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Mathematical Models
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3D
Steady-State
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Dynamic
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The Goals of 3D Steady-State
Thermal-Electric Models
are to Calculate the:

® Global Cell Heat Dissipation
® Cathode Lining Drop

® Ledge Profile

® Anode Drop




Demonstration Models Inspired

from the VAW's JOM Paper of
February 1994




I used the Information Available and Guessed the
Rest, so it is a Realistic but Imaginary Cell Design
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Thermal Blitz
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Instrumented Anode Setup
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Halt-Anode Model
Base (Case Results
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Cathode Side Slice Model
Base Case Results
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Comparison Against Cell Internal

Bath resistivity using Wang's
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Bath voltage using Haupin's
equation

Current. Densitar
de Current Dencity

Electrolysis voltage using Haupin's
equation

E quivalent voltage to make metal
using Haupin's equation

Cell current efficiency using Solli's
equation




Base Case Data from my CQRDA's Retrofit

Study Example

& Base case basic input data:

amperage
operating temperature

® Base case models results:

cathode lining drop
anode drop

anode panel heat losses
cathode shell heat l1osses

& Base case operational results:

cell voltage 428V
internal heat 622 4 KW

current efficiency 92.91 %

ENErgy consumption 13.73kKWh/ kg
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Retrofitted Data from my CQRDA's
Retrofit Study Example

& Retrofitted basic input data:
— amperage
— 0Operating temperature
¢ Retrofitted models results:
— cathode lining drop
— anode drop

— anode panel heat losses
— cathode shell heat losses

& Retrofitted operational results:

— cell voltage 383V
— internal heat 427 KW

— current efficiency 96.0 %o

— ENergy consumption 11.94 KWh/ kg
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Sensitivity Study
Results Summary

® Anode cover reduced froml16cmto 13 cm

® Model response: anode panel heat losses increased from
235.35 kW to 247.57 kW

® Operating temperature reduced from 975 °C to 973.75 °C

® Model response: cathode shell heat losses reduced from 383.32
kKW to 374.62 kW
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Verification that the New Thermal
Balance have been Found
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With the separated 3D half-anode
and 3D cathode side slice models
approach, it is up to the user to
find the new steady-state operating
temperature after having changed
the alumina cover thickness

This can be done by trial and error
or by doing some simple "back of
the envelope™ calculations




Interpretation of the Results

20 °C of cell eutectic superheat 18.75 °C of cell entectic superheat

® When we remove 3 cin of alumina cover, the cell reacts by increasing
the ledge thickness by an average of 0.72 cm
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1D Thermal Model Concept
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1D Thermal Model Equations
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Using the 3D Models Results to
Define the Parameters of the 1D
Thermal Model

Q.vope = 234.35 kKW ) =10 kYW
R, vopg = 0-2467 KW/°C R smope = 0-1851 kW/°C
Qrppamn = 72.31 kW Qrpaierar = 137.14 KW
Ugp = 10.53 Wi C Ugy = 15.16 Wim?°C

Upep = 29.43 W/m2°C Upgeag = 21.70 W/m2°C

Upgg = 16.39 W/m2°C Uppag = 50.26 W/m?°C

Lgr = 8.26 cm Lag =3.70 cm
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From the 1D Thermal Model Concept
to a 1D Thermal Steady-State Model
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Prediction of the 1D Steady-State Model
for the Sensitivity Study

Thickness of anode cover: 16 cm 13 cm

Anode panel heat loss at 975-C 1 23435 kW 247.57 KW

Converged operating temperature: 974.05°C 972.89 °C
Converged cell eutectic superheat: 19:47 = 18 32 G
Converged bath's ledge thickness: 8.61 cm 9.45 cm
Converged metal's ledge thickness: 4.04 cm 4.88 cm

Conclusion of the study: an average of 0.84 cm extra ledge
thickness

s ———————— ¢ {1




Monte Carlo Sensitivity Study:
Replace Definite Results Obtained by 3D
Models by Probability Distributions

Anode voltage drop Cathode voltage drop
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Monte Carlo Sensitivity Study:
Replace Definite Results Obtained by 3D
Models by Probability Distributions

Anode panel heat loss Cathode panel heat loss
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Main Output Distribution of the Monte
Carlo Study

Cell temperature output distribution
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Indirect Output Variable Distributions from the
Monte Carlo Study

Intermal heat output distribation Eutectic superheat output distribution
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Indirect Output Variable Distributions from the
Monte Carlo Study

Ledge thickness at bath level Ledge thickness at metal level
output ditribution output distribution
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Extending from a 1D Steady-State Model
to a 1D Dynamic Model

Adding to the Process Model

Mass balance equations of all the constituents of the bhath, the dispersed
alumina, the sludge and the metal

