows a quiet situation: operators rest in the waiting 
room, anode carrier and tapping trucks arc idle, only the regular crust breaking 
is in progress. The crust breaker is at Cell 2 now. 

The status display indicates a low alumina concentration for Cell 2. This 
means chat Cell 2 is approaching an anode effect. But, considering that the 
breaker is just working Cell 2. this effect will very likely be avoided. This will 
depend on the crust breaking action done at Cell 2 (size of crust broken, amount 
of alumina fed into the cell, dissolution rate of the alumina. etc.) Note, that the 
higher (and increasing) alumina concentration of Cell I reflects the crust breaking 
done a few minutes earlier. 

The status diagrams for the machines show a well-balanced operation. The 
crust breaker works almost continuously: after returning to the end of the potroom, 
it scans a new cycle shonly thereafter. The anode truck did a shon service at 
about 3 hours, otherwise it was idle. The tapping truck was active at 1 :30. 5:30 
and 6:30 hours. During this simulation, there was only one occasion when both 
operators were busy. 

With a full version of SIMAN, this simulation could be easily extended to 
a longer rime and to the whole potroom. In this case, more realistic parameters 
on resources and operational events would need to be provided. With such a 
model, the whole representation could be studied and optimized. Simulations 
like this would help the potr00m management to localize potential bottlenecks or 
overabundance of resources (equipment and personnel) . 



CO~CLUSION 

A discrete event simulator of a section of che aluminium electrolysis pocroom 
has been built. le has been shown that the simulator can be used efficiently for 
testing and optimization of the potroom operation in tenns of cell events and 
resources (machines. operators) to be assigned. The authors believe that the use 
of such simulators can help optimize potroom operation in tenns of pocroom 
machinery and personnel. 
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EFFECT OF FLOW VARIATIONS THROUGH CONiROL VOLUMES 
ON AVERAGE ANODE FINISHING TEMPERATIJRE 

POSmON 

Imidc 
Middle 
Outside 

POSmON 

INSIDE 

MIDDLE 

Ol.TJ'SIDE 

I - GAS MASS FLOW 

PREVIOUS MASS 
FRAcnON OF FLOW 
(Uniformly distributed) 

1/6 
4/6 
1/6 

NEW MASS 
FRACilON OF FLOW 
{Non-unifonnly 
dislnbuted) 

l..S/6 
2.6/6 
1.9/6 

2 - ANODE TEMPERATURES 

LAYER AVERAGE. ANODE FINISHING 
TEMl>ER.ATURE. oc 
PllEVIOt.'SLY NEWLY MEASUJtED 

CALCU- CALCU-
LA1CD UJE1) 

(2D.) (2D.) 

1 1094 1156 1160 
2 966 1033 1086 
3 899 999 1019 

AVERAGE 986 1063 1088 

1 1207 118S 1171 
2 llOO lOS4 1 JOI 
3 l08S 1026 1031 

AVERAGE 1130 1088 1101 

1 993 1108 1132 
2 851 986 10432 
3 828 962 98.S 

AVERAGE 891 1019 1053 

• 

• 

• 
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4. 30 :MODEL 

R.T. BUI. S. P£TElt. A. CHAllE1TB 
Univeniri du Ql.eec l Cllic:outimi 
Chicoutimi. ().a. 
ClmdL G7H 211 

A.D. 10MSE1T 
Comllco lteardl Calw 
1bomat1owa. Victoria 
AUSUllia. 3074 

4.1 - DEVELOP'.\tE:\T OF THE 30 '.\tODEL 

V.POlOCNDC 
Akan lnrcmalionll Ul 
Jonquibe. ()dee 
Canida. G7S 4KI 

4.2 - SI'.\tl'LATIO:'-i RESVLTS A'.'iD CAPABILITIES OF THE :lD '.\tODEL 

• 

• 

• 



• 

• 

• 

Conservalion of Phase Mass 

cl 

ell 
differential coefficient wilh respect lo lime 

drv .: divergence operator. ie l1m11 as volume - 0 of outflow ... volume. 

r· - volume fraction 

l 
I 

Pi :ii density ot phase i. 

Vj ~ velocity vector 

m ... mass per unit volume entering phase. from all sources per unrt 
11me . 



General Form of Conservation Equalion 

The laws of ·conservation· of mass. chemical species. momenlum. energy 
and other fluld properties f.Jr which PHOENICS solves can all be e1tpressed In 
the form: 

•; ii general conserved property for phase 

r •l • exchange coefficient for •I· 

S• • source of • per unit phase volume. 
l 

• 

• 

• 



• 

• 

• 

• 

• 

• 

The Momen1um Eguahons 

There are 3 equations for each phase. Their ~·s are: u. lhe velocily 1n 
the x-direction; v. lhe velocity in the y-direction: w. lhe velocity in the 
z-direc11on. 

In the polar-coordinate mode of operaUng PHOENICS. x is an angular 
coordinale. Then u represents the tangential velocity componenl. v the 
radial one and w the axial oi:ie. 

r ~ for velocities is f'eff. the effective viscosity . 



• 

• 

Conservation of Energy 

• ~ h. the specific enthalpy of the phase lhen r• ~ AefflCp. the 
effochve thermal conducllvily dividod by lho consrant-pressure spec1ric 

heal. 

S• may contain contributions representing: 

• 
• 
• 
• 
• 
• 

pressure variation with time; 
inlerphase heal transfer; 
phase-to-environment heat transfer; 
radiation absorption and emission: 
aerodynamic heating; 
other heat sources 

• 

• 

• 



• 

• 

• 

• 

Turbulence Quantities 

41 • k. Iha turbulence energy: 
e. Iha rate of dlssipallon or 1urbulence energy per unll volume: 
W. the mean-square vorticity flucruallons: 
kl. the product or energy and length: 
m·. RMS concentration fluctuations: 
u·. RMS veloclty nuctuatlons: 
u·v·. Reynolds stress 
etc. 

For the Ck-e> model: 

-. 

• 

re -c exchange coefficient ror k or e. as appropriate. usually taken as 

J&efflO'•· with: 

When the k·e model Is used lhe ·1urbulence· kinema11c viscosity. vt. Is 
given by: 



• 

• 

• 

• 

PHOEN•CS embodies a ·11ni1e-vo1ume· <also called ·r.n11e-doma1n "> 
rormulatlon of the d1fferen11a1 eQuallons for conserva11on 

F1n11e-volume equations are derived by 1n1egrat1on or the d1lferen11a1 
equations over control volumes of finite stze <called ·cells· or 
'sub-domains·> which. taken together. wholly fill lhe domain under siuay 

Tne cell!- are 'topologically Cartesian·. having sis s•des anel eight corners 
< 1n the general 30 case> 

Wllhin each cell Is a 'typical poin1· <called a ·grid node'> . for which 1he 
fluid-property values. •·s. are regarded as representative of lhe whc:e 
cell. 

• 

• 

• 



• 
. .. 

/ 

/ 

I - - - --

• 1n1egra11on leads 10 'finile-domain equalions· < FOE"s>. having lhe form 

• 
] •P4P ' - • ·~ • •E"E • - • • ...., • "'-"- • ar•r • • 

where· 

ap. aN elc are coefficients: 

b Is a represenlallon or lhE' so:Jrce appropria1e ~o • ror 1he cell 

• Subscrlpls have the meanings <see diagram on previous page> : 

P typical point Cle node> · ,llhln cell. 
N north-neighbour rode. In poslUve-y direction; 
S south-nelg~bour node. in negaUve-y direction; 
c east-nelghbOur node. In positive-• direction: 
W west-neighbour node. In negallve-x dlrecllor.: 
H high-neighbour node. In poslUve-z direc1ion: 
L low-neighbour node. In negalive-z direcllon: and 
T grid no'1e al earlier Ume . 

• 



• 
A Simple Example 

Consider 10 t.eat conduction with source described by the equation: 

d (k dT ] + s : 0 
dX dX 

<a> 01scret1se space: 

1-ax__,~&x.e----,I . 
_. __ _;__··-----~ ... 
w •' P e I • 

< b> lntergrate over control cell w-e: 

-k-+S:k- -fe d [ ar) [ ar] 
• dx dx dx 8 

[
k ar) + Je Sdx ~ o 

dx w w 

• 



• 

< c > Using interpolation assumption. eg: 

T 
T 

r 
E 

x 
w w p e W w P e E 

x 

stepwise piecewise II near. etc 

• we gel: 

k 8 <Te - Tp>IC6x8 > - kw <Tp - Tw>t<ax>w + S6x 

• 



• 

• 

• 

• 

( d) 

The 

• 
• 

Collecting terms: 

[ ke ~l Tp = ~ TE • 
kw 

Tw • SAx: -· or ax>e <ax>w J <sx>8 <Sx>w 

JpTp = ae Te • aw rw • b 

where: 

-~ kw 
b ~ ae = aw = = Ux>e (5x>w 

PHOENICS Foe·s differ from ·finite-difference 

origin <no Taylor-series expansion is used>: 
values of coefficients c as a consequence> . 

equarions· In: 

The PHOENICS Foe·s differ from 'finite-element• equallons in: 

• 
• 

origin <neither variational principle nor Galer kin weigh ling Is used J : 

number of nodes referred to <8 in PHOENICS. tor 30 transient 
problems: usually more in f1n11e-elemen1 melhods>. 

PHOENICS solves lhe ser of FOE.'s lor the cells and •·s •n quesfion 1n an 
ileralive manner. 

Iteration c as distinct from direct marrix inversion> Is essenllal because rhe 
FOE'S are non-linear. by reason or lhe a·s and b's being themselves 
depondenr on rho ~·s. 

• 

• 

• 



• 
• 

• 

• 

• • 

• 

Boundary and Internal Conditions In PHOfNICS 

These points. lines. elc need nor aclually be al boundaries: they can be 
within lhe domain or flow. 

PHOENICS expresses condiU..:>ns by integration over the cells containing 
the points. :Ines etc; lhe boundary and inlernal conditions thererore n1ake 
contributions to !>Ource terms. ie to the b and ap of the Foe·s. 

PHOENICS expresses lhe contributions in linear form. so thal the lotal 

source is expressed as: 

S = c.<410e - 41P>. 

where: 

~BC is a prescribed quantlly having the dimensions of ~; 

is the unknown value ~ for the cell: and 

c is a prescribed coefficient. always positive. 

Splitting as described above gives: 



• 

• 

The Correction Form of the Eguallons 

Before being supplied 10 lhe equa11on solvers. ll"te PtiOENICS FOEs are 
expressed in ·correc11on· form. lhus: 

• • • • • • • • 
+ ( aN41N + a5415 + aecsie • awcsiw • aH41H • 3L 4t. + a r•r + b - ap49 I . 

/ 

where the ••·s are the in-s1ore values of the •·s and the • ·s are lhe 
corrections which must be supplied ro these values in ordtar 10 make all 

the equations balance . 

• 

In PHOENICS. this kind of so1u11on control is effecled lhrough pruper 
selection of values of the quanlllies VAAMIN and VAAMAX. which can • 
differ from variable to variable 

• 



• 
• 

• 

• 

• 

• 

• 

fhormody~•c-t>roporly Aolahon~ 

PHOENtCS conlalns several p and aplap functions: and access points are 
provided enabling users to supply new ones. 

PHOENICS solves for enthalpy. not temperature; but the latter can be 

calculated. 

Transport-Property Retaticns 

Tho transport properties te~uired. for each phaso. are: 

the viscosity: 
the exchange coefficient for heat. ie Ale where 
conducllvlly and c ~ constant-pressure specific heat: 

thermal 

For turbulent flows. the µ employed In the momentum equations. and In 
those for r If the bullt-ln formulae are used. is µeff· related to turbulence 
quantil1os k and E by: 
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• 
PHYSICAL PHENOMENA 

1. AIR INLEAKAGE 

2. TURBULENCE 

3. PACKING COKE COMBUSTION 

4. VOLATILE COMBUSTION 

5. RADIATIVE HEAT TRANSFER 

6. CONDUCTION THROUGH THE SOLIDS 

• 7. HEAT LOSSES 

• 



MODEL DESCRIPTION 

EQUATIONS SOLVED: 

CONTINUITY 

MOMENTUM 

k·E EQUATIONS FOR TURBULENCE 

ENERGY INCLUDING RADIATIVE HEAT TRANSFER 

VARIABLES SOLVED: TOTAL NO OF VARIABLE = 10 

PRESSURE 

x, y AND z DIRECTION VELOCITIES 

TEMPERA'ltJRE 

RADIATIVE FLUXES IN THE x, y AND z DIRECTION 

• 

• 

• 



• 

• 

• 

BOUNDARY CONDITIONS 

• INLET MASS FLOW AND TEMPERATURE 

. •WALL SHEAR STRESS {TURBULE~T) 

• WALL HEAT TRANSFER {TURBULENT) 

• HEAT LOSSES THROUGH THE LID, SIDEWALL, 

CENTRAL WALL AND HEADWALL 

• AIR INLEAKAGE 

• OUTGOING GAS {GAS LEAVING PIT ZONE) 

HAS THE SAME VELOCITY AND TEMPERA

TURE AS THE LOCAL CELLS 



SOLUTION PROCEDURE USING 

PHOENICS 

STEPS 

1. SOLVE FLOW AND ENERGY (INCLUDING CON

VECTION, VOLATILE COMBUSTION A~D AIR 

INLEAKAGE) EXCLUDING RADIATION FOR 

THE GAS SIDE AND STORE THE RESt.:LTING 

FLOW 

2. INCLUDE RADIATION FOR THE SYSTEM CON

SIDERED AND STORE THE ENERGY FLUX 

ON THE SOLIDS BY THE GAS IN THE PIT 

3. SOLVE THE 30-TRANSIENT CONDUCTION INTO 

THE SOLIDS FOR PART OF THE FIRE CYCLE 

(6HRS) USING THE ENERGY FLUX FROM (2) 

AS THE BOUNDARY CONDITION 

• 

• 

• 



• 

• 

• 

4. STORE THE RESCLT~G AXODE TE~IPERA

Tt:RE DISTRIBUTION AND GSE THIS AS THE 

INITIAL CONDITION FOR THE NEXT PART 

OF THE FIRE CYCLE 

5. REPEAT FROM (1) FOR THE NEXT PART OF 

THE FIRE CYCLE 



• 

(42 x 71 x 36) at x ~ 21 and y 36. 

