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Summary

An alumina concer_tration sensor was required to ensure safe operating conditions for cermet
inert anodes that were under development at the Pacific Northwest Laboratory (PNL) (_)for the
electrolytic production of aluminum metal. The Sensors Development Program at PNL was
conducted in response to this need for an alumina sensor. In all, eight different approaches to
developing an alumina sensor were evaluated as part of this program. Each approach sought to

• correlate alumina concentration either to some spectral, physical, or electrical property of the molten
electrolytic, or alternatively, to some operational characteristic of the reduction cell such as the

integrity of the cermet anodes or the electrical noise generated by them during cell operation. The
studies on electrical noise were performed using a large number of digital signal analysis (DSA)
methods.

There were two primary requirements for success for an alumina sensor to be used in
conjunction with cermet anodes: 1) adequate sensitivity to alumina concentration at concentrations
close to saturation, and 2) ease of use in an industrial setting. After numerous laboratory experiments
as well as field studies in some cases, it was concluded that none of the approaches sufficiently
satisfied the two criteria to serve as the basis for an alumina sensor. If further work is to continue in

this area, it is recommended that the research focus on alternative DSA approaches, primarily because
DSA methods would be so easy to use in an industrial environment. Due to the lack of correlation
using DS,_ in the present work, however, it is recommended that alternative strategies for data
collection and analysis be used in any further development activities.

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under
Contract DE-AC06-76RLO 1830.
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1.0 Introduction

The Sensors Development Program was conducted at the Pacific Northwest Laboratory (PNL)
for the U. S. Department of Energy (DOE), Office of Industrial Processes (OIP). The work was
performed from FY 1986 through FY 1992 in conjunction with the Inert Electrodes Program. The
overall objectives of the Sensors Development Program were to 1) investigate and develop methods of
process monitoring/control for operating electrolytic cells for aluminum production and 2) determine
safe operating conditions for cermet anodes. (a)

One of the most important process control parameters for cermet anodes is 'alumina concentra-

, tion (Weyand et al. 1986). In previous work at PNL (Windisch et al. 1991), it was shown that
alumina concentration must be maintained at or very near saturation in the molten salt electrolyte to
keep corrosion/dissolution of the anodes at acceptably low levels. To achieve these conditions in
commercial cells, however, a technique for measuring alumina concentration is needed that works
well at concentrations near alumina saturation and is easily adapted to the industrial environment.
Without a technique to monitor alumina reliably and expeditiously, good performance from cermet
anodes would be difficult to realize. The cermet anodes will be strongly influenced by variations in
operating conditions, especially alumina concentration. Although these variations can probably never
be completely eliminated during normal plant operation, they could be precisely detected and expedi-
tiously corrected if a technique were available for accurate and frequent measurement of alumina
concentration. Unfortunately, no known method satisfactorily meets the criteri I of accuracy near
alumina saturation and ease of use in an industrial environment. For example, a well-established
method for measuring alumina in existing Hall-Heroult cells uses measurements of bath resistance
(Bonny et al. 1984). The bath resistance measurements are related to alumina concentration through a
calibration curve like that shown in Figure 1.1. This approach works well in existing cells which use
carbon anodes because these cells are normally operated at alumina concentrations well below satura-
tion, e.g., at 1 to 3.5 wt% (Bonny et al. 1984) compared to saturation values of 7 to 8_ for typical
electrolyte compositions and temperatures. The resistance of molten cryolite changes dramatically
below 3 wt% as shown in Figure 1.1. Consequently, resistance measurements can be ust'l to control
alumina concentration accurately near this concentration. At higher concentration, e.g., near
saturation, the resistance-versus-alumina concentration curve "flattens out," making a good measure-
ment of alumina concentration difficult. Under these conditions, the uncertainties in resistances are

similar in magnitude to the actual variations as a function of concentration, i.e., the signal-to-noise
ratio deteriorates to unacceptable levels for industria_ applications.

Since the measurement of alumina concentration was considered so important for the successful

use of cermet anodes and since a satisfactory technique for performing these measurements was not
available, research in the Sensors Development Program was primarily focused on developing a

(a) Cermet _aodes were investigated at PNL as nonconsumable alternatives to carbon anodes for the
electrolytic production of aluminum metal. This work was performed under the Inert Electrodes
Program and is discussed in numerous references, e.g., Windisch et al. (1991).
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Figure 1.1. Plot of Bath Resistance Versus Alumina Concentration for a Typical Reduction Cell

sensor for alumina concentration. New methods for measuring other electrolyte characteristics, such
as bath ratio (weight ratio of NaF to AIF3) and conductivity, were also studied as part of this
program. However, these studies played a minor part in the Sensors Development Program and, in
most instances, were performed to support the alumina sensor studies, for example in understanding
how variations in these other properties affected the sensitivity of the measurements to alumina
concentration.