Kinetic equations of the alumina dissolution, sludge formation, back
feeding and metal production reaction

Kinetic equation of the ledge formation and melting, and equations that
follow the dynamic ledge thickness evolution hoth at bath and metal level

Kinetic equation of the fluoride evaporation

Equation that follows the ACD dynamic evolution

s ———————— ¢ {1




Extending from a 1D Steady-State Model
to a 1D Dynamic Model

Additions to the Heat Balance Equation

Splitting of the energy required to make metal terms into 3 components:
— the energy required to heat-up to bath temperature and dissolve the alumina
— the energy required to heat-up to bath temperature the anode carbon block
— the energy required by the chemical reaction itself

A dding terms to account for the heat required to heat-up and to dissolve all
additives fed to the cell. For the alumina, the heat required to dissolve it is
coupled to its rate of dissolution.
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Extending from a 1D Steady-State Model
to a 1D Dynamic Model

Additions to the Heat Balance Equation

Adding a term to account for the heat required to heat-up newly set anodes
including a kinetic equation for its heating rate

Adding a term to account for the heat of fusion of the ledge that is coupled
to its forming/melting rate

Adding a term for the latent heat of the hath, metal, dispersed alumina and
sludge

s ———————— ¢ {1




Extending from a 1D Steady-State Model
to a 1D Dynamic Model

Adding a Control Model

® Cell alumina feeding and cell resistance control
algorithm

® Anode effect quenching control algorithm
® Bath ratio control logic
® Metal tapping policy

® Anode change schedule

s ———————— ¢ {1




1D Dynamic Model Application
3 Weeks of Stable Operation

Celltemperature evolution

minute =

Dizsolwved alumina evalution




1D Dynamic Model Application
3 Weeks of Stable Operation

Fzseudo-resistance evolution

minutes

Ledge thickness at m etal level evolution

minute =




Histograms from the Dynamic Model for Stable
Cell Operation

Temperature dynamic digtribution Diz=olved alumina dynamic distribution
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Histograms from the Dynamic Model for Stable
Cell Operation

Cell pseudoresistance dynmamic distribution Ledge metal level dynamic distribution
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Conclusions from the Monte Carlo and
Dynamic Study

By designing a cell to have 4 ¢cm of ledge in the 3D
steady-state model, we have a fair amount of chance
to end up with a cell having only 2 cm of ledge left in
its normal "low tide" conditions!

Knowing that, it is up to the design team to decide if
4 cm of ledge at the metal level is a safe target for the

3D steady-state model " Optimal Design
Solution”

w




Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory A: Positive CE vs. %Al, O, Slope

Rate of change of %o CARZO 3 vs WWCAIZOS Rate of change of SoCARZOS * SeCARROT offset
s HCAI2OS




Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory B: Negative CE vs. % Al, O, Slope

Rate of change of SeCAROT vs WWCAIZOF Rate of change of SoCARZOS * SeCARROT offset
s HCAI2OS




Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory A: Nominal Feeding at 179.5 kg/hr

Dynamic % CARO 3 evolution ynamic %CE evolution
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Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory A: Nominal Feeding at 180.5 kg/hr

Dymamic %CAROT evolution ynamic %CE evolution
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Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Nominal feeding logic is perfectly adapted to the case
where the slope of the CE vs. Al,QO; is positive because:

@ It is advantageous to operate constantly the cell at a
nominal rate that corresponds to an alumina concentration
of around 3.5 % maximizing both the current efficiency
and the power efficiency

® The cell is "self-compensating'' small fluctuations in the
targeted feeding rate
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Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory B: Nominal Feeding at 180.5 kg/hr

Dymamic %CAROT evolution ynamic %CE evolution
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Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory B: Nominal Feeding at 179.5 kg/hr

Dynamic W CAIZ0 3 evolution
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Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Theory B: Continuous Tracking

Dymamic % CAROS evolution ynamic %CE evolution
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Using a 1D Dynamic Model to Assist in the
Development of Cell Control Logic

Continuous tracking feeding logic is perfectly adapted

to the case where the slope of the CE vs. Al,O; is
negative because:

® Knowing that a steady-state nominal feeding rate does not exist, it
instead maintains a continuous balancing act by shifting between
strong over and under-feeding rate

It maintains the alumina concentration at its minimum in order to
maximize the cell current efficiency and at the same time takes
advantage of the cell resistance increased toward the anode effect to
evaluate when it is time to change the alumina feeding rate.

s ———————— ¢ {1




Conclusions

In general conclusion, I hope I was able to
convince you of the value of using process
simulation models to assist you in your work,
since I strongly believe that they offer
tremendous opportunities to improve the
productivity of all of the smelters in operation
today
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