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Abstract

A comprehensive program (ARC/DYNAMIC) was
developed to simulate the dynamic behavior of
aluminum reduction cells during operation.  The
program uses the mass and energy balance equations
to determine the transient evolution of more than 60
process  variables.  In addition, it simulates various
operational and control policies in use during cell
operation.

This paper describes the use of ARC/DYNAMIC to
study the sensitivity of cell dynamic response to the
BEMF.  A description of the steady state solver and
the amperage fluctuation model implemented in the
program is presented.

Introduction

The dynamic behavior of a reduction cell during
operation is a complex phenomenon that is affected
by a number of parameters in the pot.  A good
understanding of this behavior is invaluable in
determining a control strategy that optimizes the cell
operation and maximizes its efficiency.
Mathematical models are valuable tools that help
achieve a better understanding of the process and
can be used to study “what if” scenarios without
disturbing the pot line operation.

A computer program, ARC/DYNAMIC, was
developed to model the dynamic behavior of
reduction cells.  A complete overview of the
program is described in reference [1].  Briefly, the
program solves 13 differential equations that

characterize the mass and heat balance in the cell.
The behavior within the pot is characterized using
16 dynamic variables and more than 40 variables
derived from them.  ARC/DYNAMIC calculates the
dynamic evolution of the simulation variables over
time by modeling the physical process as well as the
control algorithms used to operate the cell.

This paper will focus on using ARC/DYNAMIC to
study the sensitivity of the pot operation to the back
electro-motive force (BEMF) used in calculating the
pseudo-resistance of the pot.  A brief overview of
the steady state solver and the amperage fluctuation
submodel is presented here since they are
extensively used in the study.

Steady State Solver

A recent addition to ARC/DYNAMIC was a more
sophisticated steady state solver as well as the ability
to run Monte Carlo simulations to study the
sensitivity of the pot response to input variables [2].
The steady state solution, by definition, assumes that
the internal heat is equal to the heat lost from the
cell, i.e. no melting or growing of freeze and no
change in the operating temperature occurs.  This
condition is often used in the initial design of a cell.

The program defines any one of 18 input variables as
the target variable to be calculated in a steady state
condition.  The remaining 17 are specified by the
user along with all the other data necessary to
characterize the cell model.  ARC/DYNAMIC uses
a Newton-Raphson algorithm to search for the root
of the steady state equation.
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Any or all of the 17 variables can have a probability
distribution assigned to it and a Monte Carlo
solution is performed to calculate the distribution of
the target variable.  A linear distribution of a
particular variable (in this study the cell amperage)
can be used to create a “response space” for
evaluating the pot characteristics.  The interaction
between any two variables in the response space can
be evaluated using a regression analysis.

Amperage Fluctuation Submodel

The other important feature of ARC/DYNAMIC
used in this study is the amperage fluctuation
submodel.  The purpose of this submodel is to
synthesize a cell amperage time history that accounts
for the impact on the amperage of anode effects in
various pots in the line.  The user specifies a
probability density function that defines the
probability of x pots having an anode effect
simultaneously.

PBF pots have a distribution that does not vary with
time.  Side break pots have a distribution which is a
function of the feeding cycle.  The closer you are to
the feeding time the higher is the probability of
having more pots with anode effects.  This behavior
is represented in ARC/DYNAMIC by specifying
multiple probability functions each applicable to a
fraction of the feeding cycle.

Once the number of anode effects is known, the
amperage can be calculated knowing the maximum
capacity of the rectifier, the target line amperage,
and the voltage of each pot.  The later is calculated
by specifying a constant voltage for pots not in
anode effect and a voltage increment for pots in
anode effect.  The voltage increment is assumed to
be a normal distribution with the mean and standard
deviation specified by the user.

The net result is an amperage distribution over time
similar to what is shown in figure 4.  This is
characteristic of what is observed in real pot rooms.