The basic idea in developing an alumina sensor is to find some easily measured property or
parameter which is influenced significantly, consistently, and reproducibly by alumina concentration:

Parameter - f(Alumina Concentration)

The first step in developing a sensor is to hypothesize various parameters that might show sensitivity
based on results reported in the literature (or on common experience) and to perform preliminary
testing of these parameters in a limited set of laboratory experiments over a wide range of alumina
concentrations. For example, if it were hypothesized that the molten salt behaved like a grey body,
exhibiting an emission spectrum that depended on composition, it might be proposed that the intensity
of the light emitted at one frequency, or the power density of the entire radiation field, would depend
on alumina concentration. Preliminary testing would involve measuring spectra of the light emitted
from cells with a few, widely different alumina concentrations. If some sensitivity were demon-
strated, then more carefui sensitivity studies would be performed to make sure the approach gave
adequate correlations at concentrations near alumina saturation. If the sensitivity appeared acceptable,
calibration curves relating the parameter to alumina concentration would be obtained. Sensitivity and,
in particular, calibration curve development, also would involve checking sensitivity to other cell
operating parameters such as current density and the concentrations of other bath components. The
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sensitivity of the parameter to alumina concentration may, after all, be affected by other cell operating
conditions. Estimated uncertainties also would be determined for the parameters where appropriate.
If the technique demonstrated adequate sensitivity in the laboratory, as evidenced by a useful calibra-
tion curve, or if there were significant improvements to sensitivity expected in scaling up the
approach, then the approach would be tested in an actual commercial cell or a pilot-scale facility.
The scale-up testing would be performed _oevaluate the effects of scale-up on sensitivity and to
determine the ease of using the technique in an industrial setting. A summary of the steps and criteria
for developing an alumina sensor is given in Table 1.1.

Table 1.1. Criteria for Developing an Alumina Sensor

" _Steps to Development Criteriafor Successfol Sensor

Hypothesize Parameter
Preliminary,.Screening
Sensitivity Studies Sensitivity to Alumina at

Calibration Curves Concentrations Near Saturation
Experimental Uncertainties
Effects of Other Cell

Parameters

Positive Effects of Scale-up andField Test Ease of Use

As shown in Table !. 1, there are two primary criteria for a successful aluminasensor:
1) adequate sensitivity to alumina concentration at concentrations close to saturation, and 2) ease of
use in an industrial setting. These criteria were emphasized throughout the development project and
in this report, and weighing the importance of each of them with the degree of success or failure of
the experiments became the major undertaking in this work. Failure to meet one or both of these
criteria to the satisfaction of the researchers or appropriate representatives from industry or
management personnel was, ultimately, responsible for abandoning most of the approaches
investigated in this work. Conversely, in one case, the approach was so successful in satisfying one
of the two criteria, i.e., it was very easy to use, that it was not abandoned completely even though it
gave no apparentcorrelation with aluminain the studies reported here.

In all, eight approaches to measuring alumina concentration were studied in PNL laboratories
over the seven years of the Sensors Development Program. These approaches are listed in Table 2.1.
Also shown in Table 1.2 are the Fiscal Year periods during which each approach was studied, an
indication of what stage of development each approach was taken by PNL staff, and a brief summary

" of the results of the work and an explanation.

As indicated in Table 1.2, ali of the methods for measuring alumina concentration that were
" investigated by PNL were either abandonedor suspended. Approachesthat were abandoned appeared

to show very little promise for any improvement even with significant further investment of effort.
Approaches that were suspended seemed to show some promise, but problems were encountered that
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Table 1.2. History of PNL Alumina Sensor Development

FY of

Approach Study St_Lggg , Result Explanation

Radiometer-Pyrometer FY86-87 Lab Abandoned Lacked sensitivity
Spectral Reflectance FY86 Lab Abandoned Lacked sensitivity
Infrared Imaging FY86 Lab Abandoned Calibration difficult
Bath Vapor Analysis FY87 Lab Abandoned No correlation ,b

Thermal Arrest FY87 Field Abandoned Too intrusive

Impedance Analysis FY87-89 Lab Abandoned Hysteresis effects
Reference Anode FY88-89 Field Abandoned Materials problems .
Digital Signal Analysis FY88-92 Field Suspended No correlation

could not be resolved with funds or time left on the program. Three of the eight approaches were
taken into the field. Ali were abandoned except for one: digital signal analysis (DSA). TI,_ DSA
approach was suspended because of lack of any meaningful cen'elation involving alumina c_lcentra-
tion for any of the data sets collected in either the laboratory or in the field. Despite these failures,
however, other considerations make the approach difficult to abandon completely and suggest that im-
provements in cell design and/or data collection strategies may result in the desired correlations.
Moreover, the DSA approach is so easy to adapt to operating cells that systematic and long-term
studies on various cells, both commercial and in development for future cermet anode testing, would
seem to be in order.