• 



• • 
Model Plnmetm Ind Input Olla Uled In lhe SimuladOftl 

ol lhe 4da,.... Seccioft 

au._now .... 
To111 now 111e t1vou1• an rueshaftl 
Flow dillribulion in each firesUft 
TOlll air inlabae 

0. lanpallUl'S 
lnlcl p11anpenture dvouah ftlUda 
Wet lempcnlln ~air inleab&e 

lnilial waD .......... 
lnilill lempaablre ~ waa wan <nes fire nil) 
lnitill •penhn of BUI Wd (opposite end) 
Initial temptnblle North wan (oulSide. i.e. sidewall) 
lnidal tcmpentwe Souda Wall (inside. Le. CCAtral wall) 
lnitill temperature Hip Wall (uua lid surf.cc) 
Initial kmpcrll\ft Low Will (cob surface on top of pill) 
IAidal tempcnlUl'e of Claeac Willi 

Volalile COIDbulliaa: 
Mm~ wllli1et consumed in teedon 
Heal ol CDlllbuslion of ..... 

2.01 kl/• 
IOOTlblel 
0.4 kl)I 

760°C 
25°c 

450°C 
425°C 
425°C 
4'50°C 
425 °C 
450°C 
360°C 

3.3 a ur2 kl/I 
3.487 a 107 Ilka 

• 



• 

Lit 
11Ucbal ol lid 
Elfcldive lhcnnll conduclivily 
C>Yler' ..m ._CEL..,.,.....IM 

Sidewall: 
nm" 
Elfedi¥e daalftll conductivily 
Oulcr ..m lanpCl'llUle 

lkadwalt 
Mm 
11mc:..m 

Caalnl Wll: 
Mm 
Hell~ . 

PiUan in underpil-= 
Masi 
Heal CapKily 

Foundllion: 
Depdl 
Elfeclive damal conductivity 

ltadialive pRllJCltiec 
Emissivity of Low Wall (coke surf.::e) 
Emissivity of oda wans includina lid aop and cuseu.e walls 
Absolplion coelf'.c:ient of pay au 

• 

0.25 ID 
0.410 W/mJC 
96°C 

: 1.3 m 
: · 0.410 W/mJ( 

31.5 °c 

110001c1 
12S4 JJkaJC 

5SOOOta 
12S4 Jlk1.1C 

10050 
12S4 JJkaJC 

Im 
0.778 W/mJ( 

0.75 
0.9 
0.3 m· 1 

• 



• • 
flow Distribulion lhrou&h F'uahafta for all Three Cuel (kif•) 

Fireshaft no Cuel Cae2 Cae3 
I 0.42 0.5250 o.•976 
2 0.42 0.,250 0.3676 
3 0.42 0.0 0.0 .. 0.42 0.5250 0.5628 
5 0.42 0 . .5250 0.6720 

Tocll 2.1 2.1 2.1 

I. Farcshaft no. I is innermOll. no. 5 is ouaennosa. no. 3 ii middle. 
2. Non-uniform now dislribution ii taken identical ao 1 non-uniform now daat has bcca previously 

meuun4 cxperimcnlllly. Such rneauemenc will nae be needed ii a c::ompleac simulation of a whole fire 
llain is made urtin1 from 1 1eecion when: Che flow discribution ii known. 

• 
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Tempcruure Ranae of Anodes (K) for cue 1 

x.•8 x - 16 x.•23 x•31 x - 38 
Near end Far end 
Fila haft F'uahaft 

(Near Inner wall) Pit l 496-626 471-628 473-638 474-646 502-665 

2 526-643 516-645 516-650 517-657 529-671 

3 526-643 517-645 517-650 517-657 530-671 

4 526-643 516644 517-649 518-655 530-671 

(Near outer wall) 5 498-626 474-629 475-639 476-648 500-660 

• • • 



• • • 
Temperature Range of Anodes (K) for case 2 

x=8 x = 16 x=23 x•31 x. 38 
Near end Far end 

Files haft Files haft 

(Near Inner wall) Pit 1 498-635 471-638 471-642 471-643 500-659 

2 S2S-6S3 SlS-6S6 SlS-661 515-662 528-669 

3 523-657 SlS-660 SlS-661 515-662 528-671 

4 526-656 S~S-659 SlS-660 SlS-662 527-671 

(Near outer wall) s 498-637 471-637 471-640 471-641 S00-658 



Comparison of Temperature Range of Anodes (K) f<r all 3 cases at x • 16 

Case 1 Case 2 Case 3 

(Near Inner wall) Pit 1 471-628 471-638 471-639 
2 516-645 S15-656 515-662 

3 517-645 SlS-660 SlS-662 
4 516-644 SlS-659 Sl5-6S8 

(Near Outer wall) s 474-629 471-637 471-635 

• • • 



• • • 

Comparison of Temperature Range of Anodes (K) fer all 3 cases at x • 23 

Cue I Case 2 Case 3 

(Near Inner wall) Pit 1 473-638 471-642 471-641 

2 S16-6SO SlS-661 SlS-661 

3 517-650 SlS-661 SlS-661 

4 S17-649 SIS-660 SIS-6S9 

(Near Ouccr wall) s 475-639 471-640 471--640 



• 
- - -MFOFOFO 

• 

• 



• • • 
Computation time 

Number of Number of Number of Computation 
variables sweeps cells time (min) 

1 Oas ftow and 7 200 28224 360 
energy 
excluding 
radiation .. 

2 Energy of gu 4 1400 28224 330 
including 
radiation 

3 liansient 1 2 83496 30 
conduction Tune step 
into solids = 6 min. 

Total 720 



Near IMW wall 

4th PREHEAT SECTION • GRID SENSITIVITY STUDY 

COMPARISQl.I CE lEMPERATURE RANGE OF ANODES (K) FOR TIE MIGINAL GRID 

(42X71 X38) AND THE NEW GRID (42X71 X64) 

X•8 

Pit 1 Original 496·628 

New 510·634 

Pit 2 Original 526·643 

New 538·657 

Pit 3 Original 526·643 

New 538-858 

Pit 4 Original 526-643 

New 538·655 

X•18 

471·828 

477·635 

516·645 

538·857 

517-645 

538·858 

518-844 

538·655 

X•23 

473-838 

477-641 

516·850 

523·883 

517·650 

523·883 

517-849 

523·663 

X•31 

474·648 

478-648 

517·657 

523·888 

517-657 

523·888 

518-655 

523·666 

Near Outer wall Pit 5 Origin~! 498-626 474·629 

478-635 

475·639 

478·643 

476-648 

478-647 New 510-635 

• •• 

X•38 

502·655 

510·858 

529·871 

538-874 

530-871 

538-874 

530-871 

538-673 

500·880 

510·859 

• 



• 

• 

• 

CAPABILITIES OF THE MODEL 

• UNEVEN FLOW THROUGH THE FIRESHAFTS 

• BLOCKING ANY FIRESHAFT 

• BLOCKING ANY CE5 OR AES HOLES IF NEC

ESSARY 

• THE EFFECT OF VARIATION DUE TO VAR

IOUS HEAT SINKS AND SOURCES SUCH AS 

FUEL PACKING COKE, VOLATILE, AIR INFIL

TRATION AND HEAT LOSS 

•DIFFERENT GEOMETRY OF THE LID (THE 

POSITION OF AES AND CE5 HOLES REMAIN 

THE SAME) 



2.1 INTRODUCTION 

\·ertical riug furnaces are widely used in the aluminium industry for the 

baking of carbon dectrodes. The furnace is operated in such a way to hrin~ 

the electrodes to a ta.rget temperature following a gi\"en temperat 11re prohlt> 

as function of baking time. 

(n a \·ertical ring furnace the fuel combustion takes place in the tire shafts. 

The hot gases lea\"e the fire shafts. mix with infiltrated air. and exchange heat 

with the upper part of the furnace (lid) before it tlows down in more than a 

hun<lre<l separate \·ertical durts alon!!; the AE:> and C'E-> brirk walls. whirh 

are uniformly distributed among the pits. (n the pits. the gases exchan~P 

heat with the brick walls enrlosing the coke CO\"ered anodt>s before reunitin!?; 

iu the 1111derpit regiou .. .\s they pass the pillars in the underpit rt'~iun. tlwy 

exchange heat with the sulids hefore i>nt.ering the next shaft downstrt'al!l. 

This pctpt'r pn"'~t'llt~ tht' work involved in the de\·t'll)plllt'llt of tlw t'Xlt'llded 

r wu-dirnen:,iunal 1 :.!O+) ma.tlwmati1·al model and the simulatiuus of BSL and 

\Z..\S furnaces. 

The rt'a~uu fur dt>vdoping a 20+ model subsequent tu tlw h11ilding of the 

:.!D model [l~ is to t:'nahle tlu" new model to acro1111t for rlw \·ariations in 

anu<le baking temperature across the furnace. and as a consequence. achiew 

a bet.ter prediction of furnace performance. 
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2.2 MODEL DESCRIPTION 

2.2.1 General Arrangement : 

The model consists of several sub-models. The primary ones are the Gas 

:\lass Flow sub-model, the Gas Composition sub-model which is linked to 

the packing coke combustion and volatile combustion sub-models: the Solid 

Conduction sub-model which gives the temperature distribution in anodes is 

linked to the volatile evolution sub-model. 

Other secondary sub-models are also available to calculate the heat trans

fer coefficients and emissivities. Each section is divided in to four zones and 

the zones are connected by common boundary conditions. The zones are 

identified in Figure l. 

The gas mass flow sub-model gives the gas mass flow and draught pro

files along the fire train. Figure 2 shows the general fire train arrang;ement 

considered in the gas mass flow sub-morlel. 

For two adjacent sections i + I and i • the relation between pressure loss 

and .gas velocity is obtained by a momentum balance which leads to [2]: 

'1+1 • '1 

• ba ---' J 2 

p '• 

• • 
( •11+1 - •11) 

't+l Ps. 

·) 



!!tl!S!l!lflPM ........... y 8 'R" M M I Ml$1 

/'- ... -·· 
-------··--·-·---

Brennrichtung 
Firing direction 

------------------
-·--------· ........ ____ _ 

---------.....-...---·-
--·-- , ....... 8 ~ .. H 119111 /,..,.. .... - ---------......... _ .... _.__ 

Kammer 2-20 
Section 2 - 20 

----~-........ ...__ ..... _. 

lle•UIPIWU•&Ue• .... I Z...., .. 11111&9 

Figure 1. Description of control volume flow regions. 

1. Head wall and fireshaft 

2. Underlid 

3. Pits 

4. Underpits 

' 

( 1, 2, 3 and 4 indicate locations of calculated gas composition) 
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where 
a constant equal to Q_ j (according to ref_ :! ) 

gas mass ftow 

average gas mass ftow = "'·• 1;n.r 
average section perpendicular to ftow 

gas density 

average gas density = "·+~ +,., 

pressurt" 

darcy friction factor 

equivalent length of a section 

equivalent duct diameter 

(kg/sJ 

[kg/sJ 

[mi] 

[kg/m3
) 

(kg/s) 

(Paj 

(mJ 

Z.+1 - Z. \-ertical distance between points 1 + I and i [m] 

~ote tha.t m, = p, V, A, where V, is the gas velocity 

Due to the infiltration. m is not a constant: 

where rn,,,., is the total air infiltration between positions land z+ I. 

Infiltration through openings or cracks can b~ modeled by considering 

flow through an orifice of given section Ao 

This gives in,,., = C Ao J2p:lP 

where 

..:!l.P = P," - Poul 

. j 
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The underlid zone 

The heat balance on ga.s elements of the underlid zone ( Figure :11 gi\·es: 

Q;s,. -Q,o .. r + Q.n.f - Qc - Qr + QcoKE = Q,,,c: 
where 

h1 and h,,..1 ae the enthalpies of the ga.s and infiltrated a.ir respecti\·ely. where 

m1•n. total gas ma.ss flow ra.te at inlet 

m,,..I total infiltrated air flow rate 

m1or.C total ga.s ma.ss flow rate at outlet 

m,o .. r = m1'" + mm/ 

Cb=l radiative heat transfer exchange between gas a.nd lid 

<h=l radiative heat exchange between gas and pit top 

ql=l radiative heat exchange between gas and combinf>d pit top 

Q~ con\·ective exchange between gas and combined pit top and lid 

Q: = L.::I h, . .\, ( T1~.,f! - T, ) 

where h, is the convecti"·e heat transfer coefficient between gas and surface 1. 

Qco1.:£ = nico#\£ Heon·£ 

where mco1·;£ is the assumed combustion ra.te ofm coke a.nd Heon·£ is the 

heating value of packing coke. 

• •a e, 
• 

( 

t t +At T 

•••• • ••• _...;;~----._.;:.:.:::::.. ) 

t 

At 

where Q~;c 1s the heat arcumulation term. It 1s small and 1s neglected . 
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Figure 3. Radiative heat transfer in the under-Ii.I zone. 
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The convective heat transfer coeffici~nt is gn:en by the Dittus-Boelter 

correlation : 

h: = 0.023 f;R~o0 '"Pr" 

where 

n = OA in cooling sections 

n = 0.3 in preheat and fire sections 

Pr= Prandtl number 

D = equivalent diameter. D = "; where A = cross-sectional area. of flow. 

P = wetted perimeter 

k =gas conductivity taken equal to air conductivity k = .j_-1.) x 10-5 T + O.OOS82 { T iu f\. 