Evaluation of the Back EMF

When it is time to regulate the cell ACD to keep the
voltage and thereby the internal energy constant, it is
common practice to control the so-called pseudo-
resistance instead of controlling directly the voltage.
This is required to filter out the effect of fluctuations
in the line amperage on the cell voltage. Since the
cell voltage was found to vary linearly with
amperage, the cell pseudo-resistance (R) is
computed as follows:

( )R = −U B E M F
I

(1)

where U is the cell voltage, I is the line amperage
and BEMF is referred to as the back electro-motive
force. BEMF is really the zero current intercept of
the tangent to the cell voltage vs. cell amperage
curve at the point of nominal cell operation.  By
definition, R should not be affected by the
fluctuation in the line amperage.

The value of BEMF is a function of temperature,
cell amperage and alumina concentration [3].
However, it is often assumed to be constant with
different values quoted in different sources (1.6–
1.8V in reference [3] and 1.62–1.68V in reference
[4]).  A value of 1.65V is often chosen.  It is
common practice within each smelter to calculate a
value of BEMF from the recorded line amperage and
cell voltage.

Two examples, a PBF and a side break cell design,
will be used to study the values of BEMF and
evaluate the effect of its accuracy on the pot
behavior.

PBF Cell Operating at 300 kA

As a first case study let us use the PBF prototype
cell operating at 300 kA presented in an article in the
February 1994 issue of JOM [5].  First, we can use
the Monte Carlo mode of the steady state solver to
study the impact of the amperage decrease on the
cell voltage at constant ACD and cell temperature.
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To do this, the metal level was selected as the target
variable.  The metal level is calculated that would
allow the cell heat loss to remain equal to the
internal heat as the amperage is decreased.

As we can see in Figure 1, for this particular cell
design,  the zero current intercept or BEMF is equal
to 1.632V.

U = 0.0088*I + 1.6316 ; R2 = 1
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Figure 1 - Correlation between the cell amperage
and the cell voltage (PBF cell with the metal
height as the target variable).

To help illustrate the sensitivity of the value of the
BEMF, let us change the setup of the steady state
Monte Carlo solution.  This time we will keep the
ACD constant, but we will select the temperature as
the target variable to converge the heat balance as
the amperage decreases.

U = 0.0083*I + 1.7702 ; R2 = 1
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Figure 2 - Correlation between the cell amperage
and the cell voltage (PBF cell with the cell
temperature as the target variable).

T = 0.3561*I + 868.2 ; R2 = 1
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Figure 3 - Correlation between the cell amperage
and the cell temperature (PBF cell with the cell
temperature as the target variable).

With this setup, the value of the zero current
intercept is increased to 1.770V (see figure 2).  A
decrease in temperature, as shown in figure 3, will
cause an increase in the bath resistivity and hence an
increase in the cell voltage.  This increase is offset by
the reduction in voltage due to the reduction in cell
amperage.   The net effect is an upward shift in the
curve resulting in the higher intercept.  Hence, one
has to be careful in the selection of the target
variable not to impact the cell resistance and
generate the wrong result.

More importantly, one has to be careful what
experimental data should be used to calculate the
BEMF.  The wrong information may lead to quite a
different conclusion.

Efficiency of the BEMF to Filter Amperage Noise

It is unrealistic to assume that the temperature
dynamic evolution can follow line amperage
fluctuation.  Hence, the best possible value of the
BEMF to use in calculating the cell pseudo-
resistance is 1.632V.

We will now run the model in dynamic mode with
and without amperage fluctuation activated.  We
will also use the “standard” value of 1.65V for the
BEMF (assuming that we don’t know better).  We
want to investigate how well we are able to filter out
the impact of the amperage fluctuation on the
dynamic evolution of the cell pseudo-resistance.
Figure 4 shows the amperage variation with time as
calculated using the amperage fluctuation submodel.
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The nominal current of 300 kA is also shown on the
figure.  This curve is typical of the fluctuations
recorded in operating pot lines.
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Figure 4 - Dynamic evolution of the cell amperage
(PBF cell with BEMF=1.65V).

As we can see in figure 5, the dynamic evolution of
the cell voltage is affected  by the amperage
fluctuation. On the other hand, results in the top of
figure 6 indicate clearly that even with a non
optimum value of 1.65 for the BEMF, the effect of
the amperage fluctuation has been almost completely
removed from the cell pseudo-resistance dynamic
evolution.