The results of the development studies for ali eight of the above techniques were reported, in
part, in seven previous PNL documents (Hart et al. 1987; Brenden 1988; Strachan et al. 1988;
Windisch et al. 1990; Strachan et al. 1990; Williford and Windisch 1992; Windisch 1992). The
purpose of the present report is to summarize these results in one document and to include the results
of the studies that, for one reason or another, were not previously reported in entirety. This report
covers ali studies to develop an alumina sensor for aluminum reduction cells performed under the
Sensors Development Program from FY86 through FY92. Since no additional studies are planned by
PNL at this time, the report is titled "Final Report on the PNL Program to Develop an Alumina
Sensor." In this document, a separate section is devoted to each of the eight techniques that were
introduced in Table 2, with each section describing the technique, the results of laboratory and field
testing, and the action taken and/or recommendations made as a result. The last part of the report
gives some overall observations and recommendations for future work in conjunction with cermet
anode development.
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2.0 Radiometer-Pyrometer

The liquidus temperature is the maximum temperature at which both solid and liquid phases are
present in the cryolite bath. This temperature is strongly affected by both the concentration of
alumina and the weight ratio of NaF to AIF3 (bath ratio) in the bath. Since the bath ratio is compara-
tively constant, the liquidus temperature should be a function mainly of the alumina concentration.
Consequently, the liquidus temperature and various parameters that relate to it, should serve as a

. good basis for an alumina sensor.

Three types of spectroscopic techniques were studied for determining the liquidus temperature of
. a cryolite-alumina melt. Ali of the methods were "non-contact" to eliminate materials/corrosion

problems that would be encountered with an intrusive probe. The first approach, which is discussed
in this section, is a combination of a radiometer, a pyrometer, and a laser. The second approach,
discussed in Section 3.0, is a fast analyzer of spectral energy distribution in the 400- to 1070-nm
range. The third approach, discussed in Section 4.0, is an infrared imager operating in the 8000- to
14,000-nm range.

2.1 Description of Approach

The radiometer-pyrometer approach uses a combination of a radiometer, a pyrometer, and a
laser. In this approach, a portion of the surface of the bath is solidified by applying locally a stream
of cool gas. The solidification event is detected by using the combination of laser and radiometer.
As soon as solidification occurs, the temperature is measured with the pyrometer.

In an aluminum reduction cell under normal operation, the surface of the molten salt electrolyte

is normally hot enough to be free of solids. When locally cooled at the surface, the solids initially
form as a thin film in very good thermal contact with the liquid beneath it. With the film on the
surface, a pyrometer would measure the temperature of that surface, lt was proposed that this
measurement would correspond to an accurate value for the liquidus temperature.

The radiometer-pyrometer approach used in this study is illustrated in Figure 2.1. A collimated
beam of light from a laser is directed at the surface of the cryolite bath. When the surface is clean
and free of a film of solid material, nearly ali of the light should be reflected in the specular direction
and only a small portion of it will reach the radiometer. There will be essentially no scattered light
and the radiometer reading will be low. As the surface of the cryolite is cooled with a jet of cool
argon gas, the liquidus temperature is eventually reached and a thin film of solid material will form.
Unlike the original liquid surface, this solid material will not have a smooth specular appearance, lt
will scatter light in ali directions as indicated by the oval shown in Figure 2.1. This will generate a
high reading on the radiometer. With a high reading, the presence of film is indicated and the

• pyrometer reading can be taken as the liquidus temperature.

Figure 2.2 shows another design for the radiometer-pyrometer approach. This design incorpo-
" rates a radiation pyrometer and would probably be easier to use in an industrial setting. The

approach uses a radiometer in combination with signal processing electronics which interpret the
radiometer signal in terms of temperature. The radiometer output would be sent both to a lock-in
amplifier and to the pyrometer electronics. The lock-in amplifier would assist in verifying the
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Figure 2.1. Radiometer-Pyrometer Method for Detecting Formation of Solid Film

presence of a film on the surface of the cryolite as discussed below. When the film is detected, the
chopper would be positioned to cut off the laser beam, and the pyrometer electronics would begin to
interpret the radiometer signal as a temperature. Output signals from the pyrometer electronics could
be displayed, recorded, and, by correlation with liquidus-composition curves, used to provide
information on alumina concentration.

2.2 Results

The instrumental setup used in these experiments is shown in Figure 2.3. (a) A beam of light
from a SP 145 Spectra Physics helium-neon laser (Mountainview, California) was directed at the
cryolite surfaceat an angleto the surface. The surface is free of solid material as long as it is

(a) For these experiments, the system was a collection of laboratory equipment. In a finished
system, ali of the individual pieces in Figure 2.3, except the recorder, were envisioned to be
packaged in a single compact unit.
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above the liquidustemperature. With no solid materialon the surface, the laser beamis specularly
reflectedanddoes not enter the radiometer. At the liquidustemperature,the surface, which is the
coolest portionof the bath, beginsto crystalize, forminga thin film which generates diffuse reflec-
tance. An EG&G5504 radiometer(Princeton,New Jersey) was used to sense the level of diffuse
light and provide an indicationthat the temperatureof the surface shouldbe read using a Wahl
InstrumentsHSA-7 pyrometer(Chicago, Illinois).