Reo = Reynolds number 

The radiative heat transfer is calculated from the following relations : 

<u=1 = <7GS1 (T~ - Tt) 

'la=2 = <7GS2 (T; - T~) 

q2=1 = <7S'1S2 (T~ - Tt) 

.... ·here 

S1 is the cover surface at temperature T 1 

S.! is the pit surface a.t tempna.ture Ti 

C nder the ;-.ssumption that surfaces S1 and S1 form a speckled surface of 

total area Sr. the total interchange arE'as ,up gin•n by (gray gas) : 

G') - C,<1<i Sr 
J. 1 - ·~+re-,,, +11-r·,i,1111-~,i 

8 



.;:; ~ _ c.11-c.1 • -• (2•1ST 
-1-2 - •,?C.ti+{l-C,)•2(1-•1 1 

where 

c - .iL - .....:h_ 
I - ST - S1+S, 

t 9 = overall gas emissivity 

t 1 = emissivity of 5 1 

c2 = emissivity of S2 

The overall gas emissivity is given by the following expression : 

t 9 = C (tH2o + tco2 ) 

where C is a correction factor used to consider solid particles. 

Calculations made on average liquid fuel flame showed that (' can be as 

high as l.7 - l.8. For natural gas fie.mes. the value of C is lower(::::: I.I - l.3;. 

Ford. gas stream without solid particles. the value of C should be 1.0. 

The following equation [3J (Lavoie. 1982) can be adapted to either water 

vapor or carbon-.Ji-oxide: 

tH20 = IO (A+O.OOIBT) 

wht>re for water vapor : 

:\ = -0.3429 + C.5763 log10 (PHL) 

B = -0.2663 + 0.2090 log10 ( PHL) 

T = gas temperature [°C] 

PH L = partial pressure of H20 multiplied by mean length [atm.ft] 
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and for C02 : 

A = -0.5494 + 0.3023 log1o (Pel) 

B = -0.2586 + 0.09913 log10 ( Pel) 

T = gas t'!mperature [0 CJ 
PH L = partial pressure of C02 multiplied by mean length [atm.ft) 

A one-dimensional sub-model of transient heat conduction through the 

cover bricks has been linked to the under-lid zone model to determine the 

atmospheric·losses and the external cover temperature. 

2.2.2 THE PIT ZONE 

The pit zone has three sub-control volumes. namely control volume B -

middle pit. Bl - external pit near the sidewall and 82 - external pit near 

central wall. as shown in Figure 4. There is no temperature or flow variatio11 

along the x-axis from one CE.5 brickwall to the next. The flow variation is 

accounted for in the transversal direction. 

The need to distinguisr the external pits from the internal ones berame 

apparent when it was noticed that the temperature of anodes in the exter

nal pits. especially near the outside wall. was significantly lower. With tl1e 

present 20+ model. the temperature variation is accounted for along the 

y-axis. from gas to a.node centre line. and a.long the z-axis. from pit top to 

bottom for each control volume; and for the external sub-control volumes the 

temperature variation is accounted for along the y-axis from gas to sidewall 

and frum gas to sidewall and from gas to middle of central wall as the case 

may be. 

With thP. present model, the total mass flow along ~he one-meter thick 

(z-axis) control volume. m9_,n can be divided in to three fractions . 

10 
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Figure 4. Three sub control volume for the pit zone 
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for control volume B (middle pit) 

m,s ... , = (fraction) mg.in 

for control volume Bl (pit near outside wall) 

m,si.m = (fraction 1) m1.m 

For control volume 82 (pit near inside wall) 

m,s2.1n = (fraction 2) m,.in 

where fraction + fraction I + fraction 2 = 1. These fractions can be cal

culated from the experimental measurements of flow rates through the fire 

shaft(s) located near each control volume. This is part of the calibration 

work required for the model. 

The energy balance done on the gas element in these .mb-control volume 

is shown in Figure .j and discussed below . 

This discussion applies to the gas element in either of the external control 

volumes. It should be noted that a full flue is considered as the control volume 

for gas element in external pits. 

The energy balance on the control volume given in figure .5 gives 

Qg, · Q:J,+1 + Qu - Qw · Q3w = Qm 
where 

Q -m h :J•+I - .7•+1 :J•+I 

Qu =mu Hu 

. Q,,, = hw ~= (T1 .:iug - T,JJ,cJug) 

Q,w = h,w ~= (T1.:iug • T3w,<tug) 

with 

12 
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Figure 5. Control volume (or one gas element in external pits (8 1 or 8 1 ) 
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TtJ.<ltrg = (Tw, + T ..... 1 )/2 

Tsw.!1t1g = (T,..,, + Tsw,+ 1 )/2 

and the symbols are defined below: 

Q,, 

Q, .•• 
rn1, 

m,,., 

Q. 
r,, 
T,,., 
T, •. 

T,.,i+I 

Q,. 

Q,. 
AZ 

Q1'('C 
T.,; 

r •.•• 
rn. 

H. 
la., 

"·· 

= Heat conteDI of gas at position i 

= Heat comcna of gas al position i + 1 

= Gas mass flow at position i for a unit distance (1 meter) along 
x-axis 

= Gas mass flow 11 position i + 1 for a unit distance (1 meter) 
along x-axis 

= Rare of heat ie~ from volatile combustion 

= Gas tempetatwe al position i 

= Gas temperature al position i + I 

= Inside temperanue of extcmal wall at position i 

= Inside temperature of external wall al position i+ I 

= Hear ftux on the inside of external wall 

= Hear flux on the brick wall enclosing the coke covered anode 

= Length of venical division 

= l!nagy accumulaaiaa 

- Tempenrure of brick wall enclosing anodes 11 position i -
= TemperaftR of brick wall enclosing anodes at position i+ 1 

= Mass flow of voladles bu.med in control volume 

= Heating value of vollliles 

= Total (convective+ radialive) heal transfer coefficient between 
gas and brick wall surface which encloses anodes 

= Tocal (convective+ ndiadve) heal tnmfer coefficient between 
gas and imide of atemal wall • 

14 



(j ._. the ener~y acnrnrnlation is c•msidereci small and then·fort> mnittt><l. It 

should lw noted that the heat transfer coefficients h.,L' an.-l h,, are as~11mecl 

ro be equal. .-\!though heat transfer roefficients are the samt>. the heat flux 

varies si11t:e the temperature of the inside of an external wall is clitft'rt>nt from 

rhe temperature of the brick wall enclosing the anodes. 

This heat transfer coefficient. h,u varies for each control volume h~ed on the 

temperature of the gas. flow rate and the geometry . 

. \:- -.huw11 i11 Figurt' h. the control \·olinne for the ~a:- t>lemt>nt 111 tlw micldlt> 

pits covers only half a tlue. The energy balance in the control v1>l11nw for t.lw 

. . . . 

l},, - l.j 1 ••• - (j, - Cj, = (j •C 

;rnd tlw 'ymbob ha\·t' tht' samt> nwanin_gs as lwfort'. 

with tilt' middlt> pib .. -\lso an aw•ra~e temperature uf dlt' i;a-. lt'avi11e; zone:

B. B 1 <1•1cl B:! is cakulatecl. to he used in energy halanct> calnil<ttiu11-. in zone 

( .. t ht' 1111clt>rpi t ZOllt'. 

Fur rht> ct>11lral wall and sidewall in zone B:! and Bl respt>c·t.i\·t>ly. tlw 1111111-

lwr ,,f 111<1l.t'1-i<t.i layt>rs. the material properties and the initial lt'!llpt'l"ature 

disr rib111 iu11 ill't' takt'll as the same in horh walls. 

8111 ir ·•lw11ld lw nort>d that tlw boundary ronditiuns imµusecl on the rwo . 
w;11is art' ditfert>nt. Hence the heat fluxes would vary based on tlwir i11ternal 

w;dl r1·mpt'rat11rt':- t'XfHJSt'd tot.he Howing ~as. 

1·t'11tt>rli1w uf !.he wall. For tilt' :;idt>wall. the heat lus:. by nmwrtio11 
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Figure 6. Control volume for one gas element m middle pits ( B ) 
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plus radiation is imposed on the external part of the sidewall which is 

exposed to the ambient air. Therefore. 

hiou == 1.31 (TE -T,.rn11)0 -33 + <7f (T}: + TeT!rnb + T~rnbTi- + T~rnb) 

where 

TE = temperature of the outside surface of sidewall, ["K] 

T amb = ambient temperature. ["K] 
8 

"" <7 = Stefan-Boltzman Constant. 5.6i x 10- min·• 

t = sidewall emissivity. 0.95 

h1w = Total (Convective+ Radiative) heat transfer .:oefficient used in the 

heat loss calculations. 

One dimensional transient conduction is applied for both walls. 

The convective heat transfer coefficient. he is calculated as done before 

and the radiative heat transfer coefficient hR in the pit zone is given by 

hR = u C ( T~ + T 9 T1"· + T w r; + T~) 

where 

1 
c = 1 1 

- +-- 1 
'v 's 

fir = wall emissivity 

f. 1 = ~d.S emisssivit y 

T; = gas temperature [kj 

T ~r = brick wall temperature 

The energy contribution to volatiles is calculated from the mass flow of 

li 

• 

• 

• 
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volatiles undergoing combustion. The release of volatiles is determined by 

the volatile evolution sub-model which is explained below. 

As determined by Tremblay [-tJ 

, 1 .1 
• ..!... [exp (-1

0

1/IT)l (l - 11) 

• 
where i ta the Yolatile conatltuent conaiderH 

1
1 

:la tbe cn•arted (eTobed) aaa• f ractlon of i 

T 18 che aaple C•perature Cil 

t c~-11 1
0 

ia Cbe pre-exponential factor a 

a 1• tbe beat1aa rate of the •aaple Ct/la] 

10
1 l• the acti•atioo •n•r11 of apectea 1 [IJ/110ll 

l 1• tbe 1•• conataat : 1.3143 z io·' [1J/110l 1l 

a1 11 tba reaction order for 1peci•• 1 
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For each constituent 1. the \·alue Eo and Ko depend upon the heating and 

a.re listed in table I; the reaction order n is also given in Table l. 

COBmTV!llT 

Til 

•2 
ca. 

IDITIC PAIAll!TDS a, I AD I 
0 0 

• lo I 
0 

(l.J/901) . a. ·1> 

0.7 4.167 Ill(•) + 35.0 ezp[0.2731
0 

- 6.417] 

1.1 5.112 Ill(•) + 57.65 ezp[0.2331 - 10.39] 
0 

0.1 10.0 Ill(•) + 76.0 ezpCo.2251
0 

- 11.3251 
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..\s X'. the converted fraction of volatile i. can be dett>rmined for any an

vde temperature T. it is now possible to find the average \"•)latile mass flow 

for one furnace -;ection during a temperature raise from T 1 to Ti : 

At 

• .... flaw of Yolatil• 1 

ta teaperatur• tnterYal coo1tder1d [ka/1] 

11(t) • cOD•1rted fractioo of volatile 1 at 

tnperature T 

&t • tiae to rat11 teaperature T1 to Ti (1] 

PC1 • fractloe of volatile 1 over all volatile releaald 

( .. 11 ba1i1, takea at the end of th• pyroly1ie) 

[n \"iew of the ditfic1Jlties of handling correctly the heha\·io11r uf tar in the 

present mathematical model. its combustion was assunwd instantaneous as 

for hydrogen and methane. the reaction takes place in tht> pit or 1J11dt>rpit 

zont> at the release location . 

. .\ny volatile that evolves when the adjacent gas tempt>rature is l,t-low thP 

1~nition temperature is ronsidered lost. Below are the ie;nition temperatures. 

as reportt>d by Oernedde t 1986 ): 

Tar : -t:!.1 ± )0 ?(" 

CH4 : 630 °C . 
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Solid Elements 

_.\s presented in :6~ there are nine types of nodes in the solid elemt>nL Tht> 

mesh is shown in Figure I_ The nine types of nodes are shuwn in Fi~urt> la 

and lb_ ~ote that 0 stands for a node. surrounded by four others numbere<l 

L :!_ :J and -t 1 this numbering has nothing to do with the noilt> types just 

mentioned\_ Each no<ie re.-eiws heat Q1• Q2 • Q1 and Q-1- Tlus rt>s11!ts in tlw 

following equations depending on the node_ ~ote that an explii-it sdwme a:

,,huwn in Referen~h I anJ .~ has been used. The number uf ~rid~ 1·a11 he 

changed if desired_ '.\'ormally for 011r simulation a 10 )!; :'\ .~rid t 80 nu<les) i:; 

ust:>d with a time increment of 160 ~eronds_ 

The :!D-t- model allows tlw \·ariation of thermal propertie:.. dt>n~it\·. heat 

··<qJa•·ity an<l 1·undw·tivity with tt>mperature for the solid:;: brirk. ,-.,kt> and 

anode i 11 t ht> pit zollt' 

:! I 
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• 
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Figure 7. Mesh with 9 types of nodes. 
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Figure 7a. Node <:>of Type 1. 
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The equations are 

Tv•l rv At [ti CT" """ t, " "> • _i:, ·er" - r" > • • - - • T_J. • - er - T o o oc, 411 i o 
611 

1 o 
411 

a o 

~er" - rv >] 
Aya ' o 

Type 1 

.. 1 " • •• [2t, v " t, :v .. r·• • r • ~ - CT - T ) • - er - r·) 
o o QCP 4z' • o Aya a o • 

Type 2 

r"· 1 • r" • .!!.. - er" - T") • ..._! CT" - T") • - er' - T ) [
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o o ocp 4,, 1 o l.y' a o 
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type I 

v 2At [k1 T~ • T~ 
• T • - - • k2 0 pc, 2 4,2 

type 9 

Solving these equations give the temperature distribution at all the nodPs 

as a function of time. 
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• 
2.2.3 The Underpit Zone 

The underpit zone is shown in Figure 8. 
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Figure 8. The underpit zone. 

Average bottoa pit temperature (l) 

Average f oundatioo floor temperature (l) 

Average ga1 temperature in the uDder-pit ion• (l) 

Total inlet 1•• aa11 flov (kg/1) 

• . : 
•out 

Total outlet 1•• aa11 flov (kg/1) 

• 28 



It is treated exactly a.s the under-lid zone. The following equation applies : 

Q1in -Q1""' - CJF - Qap - QprL = O~cc 
where 

hF is the total (convective and radiative) heat transfer coeffic:ien t bet ween 

gas and foundation floor area AF. 