Figure 6 also shows the pseudo-resistance calculated
using a BEMF value of 1.770V.  Notice that the
amperage fluctuation effect is filtered out reasonably
well even at such a large deviation from the
optimum value.  Note, however, that the filtering is
not as efficient as the previous case.  Furthermore,
the average resistance is lower in view of the higher
BEMF value (see equation (1).
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Figure 5 - Dynamic evolution of the cell voltage
(PBF cell with BEMF=1.65V).
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Figure 6 - Dynamic evolution of the cell pseudo-
resistance (PBF cell w/ and w/o amperage
fluctuation for a BEMF of 1.65V (top curves)
and 1.77V (bottom curves)).

The above data suggests that there is a wide margin
of error in selecting the BEMF in PBF cells provided
that you are operating close to the nominal cell
amperage.  The important point to keep in mind is
that you do not need a perfect noise filter.  Instead,
what is required is a BEMF value that reduces the
pseudo-resistance fluctuation to a level well below
the noise from the ACD fluctuation due to the metal
roll and gas bubbles under the anode. It is important
not to confuse the two effects and try and kill a non-
existing instability in the pot.

Side Break Söderberg Cell

As second case study we will use the side break
Söderberg cell operating at 120 kA presented as the
validation test case of the dynamic model [1]. Side
broken cell technology typically suffers from greater
amplitudes of amperage fluctuation due to the higher
incidence of anode effects, so let us verify if the
above conclusions are valid in this case.

The variation of cell voltage with amperage is shown
in figure 7.  The first major difference you see is that
the BEMF characteristic of this cell design is 1.587V
which is significantly lower than the 1.65V quoted
value.  This confirms the view that the BEMF does
vary with cell technology and the variation can be
significant.
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U = 0.0233*I + 1.5871 ; R2 = 1
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Figure 7 - Correlation between the cell amperage
and the cell voltage (Side break cell with the
metal height as the target variable).

We now look at the efficiency of the BEMF to filter
the amperage noise.  Again, we will first compare
the dynamic evolution of the cell pseudo-resistance
with and without amperage fluctuations when the
BEMF is set to 1.65V.

Figure 8 shows the amperage fluctuation over time
synthesized by ARC/DYNAMIC based on the
probability distributions defined for the model.
Notice that for the side break cell technology, the
amperage fluctuation is characterized by a cyclic
pattern that corresponds to the potroom side break
feeding cycle.  Furthermore, we notice a significant
drop in the line current at the end of the feeding
cycle when the probability of having many cells in
the line in anode effect is high and the rectifiers have
reached their maximum power output.
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Figure 8 - Dynamic evolution of the cell amperage
(Side break cell with BEMF=1.65V).

The evolution of the cell voltage and the pseudo-
resistance with and without amperage fluctuation are
shown in figures 9 and 10 respectively.  The smooth
solid line shows the case of no amperage fluctuation.
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Figure 9 - Dynamic evolution of the cell voltage
(Side break cell with BEMF=1.65V).

This time, as we can see in figure 10, the amperage
fluctuations are significantly affecting the dynamic
evolution of the cell pseudo-resistance.

To see if the situation can be improved, we will
rerun the model in dynamic mode but this time with
BEMF set to calculated value of 1.587V.  As we can
see in figure 11, using the optimum BEMF value has
improved the situation. Obviously, this has also
changed the steady state value of the cell pseudo-
resistance so the cell target resistance had to be
readjusted accordingly.

It is clear from the above that side break technology
is more sensitive to the value of the BEMF in
filtering the amperage fluctuations.
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Figure 10 - Dynamic evolution of the cell pseudo-
resistance (Side break cell w/ and w/o amperage
fluctuation for a BEMF of 1.65V).
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Figure 11 - Dynamic evolution of the cell pseudo-
resistance (Side break cell w/ and w/o amperage
fluctuation for a BEMF of 1.587V).

Conclusions

The ARC/DYNAMIC models have shown that the
pseudo-resistance calculated using the BEMF is an
efficient mechanism for filtering out the amperage
fluctuations due to anode effects.   Furthermore,
PBF cell technology is more forgiving than side
break cells when the wrong value of BEMF is used.
Finally, the procedure for calculating the BEMF
value is important especially when this is done using
experimental data.
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