Since the bath temperaturewas well above 900°C in these experiments, it was radiatingstrongly
• in the spectral acceptanceband of the radiometer. A narrowbandpass optical filter was used to

restrict the spectral acceptancebandof the radiometerto the region of the laser output at 632.8 nm.
Even within this narrowbandpass,the energy radiatedfrom the cryolite overpoweredthe responseof

" the radiometerto scattered laser light, so an EG&G PAR 192 chopperwas used to modulatethe laser
beam and phase-sensitive detection was employed. Using an EG&G PAR 128 lock-in amplifier
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Figure 2.3. Block Diagram of Liquidus Temperature Measurement System

synchronized to the chopper frequency (500 Hz), ali of the effects of the radiant output of the cryolite
upon the radiometer were nullified and the output of the lock-in amplifier became a function of the
scattered light only.

A strip chart recorder was used to record and indicate the amplitude of the detected signal.
Temperatures of the cryolite surface were taken at approximately 15-s intervals and hand written on
the strip chart. Noise on recorded signal traces was diminished by increasing the time over which the
signal was measured. Integration time was selected using the lock-in amplifier. The integration time
was initially chosen as 0.1 s but was changed to 1 s to increase the signal-to-noise ratio.

The characteristics of the pyrometer component of the apparatus were also considered. The
cryolite melt radiates much like a black body as illustrated in Figure 2.4. The figure shows the
spectral radiance of a cryolite melt at 945°C. The ratio of the radiance at any given wavelength to
that at 1062 nm is plotted as the shaded region. This ratio is compared with the same ratio for a
black body referenced to 1.07/zm (1070 mn), which is plotted as a solid line. The melt temperature
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was measured with a thermocouple immersed directly in the melt. Similar tests showed that the
radiation characteristics of the melt capped with a solid film were also close enough to a black body
to serve as basis for temperature measurement. A two-color pyrometer was used in these studies.
This type of pyrometer has the advantage of using a ratio of radiances in two spectral bands to
determine a "true" temperature without the knowledge of the emittance of the source. Its main
disadvantage is that it assumes the emittance is the same in both spectral bands, which may not be the
case for molten cryolite. Nevertheless, this choice of pyrometers appeared to be the best for these
initial studies. Refinement of the approach or instrumental components was left to later phases of the
study.

In the first preliminary experiments using this technique, the objective was to see if the com-
bination of laser and radiometer could successfully detect the formation of solids upon cooling. In

" these tests, the whole bath was cooled as data were recorded. (a) Figure2.5 shows the results of
one of these tests performed on an alumina-containing cryolite bath. At a temperature well above the
liquidus temperature, vapors leaving the surface of the bath interact with the laser beam to produce a
small amount of diffuse scattering which is detected by the radiometer. The amount of vapor
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Figure 2.4. Comparison of Spectral Radiance with Cryolite to Radiance of a Black Body
,e

(a) In practical application, a means of cooling a small local region must be provided. A special
"hot" window may also be needed to protect the optical system from being coated by condensed
vapor from the bath.
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Figure 2.5. Typical Strip Chart Recording Using Radiometer-Pyrometer

fluctuates, causing fluctuations in the detected scattered light. The amplitude of this fluctuating signal
decreases, although not dramatically, as the bath cools. Over the same time period, the mean level of
the radiometer signal also decreases because less energy is radiated by the bath within the spectral
pass band of the laser line filter. As a solid f'tim forms on the surface of the bath, the amount of
scattered light increases rapidly to well above the level of light scattered by the vapors. The liquidus
temperatureof the bathwastakenasthe temperatureat the kneeof the reflectancecurve. The tem-
perature,readby the radiationpyrometer,at the specular-to-diffusedreflectancetransitioncorrelated
well with the valuefor the liquidustemperaturefor this bathcomposition.