Qap =hap Aap (T1 .... - Tap) 

hsp is the total (convective and radiative) heat transfer coefficient between 

gas and pit bottom Aap. 

Q. _ Teu '•~'-Tec•' 
PIL - mpfL Cp ~c 

Q PIL is the energy accumulated in the brick pillars sustaining the pits. The 

average pillar temperature T PIL is assumed to be equal to TsetTc. 

Q~,= is the energy accumulated in the gas control volume. It is neglected. 

The underpit zone mode! is linked to a one dimensional transient ht-at 

conduction sub-model to determine the heat losses to the foundations. 

The radiative heat fluxes in the underpit zone are gi\en by the same 

expressions as the under-lid zone. 51 is in this ca.se the under i:;it :iurface at 

lt'mpera.ture T 1 and Si is the foundation floor at temperature T 2• 

2.2.4 The Headwall and Fireshaft Zone 

Since the temperatureciistribution in the head wall is not of critical impor

tance. it was Jt'cided to consider its global influence on the furnace behavivur. 

Thereforr a unique average temperatu~e is assigned to the headwall and hre

shaft and this temperature is taken to he the average solid temperature oi 

the two adjacent sections. 

29 
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Figure 9 gives a sketch of the assumed control volume. 

The \·ariables are : 

T,, .. : Average inlet gas temperature (K) 

T,., ... , : . .\verage outlet gas temperature (K) 

TH : :\\·erage headwall and fireshaft brick temperature ( K) 

m,,,. : Total gas mass flow at inlet (kg/s) 

m1~ .. , : Total gas mass flow at outlet (kg/s) 

We then have the following equation: 

Q,,,. - Q1 or.t - QF - Qs - QH + Qc~.\fB = Qm 

where 

Q F is the heat loss through a foundation area correspon<lin.~ to the head

wall and fireshaft foundation area. It is considered equal in W/mi to the 

foundation losses calculated in the underpit zone. 

Q 5 is the heat loss through a sidewall area corresponding to the headwall 

and tireshaft sidewall area. It is consi1lered as the average uf heat losses per 

unit area through the sidewall and through the central wall ralrnlated in the 

pit zone. 

Qco.\tB = 1i1FHf" 

where 1i1 1 is tht' mass Row rate of fuel 

HF is the fuel heating value 

Q H is the enngy acc1~mulated in the headwall during ~t seconds . 

:Jo 
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Figure 9. Control volume for headwall and fireshaft zone. 
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Q - rH•+ 11•-TH' 
H - ffiH Cpff al 

where mH is the total mass of headwall and fireshaft. 

C PH is the average brick heat capacity and TH is taken equal to the 

average solid temperature determined in the two adjacent sections. Q.ic=· is 

the energy accumulation term in the gas. is neglected. 

2.2.5 GAS COMPOSITION SUB-MODEL 

The gas composition sub-model is applied at four locations inside each 

furnace section corresponding to the points of entry flow regions (or zones I 

A. B. C, D (Figure I). 

2.2.5.1 Zone A : 

Gas composition is known at location I (Figure. I); it has to be determined 

at location 2 . 

Let 02RE~l( I), N2RE~t( I). H20RE~1( I). C02RE~l( I) be the known 

gas composition ( kmoles/s) at location I. Air infiltration and packing coke 

combustion occur in Zone A. 

The molar flow of constituents for a given mass flow n1rnf of infiltrate<l 

air will be : 

H20I.;.;f = (XH,o n1.,.1)/l8.0 

021.;.;F = ( X02 1i1.,.1 )j:J2.0 

:"21'."IF = (Xs, m ... 1 )/28.0 

where H2QI:-..;f, 021~F and N21NF are expressed in terms of kmoles/s and 

1;1,,.1 in kg/s. 

The proportion of water in moist air on a mass basis is : 

12 



The proportion of oxygen and nitrogen in moist air on a mass basis is : 

x - 0.232 
• 01 - (;;; 

where w has the units of Kg H20/kg dry air and can be expressed by : 

w = 0.622 (P11/P.s) 

P., = partial pressure of H20 (Pa] 

P ~ = partial pressure of dry air [Pa] 

P" = o.P9 

where o is the relative humidity and P, is the saturation pressure of water 

vapor at ambient temperature. 

where p'l1m is the atmospheric pressure. 

PACKING COKE COMBUSTION 

Packing coke is assumed to be p11re carbon associated with certain amount 

of non-reacting ash. 

The molar flow of carbon burned is given by : 

(. = (1-x.,,.1mpc 
- 12.0 

where C is t>XJJressed in kmoles/s 

X-uh : proportion of ash in packing coke on a mass basis . 
mpc : mass flow of packing coke consumption [kg/sj 

I :2.0 is th 0 moli:>rular weight of rarbon C (kg/kmole] 

.-\ssumiPg ideal combustion, the reaction is : 

c + Oi - cc_, 
The molar flow of 0 2 required for carbon combustion is equal to that of 

• 

• 

• 
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carbon burned : 

Q _ fl-X.,,.tmpc 
2 - L!.O 

The molar flow of C02 produced by packing coke combustion is also : 

CO _ 11-x .. ,,.)mpc 
2 - ll.O 

where 0 2 and C02 are expressed in kmoles/s. 

The following equations apply : 

O:!RE~l(2) = O:!RE~H I) + 021'.'\F - 1i-xii~~mpc 

'.'\2RE~1(2) = '.'\2RE~lf I) + '.'\21'.'\F 

H:!ORE~l(2) = H20RE~l(l) + H201~F 

C'02RE~1(2) = C02RE~I( I) + 11 -xi;~tpc 

where suffices RE~I and l'.'\F stand for remaining and infiltrated respectively . 

2.2.5.2 Zone 8 

Gas composition is known at location 2: it is now being determined at loca

tion :J. 

In zone B. only volatile combu::;tion is assumed to take place. Let :\LPH:\ 

be the fraction of volatiles burning in zone Band BET:\. the fraction burning 

in zone C such that ALPHA + BETA = L 

The exact chemical rnmposition of tar is difficult to cletirw hut it is gen

erally accepted that C and H are in the ratio of 2 : 1. Assuming tar to bt

( C' 1 H },.. . the governing reaction for complete combustion comes : 

C~H + 2.2-5 0 1 - 2 C0 1 + 0.5 H20 (combustion of ta.rl 

Tht' complt>te rombustion reaction for hydrogen and nwthaile are more .;tan-

dard: 

Hl + Q .. i 02 - H1 (combustion of hydrogen) 



CH4 + 2 01 - C01 + 2 H10 (combustion of methane) 

According to these reactions. 

In zone 8, the following equations apply: 

02lllf(3) • 0211K(2) (

2.25 atar 

- ALPBA * 25.0 + 

N21l!K(3) • 12R!K(2) 

R20lllf(l) • 120lDl(2) [ 

2
•
0 9tar 

+ Al.PB • 2s.o + 

r: • 1°·5 8 tar 
C02llEM(3) • C02lDl(2) + Al.PU *I_ 25.0 + 
2.2.5.3 Zone C 

• 
0.5 .. 

2 
2.0 + 

. . J -. 2.0 •ca 
2 + 4 n 1•.o 

Gas composition being known at locatior :], the computation is extended to 

location 4. In zone C. it is assumed that only volatiles ( the BET . .\ fraction 1 

is burning. Therefore : 

02lDl(4) • 02REK(3) - IETA * 

. . 
2.25 •ear 

25.0 

• 
0.5 ... 

2 
+ 2.0 + 

N2REK(4) • N2REM(3) 

,. . 
! 2•0 8 tar 

H20REM(4) • R20REM(3) + IETA * l 25 .0 + 

. . ] -. 2.0 •a 
2 + 4 

2.0 16.0 

C021EM(4) • C02R!K(3) + llTA * 
r • • J ,o.s 8 tar •a t + ~ 25 .o 16.0 . 

• 

• 
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2.2.5.4 Zone D 

One step is left now : proceed from location -t to location l. leading to next 

section. It is assumed that fuel combustion takes place in Zone D. 

FUEL COMBUSTION 

Fuel composition is assumed to be of the type: CxHt-· which con•rs a wide 

range of liquid ar.d gaseous fuels. 

The governinl!; reaction is : 

21 + t 
( 1, 

2 

t 

2 

Let rn1 be the mass flow rate of fuel burned. the molar flow is then: 

where ,;11 is in kg/~. (\·Ht-· in kmoles/s and \V1. the mult>cular wt>ight of 

fuel. in kg/kmole. 

rhe molar ftuw of oxygen requiri>d for combustion uf fut>! IJt'CUlllf'S : 

21 + t 
( 1, 

2 

• 
• f . -

:l6 



The molar flow of C02 a.nd H20 produced is : 

Therefore, the following equations can apply : 

02RE~1 = 02RE.\1(-l) - {2X+Y/2)/2. m,f\V1 

:\2REM = ~2RE~1( 4) 

H20RE:'.1 = H20RE~1{4) + X. mJf\V1 
C02RE.\l ::; C02RE:'.1( 4) + ( Y /2) m 1/\V1 

The procedure is repeated for the next section and so on until the end of the 

furnace is reached. 
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2.3 THE OVERALL SOLUTION PROCEDURE 

The model thus proposed. is dynamic and extends from the first preheat 

section to the la.st covered. cooling section. The user ha.s to define all rele

vant operational and geometrical parameters and the total simulation time. 

the latter being equal to the d11ration of the number of permutations l fire 

changes) he wants to calculate. 

Since the model is d~ namic. the user ha.s to define initial conditions( mass 

flow. ga.s and solid temperature at time t = 0 for each section in the fire train). 

The overall solution procedure is shown on Figure 10. :\t time t = 0 

the 111itial solid temprature distribution is known. Assuming these temper

atures to be constant over time increment ~t the program calculates the 

corresponding gas temperatures which are applied during ~t seconds to the 

solids to reach new temperatures. The procedure iterates o\·er time until it 

reaches the fire cycle time. :\ new (cold) section is then a.dried to tht> hre 

train and the la.st coolin.g section is dropped::\ new permutation starts and 

the program runs until the total number of permutations is rovered or stt"ady 

state ( .) 0
(' temperature <iifference of the gas temperature bet ween two tire 

changes) is reached. 

The tvtal number of permutations neo·~sary to achieve steady state 1\t>

pends on the assumed initial temperature <iistrihution. If the initial di:.tri

butions are adequately approximated. the total number of permutations will 

be small. 

38 
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FURNACE DESIGN AND 
EQUIPMENT 

• DEFINITIONS 

• TYPICAL FURNACES: ENVIRONMENT 
CONFIGURATION 
EQUIPMENT 



....---------------------~· 
WITHIN THE ALUMINIUM INDUSTRY, FURNACES, MAINLY OAS OR FUEL FIRED, ARE 
SIMPLE ENCLOSURES WHERE HEAT IS TRANSFERRED TO THE CHARGE BROUGHT 
OR HELD AT A TARGET TEMPERATURE AND PREPARED FOR CASTING 

DEFINITIONS: 

I HOLDER: I 
A FURNACE IN WHICH LIQUID ALUMINIUM IS HELD AND PREPARED FOR 
CASTING 

EX: TILTING CASTING FURNACE IN A REMELT PLANT 

I HOLDER/MELTER: I 
AS ABOVE BUT ABLE TO MELT UP TO 20% OF rrs C'HARGE WEIGHT AS SOi.JD 
(COLD) METAL 

EX: TILTING CASTING FURNACE IN A SMELTER TO MELT RUN-AROUND SCRAP 

I MELTER: I 
MOST OF ITS CHARGE IS MADE OF SOUD ALUMINIUM TO BE MELTED 

EX: CIRCULAR TOP.CHARGED MELTER IN REMELT PLANT OR STATIONARY 
SIDEWELL FURNACE IN RECYCLING Pl.ANT 

THE HOLDER AND HOLDER/MELTER ARE VERY SIMILAR IN DESIGN. 

THE FOLLOWING CONFIGURATIONS WILL BE PRESENTED: 

1) TILTING HOLDER/MELTER IN A SMELTER 

2) SIDEWELL FURNACE IN A RECYCLING Pl.ANT 

3) ROUND, TOP CHARGED MELTER IN A REMELT PLANT 

• 

• 
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HOLDER/MELTER IN A SMELTER 

• ENVIRONMENT 
• TYPICAL CHARGE 

·FURNACE OPERATIONS 
• CONFIGURATION AND EQUIPMENT 



HOLDER/MELTER IN A SMELTER ENVIRONMENT 

HOLDER/MELTER TYPICAL 
CHARGE: 

QQ 
HOT METAL FROM 
HOL.DER OR 
CRUCIBLES 
15% 

SOL.ID REJECTS 
SCRAP INCJOTS, 
DRAINING PANS 
ETC. 
15% 

HOLDER TYPICAL CHARGE: 
HOLDER/llELTER 
FURNACE No 'f 
10TONS 

• 

HOT METAL. 
CRUCIBLES 
FROM POT L.INES 

HOLDER 

HOL.DINO FURNACE 
OPERATIONS: 

1) CHARCJE MOL.TEN METAL. 
2) MAINTAIN TEMPERATURE 

HOLDER/MELTER 
FURNACE No 2 
70TONS 

3) SAMPLE AND TRANSFER TO HOLDER/MELTER 

• 

CASTING 
PIT 

HOL.DER /MELTER 
OPERATIONS: 

0 
0 
0 
0 
0 

1) CHARGE SOLID METAL 
2) HEAT SOLID CHA.ROE 
3) TRANSFER FROM HOLDER 
4) ALLOY 
5) REHEAT IF NECESSARY 
tJ} FL.UX AND SAMPLE 
1) SKIM 
I) SETTLE 
fl) ADJUST ALLOY IF NEEDED 
10) CAST 

• 
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STIRRER 

l'IVOT 

CASTING 
Sl'OUT 

STAC« 

DAMl'Ut 

8U~CH 

TOP VIEW 

DOORS 

SIDE VIEW 

t 

DOOllS 

Tl&.TIHG 
CYUHDIR 

SCHEMATIC REPRESENTATION OF HOLDER/MELTER 

Sll'HOH 
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SIDEWELL FllRNACE IN A RECYCLING PLANT • 

• ENVIRONMENT 
• TYPICAL CHARGE 

• FURNACE OPERATIONS 
• CONFIGURATION AND EQUIPMENT 

• 



• • use· SIDEWELL FURNACE IN A RECYCLING PLANT 

TYPICAL CHARGE: 100% SOLID 

UBC 

70·80% 

SIOEWEL.L FURNACE 
OPERATIONS: 

1) CHAROE AND MELT 
(SIMULTANEOUSLY) 

2) SALT ADDITION 

PRIME 
METAL 

CLASS I 
(REJECTS FROM 
CAN LINE) 

~ CfcJ 
10·15% 10·15% 

UIC alDIWB.L 
PURNAC• Ne 1 
80-70 TONS 

uac ••DEWB.L 
fUANAC• Ne 2 
80·10 TONS 

3) SKIM (HEARTH .\ND WELL) 
4) SAMPLING 
5) COARSE ALLOYINQ 
fJ) TRANSFER TO HOLDER 

AND SAMPLE 

CAST/NO 
PIT 

HOLDING 'UltNAC. 