The experimentalsetupdescribedabovewasthenusedto determineliquidustemperaturesfor
cryoliticbathswith aluminaconcentrationsbetween0% andsaturationfor variousbathratios. The
resultsof thesestudiesareshownin Figures2.6 and2.7. The temperaturescorrespondingto the
specular-to-diffuse transitions (taken as the temperaturesat the knees of the reflectance-versus-time
curves similar to Figure 2.5) were very close to the literaturedata (Grjotheimet al. 1982) for liquidus
temperaturesup to about 6 wt% alumina for the bath ratios shown. Above this concentration, the
literaturedata showed a very steep increase, whereas the experimental temperatures"bottomed out"
or increased only slightly. This observation was made repeatedly on numerous data sets at various
bath ratios. Unfortunately, this result indicates very poor sensitivity for the approach at alumina
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concentrationabove 6 wt%. Since accuratemeasurementof aluminaat concentrationshigher than
6 wt% was considered necessary for a successful aluminasensor, the methodwas judged unsuitable
and furtherdevelopmentwas not pursued, lt is not clear why the deviation between the literature
liquidus temperaturesand the experimentaltemperaturesdeviatedso much above 6 wt% but it is
suspected that the problemwas not strictly instrumentaland therefore not easily "fixed." As shown in
Figure 2.7, the transitiontemperaturesshowed very good correlationwith the literatureliquidus
temperaturesas a functionof bath ratios at 0 % alumina throughoutthe range of bath ratios studied.
Some minordeviationtoward higher values appearsat bathratios above 1.10 but this may have been

• due to radiationfrom the bath transmittingthroughthe surfacefilm.

Another disadvantageto the radiometer-pyrometerapproachwas debatedduringits development.
" This concerned the difficulty in incorporatingthe techniqueinto the current design of aluminum

reduction cells. Reductioncells typically operatewith a thick crustover the molten salt bath. The
presence of this crust would make it difficultto take routinemeasurements. The crust wouldhave to
be broken each time a measurementwas taken. Moreover, since the detection equipmentemployed
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optics, it could not be permanentlyaffixed to a pot in a position where it was readyto take measure-
ments. The environmentwouldprobablybe too hostile for the equipmentto tolerate continuous
exposure, or it would be "in the way" for the various routine measurementsand adjustmentsthat have
to be made on reduction cells. Consequently,the equipmentwouldprobablyhave to be moved re-
peatedly and therefore, even underthe best circumstances,could be employed only on a compara-
tively infrequentperiodic basis. Since some of the other approachesunderstudydid not suffer from
these disadvantages,the radiometer-pyrometermethod was abandonedin favor of the alternative
approaches.

2.3 Summary of Conclusions

Laboratorytests showed that the methodproduced inaccurateand "insensitive" results in
measuringaluminaconcentrationin excess of 6 wt%. Because the measurementof alumina
concentrationsgreaterthan 6 wt% was required, the method wasjudged unsuitableandfurther
research was abandoned.
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3.0 Spectral Reflectance

The spectral reflectance method is similar to the radiometer-pyrometer method in that it uses a
light source external to the molten salt bath and a detection system to measure scattered light. As
with the radiometer-pyrometer method, the objective is to discriminate when solids begin to form on
the surface of the melt during cooling and to measure the temperature at this point. The difference in
the spectral reflectance approach is that a white light source is used and the entire spectrum of the

. reflected light is utilized.

3.1 Description of Approach

As shown in Figure 3.1, the spectralreflectanceapproachinvolves illuminatingthe surface of
the cryolite melt with a microscope lampandcollecting and analyzing the reflectedlight with a
spectrophotometer. When the surface of the melt is clean and clear, very little of the illuminating

Figure 3.1. Experimental Arrangement for Tests Using a Spectral Radiometer
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light should be scattered to the spectrometer head. The measured spectrum should be characteristic
mainly of the emitted light of the molten salt, i.e., black body radiation. When a film forms on the
surface as a result of local cooling, the illuminating light should be scattered. The scattered light
should alter the spectrum measured by the spectrophotometer. By measuring the spectrum before and
immediately after the formation of the film and subsequent processing of these spectra, it was hoped
that the differences would be large enough to indicate the onset of film formation, similar to the
radiometer-pyrometer method. The temperature at which this onset occurs would be determined
from the emission spectrum itself and should correlate with the liquidus temperature. If the correla-

tion is good, the alumina c" ncentration should be ascertained similar to the radiometer-pyrometer
method.

3.2 Results

A Photo Research Model TR713 Spectrascan speetrophotometer (Burbank, California) was used

as part of the setup shown in Figure 3.1 to study the radiation characteristics of the cryolite melt
surface both with and without a solid film present. The temperatu-e of the melt in this study was
945°C as measured with a thermocouple immersed directly in the bath. Figure 3.2 shows the spectra
generated by a clean melt surface at this temperature. Also shown are the radiation curves expected
for black body radi,tors at various temperatures. Nearly ali of the energy seen by the radiometer
head in the experiment was due to the thermal radiation of the cryolite as indicated by the similarity
of the experimental curve and that for the black-body radiator at 945°C. In addition to the emission
spectrum, the spectrophotometer provided information on the radiance in the spectral band from 390
to 1070 nm, the luminance, the CIE (Comission Internationale d L'Eclairage) chromaticity coordi-
nates and, where appropriate, the color temperature of the radiation. Comparison of the
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Figure 3.2. Spectral Radiance Distribution of a Clean Cryolite Melt Surface at 945°C
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spectrophotometric output of the cryolite bath with the equivalent curve for a 945°C black body
showed that the spectral radiance of the cryolite melt adequately approximates that of a black body of
the same temperature.

Figure 3.2 also illustrates the strong predominance of the infrared component of the radiation.
This prevented the calculation of accurate intensity ratios in the blue end of the spectrum. To address
this problem, an infrared blocking filter we,s piace in the system (Figure 3.1). The spectral radiance
plot of a 941 °C clean cryolite melt surface, modified by the filter, is shown in Figure 3.3. This was
used as the reference spectra. The melt was allowed to cool to 927"C by which time a film of solid
covered the surface. Figure 3.4 shows the corresponding spectral plot. Comparison with Figure 3.3
shows that the solid film produced a spectrum richer in the blue (short wavelength) region of the
spectrum. The energy output of the microscope lamp, operating at about 3000°C, was much richer in
blue light than the cryolite at 9270C. When the solid film forms, this blue-rich light was scattered
into the detector. The plot in Figure 3.5 was obtained by dividing the 9270C spectra by the reference
spectra. As shown, the formation of the film of solid material was readily detected by the buildup of
the spectral energy in the 400- to 500-rim region.

I O0 - "i..
.._.
.....
............
.....

,; BO - !:ii! i•......
........

'.'.'.,'. ......

rr" . .

RC) - +::
"_ .... 'i'

.:::::::::::::::::: :: .
:::::::::::::::::::::: ..:. .:.ct)

40 - :::::::::::::::::::::::: :: ::
"_,, /.:.:.:.7.:.:._.:.:.:.:.: + :. ...-

:.......,...,....,.,...,.... ...,....

"_ ::::::::::::::::::::::::::: iii ..'.",......,..%.....................

=: .:i!iii!!iiii!!!!!ii?iiii!ii!!?i!iii:. !:iiii i!i!iiiii
:.:.:.X.:.:.:.:.X.N.:.:.:';':.;';':'I':'.

i  ::iiiiiiiiii!i!iiiili!iliiiiiiiiiii!!i!iiiiiiiiiiii! i::::::::! :0 I ..... ,.:k:_:_#_iiii_1:i:_i:!_:i:i|:i:_:i:_i:i_:i:i_:i:i_:!:i_:i:)i:_i:i:i:i:i:|i:i:_i:i:i:i:i_:i:i:i:i:_:i:i_:1:i_:i:i:i::2:i1:i:;_:i?i_!
400 600 800 1000

Wavelength, nm
Peak at 6B6 nm
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Filter (Test Spectrum)

It was recognized that a spectrophotometer of the type used for this study could not be used for
continuous monitoring of the melt condition. Alternatively, it was conceived as a way to perform
spot checks. A reference spectrum of the clear melt surface would be taken and stored in system
memory. The formation of a thin solid film would be induced on a small area of the surface of the
melt using a jet of cool inert gas. A second reflectance spectrum would be taken with the surface
illuminated by a tungsten lamp. The reference spectrum would be divided by the film reflectance
spectrum. If a film was present as indicated by a blue-rich spectrum, the liquidus temperature would
be determined by the radiance computed for the film spectrum by the spectrophotometer system.

Because of the similarity of this approach and the radiometer-pyrometer method, further study of
the spectral reflectance method was abandoned. The radiometer-pyrometer method seemed to have
the advantage of more portable and easily accessible equipment. Consequently, it would be easier to
apply on a routine basis. As it turned out, the radiometer-pyrometer method was also abandoned as
discussed in Section 2.0, because of problems with sensitivity at high alumina concentrations. Since
the spectral reflectance method is based on the same principles as the radiometer-pyrometer method, it
was considered likely that it would suffer from the same shortcomings. Consequently, the spectral
reflectance approach was abandoned as weil.
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3.3 Summary of Conclusions

The spectral reflectance approach to measuring alumina was abandoned because it was based on
the same principles as the radiometer-pyrometer method but was more difficult to apply in practice.
Further development work was considered inappropriate at this time because it was perceived that the
methods suffered the same sensitivity shortcomings.

I
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4.0 Infrared Imaging

Infrared imagingwas anotherspectroscopicmethod evaluatedfor measuringthe liquidus
temperatureand aluminaconcentration.

4.1 Description of Approach

The infrared imagingapproach uses an infrared detector to detect and measure infraredradiation
emitted from the molten cryolite. The approach is similar to those discussed in Sections 3.0 and 4.0,
but it provides more of a visual perspective on the surface temperatures. Recent improvements in
commercially available infrared imagers make them a powerful tool for the study of temperature
distributions. The technique is capable of resolving a temperature field spatially (in 2-D), so it
provides an interesting alternative to monitoring the formation of solids at the melt surface.