HOLDER OPERATIONS: 

FIL. TER 

DECJASSER 

1) TRANSFER FROM SIDEWELL 
2) FINE ALLOYING 
3) FLUX 
4) SKIM 
~) REHEAT IF NECESSARY 
tJ) SETTLE 
7) CAST 

* UBC: Used Beverage Can 

• 
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S/Dl7E/.J. 

SCHENA77C H£PN£5'ENiA7'10N OF l/BC RECYCUNC /i1/llNAC£ 
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CIRCULAR MELTER IN A REMELT PLANT 

• ENVIRONMENT 
• TYPICAL CHARGE 

• FURNACE OPERATIONS 
• CONFIGURATION AND EQUIPMENT 

·CONTROLS 



• 

MELTING FURNACE IN A REMELT CASTING CENTRE 

TYPICAL CHAROE: 
SOLID 8°" LIQUID 20% 

------------ MOl.TEN METAi. 
INOOTS. SOWS, T·8ARS, COILS CRUCIBLES FROM 
REJECTS FROM ROI.LINO MILi. OTHER FURNACES 

MEI. TER OPERATIONS: 

I) CHARGE 
2) MELT 
~) SKiii 
4) SAMPLE 
S) Al.LOY 
e) TRANSFER TO HOl.DER 

ltOUHO, 
1'01' CHARG•O 

,,.""·" 
CAMCln' 
••201'0118 

• 

HOlNlf 

CASTIN<J 
PIT 

FILTER 

DE<JASSER 

HOl.DER OPERATIONS: 

I} TRANSFER FROM MEI. TER 
2} Fl.UX 
:I) SKIM 
4) REHEAT IF NECESSARY 
5) SETTl.E 
8} CAST 
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llOlTEll 
llETAL 
CHAAGf 
WEU 

' 

I 
I 

' ' ' 

TOP VIEW 

llOLTEll 
llETAL 
SnltltElt 

SIDE VIEW 

H,.,, 
llOlftllTilll 
CMS MA/El 
8Ultlllltl 

I 

' • 

MCUHMTOll 

OIU/TIOll 
Ant 

SCHEMATIC REPRESENTATION OF ROUND, TOP CHARGED MELTER 



FURNACE PERFORMANCE 

• MAJOR PHYSICAL PHENOMENA OCCURRING IN FURNACE 

·A TYPICAL FURNACE HEAT BALANCE 

·PERFORMANCE EVALUATION 

• PARAMETERS AFFECTING FURNACE PERFORMANCE 
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MAJOR PHYSICAL PHENOMENA OCCURRING IN 
FURNACE 

IN THE COMBUSTION CHAMBER: 

- RADIATIVE AND CONVECTIVE HEAT TRANSFER 
- COMBUSTION REACTION 
- HEAT CONDUCTION IN WALLS 
• HEAT LOSSES TO THE ENVIRONMENT 

IN THE METAL CHARGE: 

- HEAT CONDUCTION 
• PHASE CHANGE (SOLID TO LIQUID) 
·NATURAL AND FORCED CONVECTION 
- HEAT CONDUCTION THROUGH FLOOR 
- HEAT LOSSES TO ENVIRONMENT 



A TYPICAL FURNACE HEAT BALANCE MAY CONTAIN THE 
FOLLOWING ELEMENTS: 

A) HEAT SOURCES: 

1) HEAT FROM THE FUEL 
2) HEAT FROM THE PREHEATED COMBUSTION AIR 
3) HEAT FROM THE PREHEATED SOUD CHARGE 

8) HEAT SINKS: 

1- HEAT ACCUMULATED IN THE CHARGE 
2- HEAT ACCUMULATED IN REFRACTORIES 
3- HEAT LOSS THROUGH THE STACK 
4- HEAT LOSS TO THE ENVIRONMENT 

• 

• 

• 



• 
PERFORMANCE EVALUATION INDICES: 

A) HOW FAST? 

1- MELT RATE: 

defined as solid charge mass divided by duration of 
melting period 

2- PRODUCTION RA TE: 

defined as solid charge mass divided by total batch 
duration 

8) HOW MUCH? 

1- SPECIFIC FUEL CONSUMPTION 

defined as total fuel energy input divided by solid charge 
mass 

2- FUEL EFFICIENCY: 

defined as energy transferred to charge divided by total 
fuel energy input 



PARAMETERS AFFECTING FURNACE PERFORMANCE: 

1- EXCESS AIR 

2- COMB. AIR TEMPERATURE (RECUPERATORS) 

3- OXYGEN ENRICHMENT 

4- SCRAP CHARGE TEMPERATURE (PREHEATERS) 

5- CHARGING TIME (REFRACTORY INITIAL TEMPERATURE) 

6- DOOR OPENING 

7- FLUE GAS TEMPERATURE 

8- FIRING RATE 

9- AMOUNT OF SOUD CHARGE 

10- DROSS THICKNESS 

11- AIR INLEAKAGE (DRAUGHT CONTROL) 

12- STIRRING THE MELT (JET PUMP) 

13- FURNACE DESIGN AND CAPACITY 

• 

• 
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PART 2 

METHODS IN 

RADIATIVE TRANSFER 
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EFF~f OF COMBUSTION AIR TEMPER,URE ON FURNACE PERFORMAN! 
FOR A TYPICAL ROUND, TOP-CHARGED MELTER 

·- MELT RATE - ·SPEC. FUEL CONS. 
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EFFECT OF INITIAL SOLID CHARGE TEMP. ON FURNACE PERFORMANCE 
FOR A TYPICAL ROUND, TOP-CHARGED MELTER 

-MELT RATE - ·SPEC. FUEL CONS. 
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• • • EFFECT OF OXYGEN ENRICHMENT ON FURNACE PERFORMANCE 
FOR A TYPICAL ROUND, TOP-CHARGED MELTER 

- MELT RATE - - SPEC. FUEL CONS. 
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• 
RADIATIVE HEAT TRANSFER 

Some numerical methods: 

1 • Zone method 

2· Monte Carlo method • 
3· Imaginary planes method 

4· Discrete transfer method 

5· Discrete ordinates method 

6- 6 flux method 

• 
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FUNDAMENTAL EQUATIONS 
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ZONE METHOD 
(HOTTEL AND COHEN) 
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ZONE method 
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• 
Determination of the total exchange areas 

-by the Hottei method 

(via 55, sg, gg) • 
-by the Monte Carlo method 

• 
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THE MONTE CARLO TECHNIQUE 
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• 
Figure 4 Emiuion from a wall zone with the help of a bounding rectangle 
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THE MONTE CARLO METHOD 
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• 
THE IMAGINARY PLANES METHOD 
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• 
IPM (continued) 

[B.L\f]{Q} = {CM} 

• 

Figure 2. The storage pattern of mabix BM 
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THE DISCRETE TRANSFER METHOD 
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tl/ 
;f;=-KI+KI, 

lo = ~ = (1 - E)!! + EtrT1 
r r r 
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• 
THE DISCRETE ORDINATES METHOD 

n·fi > o 

• 
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q/GU = 11'1/cace,le~vin1(0) - L Wm In. n"' I //Gcc,incicknC(nm) 
n·'1,..<o 

(V · f)cv = 4.1r1'16,CV - "L Wmlvolume(flm) 
"' 

• 



• 
( 

1 L.,2 L2. - fdn 
21" 0 0 

1 

r+l 

• 



• 

• 

• 

v. (n1) = "1 •.••• - "1 

µbe( le - lw) +"lac( In - I~)+ {ab(/, - /,_) = 1Cabc(l6,CV - fp) 

{ 

ale + (1 - a)/w 
Ip= al" + (1 - a)/, 

ale + (1 - a)/,_ 

If a - 0.5 : central differentiation 

a - 1.0 : upwind differentiation 
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starting the differentiation 
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RECTANGULAR TEST ENCLOSURE 
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Table 1 Input data for the rest in canesian coordinates 

Dimensions x. y, z 

Divisions 

TempcratuICS r' C) 

Emissivities 

faces 1, 3 

faces 2. 4 

faces S, 6 

gas 

uniform on every fL.--c 

Absorption coefficient 

uniform 

3m x 2m x 2m 

8xSxS 

300 

500 

400 

1300 

0.2, O.S, 0.8, 1.0 (variable) 

0.01, 0.0S, 0.1, 0.25, 0.S, 1.0, 2.0 m·1 

(variable) 

• 

• 
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Figure 5 ARD variation with respect to gas absorption coefficient and • 
surface emissivity; a. IPM, b. OT 36 solid angle divisions, c. OT 100 

divisior,s. 
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Cylindrical test enclosure 
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Table 4 Input data .for the test in cylindrical coordinates 

Dimensions 

Divisions 

Tempemwes (° C) 

face 1 (upper hcmicylinder) 

face 2 Oower hcmicylindc:) 

face 3 

face 4 

gas 

Emissivities 

uniform on every face 

Absorption coefficient 

uniform 

dia: 2 ::n. length: 3 m 

8 x 8 x 4 (x.y,z - z.4'~) 

600 

400 

300 

500 
1300 

0.2. 0.5, 0.8. 1.0 (variable) 

0.01, 0.05, 0.1, 0.2S, 0.5, 1.0, 2.0 m·1 

(variable) 
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Figure 11 ARD variation with respect to gas absorption coefficient and 
surface emissivity (cylindrical case); a. IPM, b. OT 100 divisions . 
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• 

Comfr!"'atica dme of die duce methods fer some c:hosc:a YllDCI of« and K (Computer: SOI 40/340) 

CPU time [s] - -
« K zone DT36 DT 100 DT400 DT900 IPM 

0.01 11780 187 S6S 1756 3725 40 
o.os 941.S 16S 513 1584 3535 
0.1 74'T/ 13S 436 1336 '1917 

0.2 0.2S 4835 98 308 996 2233 

• 0.5 3234 67 214 747 1673 
1.0 2110 S2 148 582 1301 
2.0 1327 37 124 41S 929 

0.2 48S3 98 308 996 2233 40 
0.5 0.2S 3315 60 20S 66.5 1301 
0.8 2432 38 128 416 929 
1.0 2060 15 SI 167 372 

• 



Divisions 

Sx3x3 

8xSxS 

12 x 7 x 7 

16 x 10 x 10 

'lable 3 Summary of lhe comparison of IPM and DT (100 solid 
angle divisions) to 7.QNB with inaeast.d fineness of the grid 

Average reladve Maximum Minimum I Cpu time 
diff [Cl] relative dill' [Cl 1 relative dill' [Cl J [s] 

IPM DT IPM DT IPM DT IPM OT 

S.1 7.0 10.0 12.S 1.6 2.4 30 30 

11.3 4.4 19.9 11.9 1.8 0.2 3S 128 

IS.S 3.4 29.2 11.9 6.4 0.06 40 326 

20.2 3.0 38.0 13.6 10.0 0.02 4S J.024 

• 

#of 
surf. 

mnes 

78 • 210 

434 

840 

• 
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Figure 5. Description of the remelting furnace; 
(a) cross-section, (b) top view 
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Table 3. Results obtained with the IPM for the cylindrical furnace 
(h and v refer to horizont.al and vertical zone respectively) 

Temperatures on the Heat fluxes on the 
cylindrical wall [°C] charge [kW/m2 ) 

Zone 
sector A sector B 

Zone 
sector A sector B 

IPM zone IPM zone IPM zone IPM 1 zone 

top 721 703 718 701 3h 15.5 10.9 14.2 8.8 

. 752 744 747 735 3v 19.6 20.l 12.7 11.6 

. 780 778 766 752 2h 19.7 19.2 12.9 10.8 

. 779 780 766 752 2v 12.6 13.1 11.0 10.9 

. 747 748 742 741 lh 12.9 12.5 11.2 10.6 

bottom 687 718 685 716 Iv 8.8 8.7 8.5 8.8 

12 

• 

• 

• 
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comb · ustion region 

• 

• 



Input data for examples 1 and 2 

Example 1 Example2 

8 x s x 10 8 x 15 x 10 

Tern rature, °C 
bottom, cone 300 parallelepiped 
cylinder, hemisphere 700 cylinders 
gas 900 gas 
flame zones 1 100 

Wall emissivities 
bottom, cone 0.6 parallelepiped 
c linder hemis here 0.8 c linders 

gas 0.1 gas 
flame zones O.S 

300 
500 

1 ()()() 

o.s 
0.8 

0.1 

• 

• 

• 
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Side of the cone 
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Figure 9 Calculated surface heat fluxes: (a) along 
the side of the cone; (b) along the outer shell . 
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Table 2 Comparison of the heat fluxes and the computation time, cxamplel 

Average relative difference 

fluxes on the surface zones (ARD} 2.5 % 

volumetric sources in the gas wnes (VRD) 9,.B ~ 

Maximum relative d1fl'erence (MRD) 

fluxes on the surface zones 

volumetric sources in the gas zones 

CPU time (HP9000-720) 

Zone method (6000 rays/surface or volume 
zone) 

DT method (400 div) 

16.0 % 

51.6 CJ, 

1563 s 

382 s 

• 

• 

• 



• 

; (i) 

• 
Figure 10 Details of the e;lclosure used in example 2. 