4.2 Results

A molten cryolite surface was studied in this work using an Inframetrics 600 L image analyzer
(Bedford, Massachusetts). The device was positioned right over the exposed surface of the bath. The
images were recorded on video tape, some of which were later converted to color photographs.

The infrared emitting characteristics of the clean, clear molten cryolite surface were first
determined. Infrared images were obtained. The emittance of the surface was then determined by
setting the emittance on the instrument so as to give a temperature read-outthat coincided with that of
a thermocouple placed in the molten cryolite near the surface. Measured in this way, the emittance
was 0.97, which is very close to that expected for a true black-bodyradiator (1.0). Consequently, it
appears that the surface is a near perfect radiator in the 8- to 14-#m spectral range. This is consistent
with the similar studies over a broader spectral range discussed in Sections 2.0 and 3.0.

Measurement of the film-forming event requiredfor liquidus temperaturemeasurementproved to
be difficult with the infrared image analyzer. When solid first began to form in the laboratory cells,
it usually built up in a very uniform manner. This made it hard to detect using the imager. As the
film became thicker, however, it broke up, forming something like an assembly of floating ice blocks.
The formation of the blocl_ was easier to detect with the image analyzer. Unfortunately, corre-
lating these blocks and their properties with the liquidus temperature was not as straightforward as
correlating those for a thin film.

The formationof solids at the surface of the bath in a laboratorycell is shown in the infrared"
images in Figure 4.1. By positioning the crosshairsof the analyzer on a region of interest, the
temperature of that region can be determined. Using this approach, the solids formed on the liquid

• surface were measured to have an apparent temperatureas muchas 50°C cooler than the underlying
liquid. For example, as shown in Figure 4.1, the temperature of the liquid surface (a) was 927°C
while the temperature of the large particle (b) was measured to be less than 877°C using the same
emittance setting on the analyzer. Since any solid formed should have been in thermal equilibrium
(or near equilibrium) with the liquid right beneath it, it is likely that the differences in measured
temperatures were, at least partly, due to a difference in emittancebetween the solids and the molten
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(a)

CD)

Figure 4.1. Infrared Images of Cryolite Surface: a) Shows Particle Formation. Three Particles
Present. Temperature at Cursor is 927°C. b) Shows a Large Particle. Temperature
at Cursor is Less Than 877°C.

salt surface. Without good information on the emittance characteristics of the solids formed (which
will certainly vary with composition), it appeared that the approach would not be very useful for
accurately measuring the liquid-to-solid transition temperatures.
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4.3 Summary of Conclusions

The development of the infrared imager was abandoned due to difficulty in calibrating the
instrument to the emittance characteristics of the solids formed at the liquidus temperature. The
technique might be a good way to make spot checks on the formation of solids or, with further study,
be a useful tool for developing a better understanding of film formation. However, since other more
promising techniques for alumina concentration measurement were under development at the time, no
further research using this approach was performed.
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5.0 Bath Vapor Analysis

The purpose of the bath vapor analysis work was to determine if the spectral properties of
vapors liberated from the molten salt bath and deposited on cool quartz plates correlated in any way
with bath compositic.n, in particular bath ratio and alumina concentration. Initial results indicated that
measurements of the ratio of the reflectance at 300 nm to that at 740 correlated with the bath ratio.

However, subsequent tests did not confirm this correlation or any correlation involving alumina
concentration.

5.1 Description of Approach

The approach taken in this work was very straightforward. Partial pressures of the various
components in the vapor above a molten cryolite bath should be related to the bath ratio and the
concentration of other components, including alumina, in the bath. It was therefore reasonable to
hypothesize that the composition of deposited vapors could be related to bath composition. If the
composition of the deposited vapor could be measured by spectroscopic methods, instrumentation
could be developed to perform noncontact bath analysis.

Quartz paltes (1.5 x 1.5 x 0.12 in.) were placed a few inches above the bath for five or more
minutes to permit bath vapors to condense on them. When the bath was held above the liquidus
temperature, the vapors deposited on the plates in the form of coatings. Spectral reflectance measure-
ments of the coatings were made using a Beckman UV 5270 spectrophotometer (Fullerton,
California). The reflectance spectrum of a bare quartz plate was also run and subtracted from that of
the deposit samples. In ali cases, the specular reflection component was blocked. The residual
spectra resulting from this subtraction were normalized to a reflectance of 10% at 740 mn; the
resulting reflectance at 300 mn was studied for possible correlation to bath composition. Possible
correlations with bath ratio were investigated first.