Sideview Topview 

figure 11 Geometrical data of the enclosure of example 2 
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Figure 12 The 20 curvilinear grid of example 2 
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Figure 13 Calculated heat fluxes on the bottom plate of the parallelepiped 
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Figure 14 Calculated heat 8uxes on the cyliodrical bars 



Table 4 Comparison of the heat fluxes and the computation time. example 

Avera1e relative difference 
fluxes on the surface zones (ARD) 

volumetric sources in the gas mnes (VRD) 

Maximum relative difference (MRD) 

fluxes on the surface zones 

volumetric sources in the gas zones 

CPU time (HP9000-720) 
ZDnc method (6000 rays/surface or volume 
zone) 

DT method (100 div) 

4.5% 

2.8 % 

14.7 % 

11.0 % 

9352 s 

78S s 

• 

• 

• 
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ALIMENTATION COKE 
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I CAL.CIHATIOH I 
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schematic view of the coke 

calcination kiln 



Transversal discretization used 

for solving the conservation equations 
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Transversal discrctii.ation used 

for solving the radiative transfer (solid lines) 
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PART 3 

DESCRIPTION OF THE 

• 

MATHEMATICAL MODELS • 

AND 

RESULTS 

• 



• MEL TEA-HOLDER FURNACE 

• 

• 

1 ·D ANALYTIC MODEL 

1 - Introduction 

- Important process: keeps At liquid before 
casting 

- Consumes 4.5 - 6 MJ/kg At melted 

- 20°/o efficiency 

Questions: 

- how increase efficiency and productivity? 

- what will be the effects of changes in 

- the sequence and duration of the 
operations 

- the size of the charge 

- stirring mode(continuous/discrete) 

- door management {closed/opened) 



450 parameters 

physical phenomena involved: 

metal: conduction,convection, phase 
change 

chamber: radiation, convection, 
combustion, gas flow 

roof, floor: conduction, radiation 

• 

• 

• 



• 2 . Description of the furnace and 

• 

• 

its operation 

2.1 The furnace 

© ·@ 

® 

@ 

Figure 1- Cutaway views of the casting furnace. 
A· Lengthwise 8- Across 
(1,2) roof (3) stack (4) burner (5) doors 

(6,7,8) floor (9, 1 O) metal (11) siphon 

(12) casting spout (13) thermocouples. 



2.2 The batch schedule 

Table I. A Typical Schedule or a Batch 

Duration Burner on/off #Doors Open 
No. Operation (s) (Duration) (Duration) 

loading the solid metal into the heel 1200 off 
l heating the solid metal and heel 3200 on 
2 pause 400 off 
3 loading the liquid metal into furnace 1920 on (900) 

off (1020) 
4 heating the liquid and solid metals 3350 on 
5 pause 400 off 
6 first stirring 1270 off I ( 120) 
7 pause 60 off 
8 healing 3500 on 
9 pause prior to alloying 550 off 

10 alloying 450 . off 4 (450) 
11 second stirring (the first 1200 seconds) 

simultaneously fluxing (2100 seconds) 2100 off 5 (2100) 
12 skimming 1200 off 5 ( 1200) 
13 pause prior 10 casting 300 off 

• • • 



• 3 . 

• 

• 

The model 

G 

F 

I 

c 

dynamic 

well-stirred 

1 

ROOF' REFRACTORIES 
ANO INSULATION 

GAS 

,, .,.,.,.,., .,. ,. , . ,.,.,.,.,., .,. , ., .,., .,.,. ,. ...... . ... ,.,. 
~ !(!' !'!(!(! 

<! F'l.OOR R[F'alACTORtES C<!<"' 

t' 4' ANO INSULATION 

l~~------------~~ ........ l.-=~~~~~====~~ 
l All t--============:::---i 0 ~OUNOATIQN 

Fig. 2-Symbols used 10 iden1ify 1he various componenls of 1he furnace 
and 1heir in1crf accs . 



Modeling the operations 

OE : heat flow through roof 

OEV : through roof proper 

OEP : through open doors 
(cold black surfaces) 

stirring and fluxing: 

d dT 
dt (dy) liq. metal = f (volume flowrate 

of N2 orce2) 

skimming: 

removal of a known mass of metal at the 
metal surface temperature 

allowing: 

addition of a known mass of metal at room 
temperature 

roof and floor: 

average thermal properties 

• 

• 

• 



• 4. The equations 

4.1 The combustion chamber 

[2] 

. Qo = Aoho(T, - To) 

• ...__ +-- +---
- GSo T~ - ScvSo Tj - Su So Ti» 

(3) 

dU, = V (T; - r;-) = O 
dt 1C117 At 

. T7 solved by Newton-Raphson at every time step 
• (Eq. 1 is non linear) 



(4) • 

[6] 

4.2 The metal -• Enthalpy model 

H(T) = f p(T)c(T) dT r, for T < T1 (7a] 

H(T) = f p(T)c(T) dT + pl. r, for T > T1 

[7b] 

ll(T) = r Jc(T) dt for all T [8] r, 

~ = v29 
ar [9] 

which, in 1-D, becomes: • iJH a28 
[10] -=-

iJt iJx 2 



• 4.3 

• 

• 

Floor, concrete and air 

1 D conduction equation 

The 1-D conduction equation is to be solved for the floor: 

iJT - k azT [11] 
pc iJt - iJx 2 

Noting that q = k iJT I ax and Q = Aq, we have: 

iJT aQ 
Ape-=-

iJt dX 

air gap 

concrete foundation 

The heat accumulated in the concrete foundation is 

iJTA 
Moeoa; =QA - Qo 

[12] 

[14] 

(IS] 

(16) 



4.4 The roof • 
roof and walls 

same strategy as for the floor 

4.5 Resolution 

finite differences with explicit integration 

Newton-Raphson combined with Gauss
Jordan for the calculation of gas 
temperature T7 and T0 B , T°F. • 

all initial nodal temperatures specified 
(based on steady state at t = 0) 

• 



• 5. 

• 

• 

The results 

Table IV. Data Input to the Model for 
Simulating the Batch Described in Table I 

Mass of liquid metal heel 
Temperature of heel 
Mass of solid charge 
Temperature of solid 
Natural gas flowrate 
Excess air 
Mass of liquid metal introduced 
Temperature of liquid metal 
Nitrogen flowrate for stirring 
Temperature of nitrogen 
Chlorine flowrate for fluxing 
Temperature of chlorine 
Mass of alloying element added 
Mass of skim removed 

.... 785 
u .... 
w ,,. 
a: 
::> 
.... 755 
< a:: 
w 741 
~ 
~ 725 

I.» 
-' 7111 
~ 
0 
u 695 c 
~ 1588 w 
::c .... 

ISISS 

A c J 0 

• 12'1 

I 

(kg) 
(oC) 
(kg) 
(oC) 
(m1/h) 
(pct) 
(kg) 
(oC) 
(m3/min) 
(oC) 
(m3/min) 
(oC) 
(kg) 
(kg) 

15.000 
685 

8.658 
22 

450 
7 

48,342 
769 

0.71 
25 
0.5 

25 
100 
721 

JF~ "J 

241 

~XP£RDENTAL 

-MODEL 

Jel 

TIME <min) 

Fig. 3-Metal temperatures, simulated and measured by thermocouple, at 
30 cm below die melt surface. A: Preheating solid and heel, B: loading the 
liqu1'1 metaJ into furnace, C: heating the liquid and solid metals, D: stirrina. 
E: heating, F: alloying, 0: fluxing, H: skimming, and J: pause. 
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• 6. Other applications 

6. 1 The effect of continuous stirring of 
the melt 

Table V. Ell'ect or Continuous Stirring 

Conventional Batch Continuous Stirring 
~~~~~~~~~~~~~~·~~~~~~ 

• 

• 

Melting rate (ton/hour) 
Total batch time including 4-hour casting 

time (minutes) 
Total energy consumed (GJ) 

4.18 
554 

49.l 

5.40 
536 

48.2 

Comparison 

gain 29 pct 
gain 3. 25 pct 

gain 1.9 pct 



6.2 Closed - door operation 

technical challenge 

Table VI. Eft'ect of Closed-Door Operation 

Open-Door Closed-Door Comparison 

Melting rate (ton/hour) 4.18 4.18 no change 
Total batch time including 4-hour casting 554 537 gain 3 pct 

time (minutes) 
Inner roof temperature (°C) (at batch end) 629 794 
Heat loss through doors (GJ) 3.16 0 
Tocal energy consumed (GJ) 49.1 44.5 gain 9.3 pct 

• 

• 

• 



• 

• 

• 

6. 3 Cost function evaluation 

- cost function 

- objective 

specific consumption 
melting rate 

m3 gas/ton sol. Al melted 
- tons sol. Al melted/hours of heating 

J, 

i 

minimum value of the cost function 
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• MELTER-HOLDER FURNACE 

• 

• 

THE CONTROL MODEL 

1 - Introduction 
- The challenge: 

obtain a control model that is representative 
of the real process yet is simple enough for 
control and optimization purposes. 

- The objective: 

change the analytic model into a control 
model of the form 

x = Ax + Bu (linear or non-linear) 

- The methodology: 

statistical approach using the data generated 
by the analytic model 



2 

2- Scope 

Since the focus is laid on developing a model 
for fuel optimization, we are concentrating on 
a batch where only liquid metal is heated: 

- loading of liquid metal 

- one hour heating period 

- stirring, fluxing, alloying, skimming 

Only the one hour heating period is studied . 

• 

• 

• 



• 

• 
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INTERFACE COMPONENT 

G 

F 

E 

D 

c 

B 

13 ::~}} WALL OF BUILDING 
. - . - .. 

12 AIR 

7 GAS 

-·----·· 

6 

.... - ........ 

1 AIR A . . . . . . . . ........... . 
0 ://: FOUNDATION \'.\:\/:; 

GRIPS/UQAC 

Figure 2- Symbols used to identify furnace 
components and their interfaces . 

3 
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3. The analytic model and the need • for simplification. 

Analytic model: 60 1 D slices 

Control model: reduction dependent on the 
way the temperature and temperature gra-
dients vary in the conducting medium. 

The simplified model must be very accurate 
in order to be applied for optimization studies 
(fuel optimization is likely to yield no more 
than a few 0k points in fuel consumption 
improvement). 

We choose a 1 oth order non-linear model: -• roof: 6 subdivisions 

model: 3 subdivisions 

gas: 1 subdivision 

• 



• 

• 

• 

5 

4. The model 

limits of the control volume: 

- from outer roof surface (F) 

- to inner floor surface (C) 

All the equations must contain only the 1 O 
state variables . 
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*-------------------------
*~~~~-------:~:~~~~------ CV7 
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ROOF 
(Zono 15) 

CV3 METAL 

f a;p)---------;;. : ~; \ (3)-+ -;:;.;;,- CV4 

(zono 6) 

Oc·01 (') \(3)·Tc 

Figure 3- Discretization of the various furnace 
components into control volumes, 
showing the state variables (tempera
tures) and the heat flowrates. 

• 

• 

• 
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• 4.1 Chamber (well stirred zone) 

• 

• 

. 
1\1cv1C1T1 = Q1 - Qn - QE 

where the expressions of a-, and Oo are: 

( 
2 a3 ) Q1 = a1T1 + a2T1 + T; + a4 u 

Qn = Anhn(T1 -Tn) + aGSnT.f 

-u ( SnG + SnS~) Tb+uSESnTi 

- a-,, Oo, OE (and Oc, QF) are kept non-linear 

- The directed exchange areas ( G j$ j , sjS i ) 
are approximated by non linear functions of 
temperature . 



4.2 Metal (zone 6) 

Sliced in 3 zones (CV2 ~ CV4) 

oxide layer not considered 

justification for the number of zones: 

FLOOR 
INTERFACE 

Figure 4- Metal temperature at start and 
end of heating period, showing 
the need for slicing the metal 
into 3 control volumes. 

7 

• 

• 

• 
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• - equations: 

• 

Mc112C6Tcv2 = Q6(1) - Q6(2) 

• • 

McvaC6Tcva = Q6(2) - Q6(3) 

Q6(3) = ~~5~[T6(2) - T6(3)] 

Mcv4C6Tcv4 = Q6(3) - Q6(4) 

( ) knAn [TV6-1 T, (3)] 
Q6 4 = Qc = L6/(N6 - 1) 6 - 6 

• 



4.3 Roof refractories (zone 15) 

Sliced in 6 zones (CVS ~ CV10) 

Justification for the number of zone: 

1100 

GAS 
INTERFACE 

I 
T,5(1) • E I 

AIR 
INTERF'CE 

:O":.I ........ 1000 \ • I I 
• I I I 
\I I I 0 900 ... I I 

0 " I I ..._. 
I '•T,5(2) I 

w 800 I \ . I ,, 
I a: 700 } I 

::::> I '.,T,5(3) 

.... 600 'I I 

c( I 
•a-., T1!j(4) 

500 I I ~· a: I I 
!II.I 

T,5(5} 

w I I I I 
400 I I I 0 a. .,, 

~· s• •• a. I -> >1 > ~: :! 300 0 ol ol o, 0 

w I I I I 

.... 200 0.1~5 L15 I 2:::::d T,5 (6) • TF 
0.5 15 

100 
0.0 0.1 0.2 0.3 0.4 L,!» 0.5 

POSITION (m) 

9 

Figure 5- Refractories temperature at start 
and end of ti>·-··,..~ period, showing 
the need for ·~~'..~~r.~ the refractories 
into 6 control volumes. 

• 

• 

• 
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- equations: 

for CVS ~ CVS: same procedure as before 
for the metal 

for CV9: 

. 
Mcv9C1sTcv9 == Qls(5) - Qls(6) 

kEAE * 
Qis(6) = 0.125£

15 
[T1s(5) - Tisl· 

T;5 == a*T1s(6) + {3*T1s(7) 

for CV10: 

Q15(7) = QF = (1.1 X 10-3 AF,Jl + 1.65 x 10-3 AF.i·) 

x(TF -T12)4l 3 + O'fFAF(Tp -T~) 



Tcv2 = a2T6(l) + ,82TB(2) 
Tcv3 = T6(2) 
Tcv4 = a4T6(2) + ,84T6(3) 

• 

Where c
33

, c34, a2, a4, p2, p4 are found by 

applying least-squares fits to the data obtained • 
with the analytic model at 5 minute intervals. 

• 



• 

• 

• 
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4.4 Summary of model construction 

1 O first order ODEs (10 state variables) 

- complemented by non-linear expressions for: 

- the control variable is present in the expression 
for a7 . 

Procedure for optimization: 

- analytic model run for 50 < u < soom3fh 

- control model then adjusted (by least-squares 
approximation) to the values obtained with the 
analytic modeL 



5. Results 

reported only for u = 450 m3 /h 
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Fig. 6-0as temperature obtained from analytic and simplified renth
order nonlinear models. 
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Fig. 8-Central-node metal temperature obtained from analytic and 
simplified tenth-order nonlinear models . 
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Fig. 9-Average metal tempcrarurc obtained from analytic and sim-
plified tenth-order nonlinear models . 
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GENERAL OBJECTIVES 

. Present a mathematical formulation for 
handling closed-loop non-linear control 
problems 

. Explain the application of the technique to 
minimize the fuel t•owrate in an 
industrial furnace 

• 

• 

• 



• 
Reduced model 

For the gas 
. 

GRIPS/UQAC 

T, == (Q7 - QD - QE)/(1VIcv1 C7) 

for the metal . 
Tc\/2 == (QD - Q5(2))/(1V1cv2C5) . 
Tc\~:3 == (Q5(2) - Q5(3))/(Mc73C6) . 

• Tc\·4 == (Q5(3) - Qc)/(1V1cv4C6) 

for the refractories . 
Tc\'5 == ( QE - Q15(2)) / (l\t1cv5C15) . 
Tc\'6 == (Q15(2) - Q15(3))/(Mcv6C15) . 
Tc\'7 == (Q15(3) - Q15(4))/(Mcv7C15) . 
Tcvs == (Q15( 4) - Q15(5))/(McvsC1s) . 
Tc\·g == (Q15(5) - Q15(6))/(Mcv9C15) . 
T C\'10 == ( Q15( 6) - Qp) / (l\t1cvlOC15) 

• 



GRIPS/UQAC 

The CVi ( i == 1, ... , 10 ) refer to the 
control volumes ( zones ) and the corre
sponding temperatures are approximated 
by 

Tcv2 == a2T5(l) + /32T5(2) 

Tcv3 == T5(2) 

Tc\r4 == a4T6(2) + ,84T5(3) 

Tc\r5= a5T15(l) + /J5T15(2) 

Tcv6 == T15(2) 

Tcv7 == T1s(3) 

Tcvs == T15( 4) 

Tcv0 == T15(5) 

Tcv10 == a10T1s(6) + /310T1s(5). 

• 

• 

• 
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GRIPS/UQAC 

FUEL-OPTIMAL 
CONTROL PROBLEM 

Find mimimum 'll(t) to bring y3(t) from 
y3(0) to y3(t1 )where y3(t) is the central 
node liquid metal temperature. Final time 
t f and final temperature y3 ( t t) are pre
scribed . 



GRIPS/UQAC 

2- Mathematical background 
Cost function 

b 

J ( U) = I </>(if( t)' U( t)' t) dt 
a 

Equality constraint 

di](t) - - -( d = j ( y ( t) , 1L t) , t) 
t 

Boundary conditions 

1VI ( g( a) , a) == 6 
JV ( iJ( b) , b) == 6 

Inequality constraint 

§(fl( t)' t) ~ 0 

• 

• 

• 
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Closed-loop formulation 
Control law 

U(t) = h(X(t),k) 

New cost function 
b 

.J*(k) = J <t>*(if(t),k,t)dt 
a 

• New equality constraints 

• 

di]( t) * (- - ) . dt = f y(t), k, t with 

-
d~~ = 0 
rlt 

New inequality constraint 

g * ( j]( t)' k' t) 2: 0 

lli(y(a), a) = 0 
lV(y(b), b) = o 



GRIPS/UQAC 

Penalty method formulation 
A new variable is introduced 

• 

d~~t) = (gj ( Y(t), k, t) f G(gi) + (g2 ( Y(t), k, t)) 
2 
G(g2) + ···+: 

·) 

( g ~. ( Y( t), k, t) r G ( g ;,, J 

where gi are the components of g * and 
G(gi) is a modified step function defined 
as follows: 

0 for gj ( y( t), k, t) > 0 . • 
G(gj) = ( _ ) for i = 1, ... , m 

s; for gj y(t), k, t < 0 

where 8i are non-negative constants i.e. 
Si > 0. 

The new variable is added to the cost 
function 

,, 

J~ ..... 1(k) = f ~\Y(tJ.k,1)+(gi(Y(t),k,t) )b(gj))dt + ... + 

" ,, 
j (g;,, ( !7( t), k, t)) 

2 G(g~,) dt. 
(( • 
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The integrand is then extended to incor--porate the Lagrangian multipliers : 

( 
. - .:. - ) ( - - ) -r· T:... 4> y. y. : . k. k. ;\. 1]. t = H y. k ~ ,,\ ~ t - ,,\ y - fj k 

where the Hamiltonian H is defined as : 

( - - ) (. - ) -r - ( - ) H y. k. ,\. t = o" y. k. t + ,\ f - y. k. t 
~ ~ 

+ (gi(y.f.t) )c;tgi) + ... + (g~,(y.f.t) )c(g;1l) 

The optimality equations are obtained by 
• applying the Euler-Lagrange equations : 

• 

- _ i JJf I 1 ~ - -- -
,\ = _ 8H with ,\ta)= r~J~ . .\l(y(a).a) = 0 

oy- - ) v' l - -,\lb) = T, J z7 • .Y ( y( b). b) = 0 

:. oH -·b) -( ) 0 17 = ---=- . IJ{ . - 17 a. = 
bk 

Variable substitution 

-. 81-I 
~(t) = -~ 

ok 
~(a) = ~(b) = 0 

t 
where W(t) = ;j(t) - r](a) = - J Y/fdt . 

a 
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3- Application to the 
melter-holder furnace 

Optimal problem 
Cost function : 

t1 

J = - 11, -( t) dt 1 ;· ·) 
2 

0 

• 

where e 
1

1 d6T3(t) 
u( t) = kp6 T:3( t) + ki 6 T3( t)dt + kd d 

() t 
with 

50 ~ u,(t) < 500m3/h 

686 °C ~ 705.l °C in 1 hour 

• 



• 

constraints 

• 
with 

withOUL 

• 

GRIPS/UQAC 

4-Results 
Table l Optimal and suboptimal results for the 

casting furnace, with and without constraint . .... 

optimal parameters 

total 
constr.iints 

control fue! Kp K· I 
violation Kd 

law required ( x 10-:'> (xio- 7) 

% 
(m3) 

optimal 0. 397.24 - - -
p - - - - -

PD 4.36 406.23 0.2974 - 0.3497 

Pl 3.56 -H0.75 0.3285 0.6165 -
PlD 0.08 415.18 0.2944 0.4597 0.1502 

optimal 8.84 395.58 - - -
p 45.3 383.67 0.4724 - -

PD 5.96 403.85 0.3073 - 0.3265 

Pl 7.34 406.02 0.3451 0.5365 -
PIO 3.50 396.14 0.1644 -0.0212 -1.6143 

Cost 

function 

0.0489 

-
0.0495 

0.0499 

0.0501 

0.0489 

0.0559 

0.0494 

0.0496 

0.0491 
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Figure 8 Optimal and suboptimal fuel flow rate 
without constraint on the control variable. 
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4-Results (continued) 
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Figure 9 Optimal and suboptimal fuel flow 
rate with constraints on the control variable . 



5. CONCLUSION 

• There is a solution to the dilemma 
caused by the contradictory needs for 
a model with good representativity 
(high-ordered and sophisticated), and 
for a simpler model for control purpose. 

• The technique suggested in this paper 
enables the solution of open or closed-loop 
non-linear control problems for complex 
Industrial processes. 

• It is necessary to optimize more than 
one control parameter to obtain a 
solution without violating the inequality 
constraint. 

• The method can be applied to other 
types of control systems 
(other than PID). 

• The solution procedure requires 
minimum labor. 

• 

• 

• 
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THE MELTER-HOLDER FURNACE 

3-D MODEL 

1 - Introduction 

1 D : - Simulation of the changes in 
the experimental procedure 

- Useful for optimization purposes 

3 D : - Design purposes; 

Changes in: 

- Furnace geometry 

- Position of the charge 

- Level of liquid heel 

- Chimney location 



2 

- Need for a transient model 

(because of variations in the operating 
conditions and large time constant of 
the refractory walls). 

• 

- Two parts in the model- -The chamber e 
-The metal 

Eventually linked together 

. One general code: PH OEN I CS 

• 
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OPERATION MODE Of A D'PICAL BAICH 

Preheating the heel 
(burner ON) 

Charging the solid 
(burner OFF) 

Pouring the liquid metal 
burner ON/10 crucibles) 

Mixing with nitrogen lance 
(bu.mer ON) 

Fluxing (bu.mer ON) 

Skimming (bu.mer OFF) 

Alloying (burner OFF) 

Mixing with nitrogen lance 
(burner ON) 

Fluxing (burner ON) 

Skimming (burner OFF) 

Heating (burner ON) 

Casting (burner OFF) 

Scope of the 30 model 
(about 320 minutes) 



2. The combustion chamber 
- Three main aspects: 

- Combustion kinetics of fuel Phoenics 
- Motion of fluid 

- Radiation : IPM coupled to PHOEN I CS 

2.1 The general conservation equation 

a 
- (pt) +div (put - r. grad•> - s. 
3t 

where cp :· general dependent variable 

r cf> : turbulent exchange 
coefficient of cf> 

Sep : Source term (Combustion, 
convection, radiation) 

The integrated form is: 

o (superscript): Previous time step 
b: Discretized form of S cp 

3 

a: Relative to diffusion and convective flows through 
cell P 

• 

• 

• 
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<t> Stands for 8 variables: · 

Three components of velocity, two 
turbulence parameters, the gas 
enthalpy, the mixture fraction (f) and 
the mass fraction of unburned fuel 
(mfu) 

Yields a set of 8 non-linear coupled 
equations for every cell; solved by 
PHOENICS ( slabwise technique e using a number of sweeps) 

2.2 The radiation model (IPM) 

• 
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- Equation (3) is a discretized form of the energy 
equation which can be solved by PHOENICS 
provided the code is fed with the appropriate 
source term (from IPM) 

Ve s - (QC - Qw) + (QC - QN) + (QC - QR) + 
h x x y y z z 

r [Ac c + hCAC(Tc - Tc)] 
~ k qk k k g 

(real surf aces) 

- Equation ( 4) is written for a steady state process; 
for a transient analysis the term UAkC (TkC - Ta) is 
replaced by a numerical algorithm for the walls. 

2.3 Coupling PHO EN I CS AND IPM 

a) Steady state regime. 

Pressure, the 3 components of velocity and the 2 
turbulence parameters (k, e) are calculated on 
the basis of a STEADY STATE REGIME 

• 

• 

• 
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• Simplified steady state procedure 

PHOENICS 

SOLUTION OF THE CONSERVATION EQUATIONS 
OUTPUTS: p, u , k,E , h, mfu, f 

• 
Tg ~' 

sh , , 
IPM 

SOLUTION OF THE RADIATIVE HEAT TRANSFER 
• • 

OUTPUTS : Tw .Ow ,Om St. 

• 



Grids used 

. For solving the conservation equations 

BURNER 

. For solving IPM 

SUBDIVISION 

FOR IPM 

CHIMNEY 

x 

FINITE VOLUME 

• 

• 

• 



• 
8 

Interfacing the grids 

. Temperature values obtained by 
PHOENICS are averaged, and the 
results assigned to the corresponding 
IPM zone. 

. Heat fluxes and source terms obtained 
by IPM are uniformly distributed to all e the corresponding PHOENICS cells. 

. Interaction once every 10 sweeps . 

• 
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b) Transient regime 

Effect of sequential operation and thermal inertia 
of refractories (not the metal in this case) 

The Stefan problem is not considered. A fixed 
temperature is assigned to the metal (for the 
moment) 

Ideally the above procedure is resumed at every 
time step 

However: 

• the surface heat balance has to 
be changed (see above) 

• the CPU time should be kept 
minimal 

Six dependent variables (pressure, the 3 
components of velocity, the 2 turbulence 
parameters)are calculated on the basis of a steady 
state regime and kept constant (seni-interactive 
procedure) 

• 

• 

• 
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• Flowchart for the transient procedure 

A 

B 

c 

• D 

E 

F 

G 

H 

I 

• J 

START 

t=O 
READ THE SMJLATION PARAMETERS. 
BOUNDARY AND INITIAL CONDITIONS, 
VARJABlES p,u ,k ANOE PREVIOUSLY 
'.:.3TAN:D BY ASSUMING A STEADY 

STATE OPERATION 

t :t+A t 
START THE SWEEPS 

SOLVE THE COHSERVATIOt~ EQUATIONS 
BY PHOENICS FOR tt, "'tu ,f 

TRANSFER GAS TEMPERATURE 
TgtolPM 

CALCULATE THE Sh TERM ANO 
TRANSIENT WALL CONDUCTION 

TRANSFER Sh TO PHOENICS 

PRINT OUT THE RESULTS 

END 



12 

Description of Block F of Figure 2 • 

1 

2 

3 

4 

5 

6 

t AVAR.ASLE DATA: 
'f9 FROM PHOENICS AFTER 

TEN SWEEPS 
T,! (profile in 119 wal) FROM 

PREVIOUS CALCULATION WfTH FM 

CALCULATION OF Sh TERMS 
(RADIATIVE ANO CONVECTIVE 

EXCHANGE FOR THE GAS) ANO 
Q t + .&t AT EACH SURFACE • ZONEBYIPM 

T t+4t Tt+4t 
T ~+A t = w + w,n 

2 

ACTIVATION OF A ONE-DIMENSIONAL 
TRANSIENT HEAT CONDUCTION MODEL 

IN THE WAUS WrrH Q t + At AS ONE w 
OF THE BOUNDARY CONDITIONS 

YES 

GO TO BLOCK G OF FIGURE 2 

• 

• 
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• 2.4 The combustion model 

• 

• 

- Eddy break-up model 

R • f u 

where Co : 

£ 
- C P - m 

o k fu 

constant which has an 
influence on the flame 
length 

Rtu : source term in the 
corresponding equation 
for the continuity of fuel. 
... which, if multiplied by 
the heat of combustion, 
is part of the source term 
in the energy equation 

- The combustion is kinetically controlled: 
the mixture fraction (f) and the fraction 
of unbLJrned buel {mfu) are followed by 
solving conservation equations 
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2.5 The semi-interactive procedure • 
- fully interactive: 

calculation of 9 variables at each 
passage trough block C (Fig.2) 

- semi-interactive: 
only h, f and mfu are updated in 
blockC 
(p, u, v, w, k, £ - evaluated on the 
basis of a steady state regime) 

2.6 Assessment of the semi-interactive proce
dure 

a) Description of the test problem 

1.. ..,. ... -.r 

• 

• 



• 

• 

• 

Operating conditions and 
parameters 

Fuel: type: natural gas; composition (% vol): 
96.2 CH , 1.6 C H , 2.2 N ; heating value 
(MJ/m3 ~): 33.;; ~olumetrt2c flowrate (m3/s 
STP): 0.125; mass flowrate (kg/s): 0.091 

Air: mass flowrate (kg/s): 1.55 (no excess air) 

Combustion products: considered as a gray ~!s 
with an absorption coefficient K • 0.175m ; 
the thermodynamic properties are dependent 
on temperature and obtained for a mixture 
corresponding to that of a complete 
stoichiometric combustion. 

Emissivities: refractories: 0.6; charge (liquid 
metal): 0.5 

Heat transfer coefficients (W/m2 K) 
- overall (for steady state computations, 

from inside surface to ambient air): 
charging doors side: 1.30; opposite 
lateral side: 0.86; roof: 1.37; burner and 
opposite walls: 0.75 

- convective: burner and opposite walls: 
50.0; side walls: 25.0 

Temperatures (K) 
- ambient: 298; gas at burner entry: 333; 

charge (bottom surface): 1033. 
- initial: internal wall: 700; ext~rnal 

wall: 373 (with a linear profile between 
the two); gas: 723. 

Area of burner opening: 0.123 m2 

Grid sizes (x, y, z): lPM: 
12x9x8 

6x3x4; PHOENICS: 

firing at t = O with initial conditions given in the table 
heating for 1200 s. 
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Description of the cases studied • 

Table 2 Description of the cases studied . 

Case Procedure Time Number of Time ratio 
step,s sweeps CPU/ 

real time 
-

A Totally- 120 250 21 
interactive • B ' ' 180 250 16 

c ' ' 120 100 10 

D ' ' 60 250 44 

E Semi- 120 100 4 
interactive 

• 



• 

• 

• 

12oor--------

~ 1000 (a) 
.. . er aoo 

~ 600 
..::J 
LL 400 

~ 
w 200 
I 

0 

CASE 

• A 
• B 
0 c 
o D 

~O x E 

~ 1200 (b) 
... 

w 
~ 1100 

~ ffi 1000 
a.. ~ 900 I = 3 I j = 2 
w 
I-

0 400 800 

TIME s I 

1200 
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3. The metal • 
3. 1 Equations 

Energy equation without convection in 
the melt: 

where the latent heat is incorporated in the thermal 
properties 

dH. h h - pc = dT 1n eac p ase 

• - but at the interphase ~ -+ oo 

this is solved by using a large value of pc in the 
interval 
Tt-8<T <Tt+8 

Effective thermal properties method (ETP) 

- specific heat: 

4Ns !~ I • 4EW I~ I • 'HL ~~ I 
NS EV a:, 

pc•tt • aNS • aEW • 'HL 

where 8=1 if 8H>pl • 
= O otherwise 
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- thermal conductivity: 

• • 6 ldwl 
HL dT HL 

• 



3.2 Validation of ETP 

i -B - 0.20 .. 
i i 0.10 

-

190&.ATID WALLS 

, 

•TD AT l•TIM. TlllNAATUll• • 10-C 

~~~~~~~~~~~ .... 

0 100 000 200 000 300 000 

20 

• 

• 
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• 3.3 Effect of natural and ~orced convection 

• 

• 

• Rigourous incorporation: 

solution of the complete energy and motion 
equations in the melt 

-t - CPU time too long 
- convergence difficulty (due to high Ra) 

-Simplified method sought 

(in the context of a complex industrial problem) 

.. Force convection dominates 

- arrival of crucibles (> 1 00 minutes) 
- stirring and fluxing 

• Practical solution: 

Consider only conduction in the melt, but use an 
augmented thermal conductivity for the liquid Al, 



insulated wall 

heated wall 

GALLIUM 

.-z._ cold wall 

insulated wall 

o Ra: 0 
J o Ra: 2.2xD 

a Ra: 22x~ 
A Ra: 2.2x .:>~ 
v Ra: 2.2xD6 

0 1.5 30 45 60 75 80 
TIME 

kaug - kreaJ x C 

• 

• 

where C is obtained by calibration with the 
experimental melting rate 

disadvantage: 
gives only global behaviour 

the concept is adapted to include also forced convection • 



• 

• 

• 

20-----------------------------------------. 

15 

5 

0 

CRUCIBLE ARRIVAL .. . 

0 40 10 

Continuous stirring with the nitrogen 
~ . 

lance 

120 110 200 240 210 320 

TIME (min) 

AUGMENTED CONDUCTIVITY 

23 
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3.5 Grid used 

~~~~-11r-....1t--~~~.....\-o-+---l---I-=~~~~ ! LEVEL OF 

~~~-T-+--t--+---+-~~~~---:::: LIQUID METAL 
~~~~~~~~~~------------

_JY 
x 

- curvilinear grid 

- horizontal subdivision dependent on the 
quantity of liquid added from the crucibles 

- 3000 finite volumes 
(generated by Patran) 

- pre and post-treatement procedures 

• 

• 

• • 

tier • 



• 

• 

• 

25 

4. Coupling combustion chamber and 
metal 

- ensure continuous heat transfer between 
metal and gas 

- allowance for changes in metal geometry 
with time 

- utilization of an equivalent plane concept 



couausnoN 
CHAMBER • I 

I 
• 

METAL 

• 

CASTING SPour 
BURNER 

I --,·· , \ 

• 
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• 4.1 Emissivity of the equivalent plane 

• 

• 

- the metal control volume does not 
coincide with the equivalent plane 

EQUIVALENT PLANE 

I 

Figure 2- Principle for determining the effective emissivities 
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the effective emissivity of plane I is• 
obtained from a radiative balance in 20 
(transversal plane through a solid block) 

- stepwise manner: 

where Si Sj - total exchange area -
between i and j, m2 

A1 - area of equivalent ., -
surface 1, m2 

£7 - effective emissivity of -
surface 1 

'1' • (sl s, + sl S7) I Al 

approximations: 
- no exchange between solid blocks 
- transparent gas 
- not dependent on surface temperaturee 
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• 4.2 Temperature distribution at the equivalent plane 

I 
I 
I 
I 
r 
I 
I 
I SECTKl'JS: I SOLID LIOUIO 

~ ....... \/) 
IJJ 

I 0:: 

I~ 
I~ 
I a= 
,~ 

I I~ 
I I 
I REFRACTORIES 

• Convention used for assigning temperatures and heat flows 

4.3 cross-sections falling between solid blocks 

- 30 radiation exchange between blocks 
- calculation of effective emissivity £12 

and incorporation into the 20 stragegy 

• 



• 

________ .., 
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• 5. Computation time 

• 

• 

- VAX/ 11 785 

- 15- 20 hours cpu time depending on the 
number of sweeps (for a 320 min 
procedure) 

- Llt = 1 00 s -80 sweeps for the gas 
-1 O sweeps for the metal 



6. Validation 

6. 1 Description of the charge 

INITIAL CONDITIONS 

outer wall = 100°C 

t 
inner wall = 800°C 

SOLID CHARGE 

I Tg-450(C] I 

750[C) > 20(t) 
PURE ALUMINIUM 

3 

BLOC: 2.0 X 0.7 X 1.5 [M] 

• .. * • 

~ 

31 

• 

• 

• 
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• Addition of liquid Al 

TEMPERATURE OF THE CRUCIBLES 

o ' 11 30 '" ,. " " n .. 
• TIME (min) 

MASS OF CRUCIBLES 

en 
en 2000 c 
:I 

1000 

0 
0 ' t7 30 " 3t ,. " 57 .. 

TIME (min) 

• 
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• 

6.2 Results {model) • 

• 



• 

• 

• 

s 
8. 
cn -~ -...: 
QJ 
c ... .s -tU -

E 
(Cl 

! 
;; 
a c 
"i . o cn 
s:; Q. 
en CG 
-a ::a ... &g 
Si:> 
w-
z~ 
o~ 
~CG 
Cl) "' 0 '-' 
z_! We 
o~ 
J: c 
a... c 
cO .2 
! .9-
~ en 
a·- u u.-



CHIMNEY SYPHON 

CASTING SPOUT 

DOORS 

FLAME CONTOURS AS 
REPRESENTED BY 0.01 RESIDUAL 

FUEL ISOSURFACE 

• 

• 

• 
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• 

• 

SOL-LIO PHASE CHANGE BOUNDARY PROFILE AFTER 
THE LAST ADDITION OF LIQUID ALUMINIUM (at 100 min) 

BURNER 

SYPHON 

SAME PROFILE AFTER 160 min 

BURNER 

SYPHON 
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15000,---------------------------------
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-!l -Q 9000 :; • 0 en 
u. 
0 
en 8000 
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TIME(min) 

MASS VARIATION OF SOLID AL 

• 



• 6.3 Results (comparisons with experimental data) 

a) Combustion chamber 

• SYPHON CHIMNEY 
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- 1000 TCI u • -w 900 
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::» 800 
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~ a: 100 
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2 eoo 
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TIME (.._ll\) 

• 
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• b) Metal 

BURNER 

SYPHON 
CHIMNEY 

• • 
METAL TEMPERATURE AT THE SURFACE 

(NEAR THE CASTING SPOUT) 
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w 800 a: 
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~ 700 
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~ 800 
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CONVECTIVE HEAT 
TRANSFER IN 

CIRCULAR REMELTING 
FURNACES 

• 

Laszlo I. Kiss 
UQAC/GRIPS 

• • 



• • 
THE MODEL 

• SCALING LAWS 

. . . geometric similarity 

. . . ratio of convective and viscous momentum transfer 
(Reynolds number) 

... buoyancy (plume) 

... heat transfer modes (temperature level, surface properties) 

. . . "feedback" by conduction within the pile & bath 

l! 
. . . boundary conditions 

• VISUALIZATION - TRANSPARENT WALLS 

2 

• 



MODELING THE SCRAP-PILE & BATH 

•SHAPE 

•MATERIAL 

--+ cold study 

~ heat transfer experiments 

• • • 



. . ... ~ 

• • 
• COLD FLOW STUDY 

. . . visualization 

. . . velocity field measurements 

• 

• MEASUREMENT OF HEAT TRANSFER RATES 

". . . . heat transfer coefficients 
~, 

·. . . surface temperature distribution 

' 

• 



. 
•VISUALIZATION OF FLOW STRUCTURE 

•METHODS 

. . . fluorescent mini-tuft 

. . . upop-corn" 

. . . smoke with laser-sheet illumination 

•BENEFITS 

. . . understanding of flow behaviour 

. . . flow pattern, vortex formation 

~ 

... identification of highly turbulent, fluctuating zones 

... changes in local heat fluxes (near-surface velocities) 

... dead-zones, low heat-transfer domains 

. . . differences & interaction of burners ' 

... understanding mixing & gas exchange (residence time) 

• •• 

# 

• 



• • • 
HEAT TRANSFER COEFFICIENT (HTC) MEASURE
MENTS 

•METHODS 

• LOCAL & AVERAGE VALUES 

• BOUNDARY CONDITIONS 

• PILE, FLAT-BATH, WALLS 

• HOT-SPOT FORMATION 



METHODS TO MEASURE HTC-s 

• STEADY-STATE METHODS 

. . . electrical heating 

. . . fluid calorimetry 

. . . volume heating 

... surface heating 

• TRANSIENT METllODS 

... whole-body (average) 

. . . gauges/probes (local) 

• • • 
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HEATED SKIN (electrical) 

• guard heating 

• direct measurement of local fluxes 

• WHICH SURFACES? 

• NUMBER OF SECTIONS? 

• NUMBER OF MEASUREMENT POINTS? 

• • • 



DIRECT MEASUREMENT OF FLUX 

• 

~(q)--

homogenizing 
~ayer 

q = h ft-T_> 

pile-model 

--- heater 

--- wall 



TC(~) 

HFr(zero 
indicator) 

, --._ ··-
GUARD HEATER TECHNIQUE 

q = h ft· T.) 

pil~model 

--- ~heater 
---guard heater 

---wall 

q=P/A 

P=VI 

flux = heat input/ section ar,?a 

• 

• 

• 
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