5.2 Results

Initial data seemed to indicate a linear increase in relative reflectance at 300 mn with an increase

in bath ratio. Figure 5.1 shows an example of a set of normalized reflectance spectra for deposits

obtained on the specimen plates. The spectra shown are for a cryolite bath with three different bath
ratios. The plots indicate that the reflectance is greater in the blue region of the spectrum, similar to
the result reported in Section 3.0. As shown by the magnitude of the curves at the very left end of
the plots, the amount of non-specular reflection at 300 nm appears to correlate with bath ratio. The
amount of reflectance at this wavelength seems to go up with increasing bath ratio. Data obtained
from a whole series of test of this type are plotted in Figure 5.2. The letter designations correspond
to the names for the various data sets. Points D, E, and C were derived from Figure 5.1. Points D,

" E, C, F, G, H, and J were the first set of data obtained. As shown in Figure 5.2, with the exception
of point G, these points appear to exhibit a very good linear relationship with bath ratio.

" The apparent correlation between the reflectance measurements and the bath ratio caused initial
optimism, so the experiments were repeated. As shown in Figure 5.2, the second series of measure-
ments (letters other than those indicated above), showed no apparent correlation with bath ratio.
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Another series of tests were run to determine sensitivity to alumina concentration. The results
are shown in Figure 5.3 for bath ratios of 1.1, 1.2, and 1.3. In these experiments, a bath of a given
bath ratio was heated to well above the liquidus temperature (over 1000°C in some cases). Two
quartz plates were then inserted in the vapor. One plate was left in the vapor to accumulate a deposit
throughout the succeeding series of measurements. The other plate was removed after 5 min. of
exposure. Before a clean plate was put in its piace, alumina (5 wt%) was added. Clean plates were
exposed successively to 5 wt%, 10 wt%, and 15 wt% solutions of alumina in cryolite while the one
plate accumulated deposit throughout the test. The results (Figure 5.3) were very irregular showing
no consistent trend with alumina concentration as a function of bath ratio. Moreover, the plates
exposed to cumulative vapor collection did not give the same reflectance measurements as those
exposed to 15 wt% bath vapors as expected. Clearly, experimental difficulties were present during
these tests. Ccasequently, the experiments were repeated again with some modification of test
procedures.

During the last series of tests, the cryolite bath was covered and the vapors were channeled
through a 10-in.-tall chimney. Quartz plates were placed about 1/8th in. above the chimney to
receive deposits. The spectra obtained from these studies exhibited characteristics that differed
significantly from those in the earlier tests. The increase in reflectance at the blue end of the
spectrum of the deposited vapors was still present but was significantly less pronounced. Several
specimens showed a sharp fall off in reflectance for wavelengths shorter than 400 rem. The possibility
of an absorption edge in the ultraviolet which varied with bath ratio was investigated by running
ultraviolet spectra from 210 nm to 350 nm for three different bath ratios. Although an absorption
edge was indicated in the region of 250 nra, no shift in its position with bath ratio was observed.

The change in relative reflectance at 300 ,,am, normalized to 0.10 at 740 nra, for the tests
involving the chimney is shown in Figure 5.4 under the conditions of two different gas covers. The
relative reflectances are significantly different from those measured in the earlier studies. The lack of
a reproducible and significant change as a function of bath ratio suggests that the approach is not
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Figure 5.3. Relative Reflectance of Vapor Deposits as a Function of Alumina
Concentration in the Bath
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useful for monitoring bath ratio. Given the difficulties in correlating the reflectance data with bath
ratio and with alumina in the first set of studies, it was considered unlikely that the chimney design
would give any better results in measuring alumina concentration.

The bath vapor spectral analysis approach was probably unsuccessful because of experimental
problems in the sampling method. The effect of oxygen in the gas phase (suggested in Figure 5.4),
the temperature of the sample substrate, and the thickness of the sample ali probably affected the
results. In particular, thick samples collected at higher temperatures showed little variation in the
relative reflectance with bath ratio.

The conductivities of the vapor-deposited films were also measured after depositing them on the
surface of a conductivity probe. The vapors formed above the bath were tested during heatup and
cooldown of baths with bath ratios of 1.0, 1.1, 1.2, and 1.3. A linear correspondence of 1/T
(temperature in K) with the logarithm of the conductivity of the fdm was typically observed. The
slopes of these curves were similar regardless of bath composition. These results suggested that

either the composition of vapor above the bath does not vary with bath composition or that variations
are too small to detect. Therefore, this technique did not appear to be applicable for confirming bath
composition either.

5.3 Summary of Conclusions

Analysis of bath vapors deposited on cool substrates did not give a reliable indication of the
composition of the bath. The data were apparently affected by characteristics of the deposited film
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that could not be sufficiently controlled in the laboratory cells. Given the control problems in the
laboratory, it was considered unlikely that the approach would be successful in the field, where
variations in operating and sampling conditions would probably be more severe. For this reason,
further development of this technique was abandoned.
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6.0 Thermal Arrest

Cooling of any liquid eventually results in the precipitation of one or more solid phases. In the
case of the alumina-cryolite molten salt bath, the temperature at which this transition occurs is the
bath's liquidus temperature. Since the liquidus temperature depends on the composition of the melt, it
should be useful in determining the melt composition, provided, of course, there is only one inde-
pendent composition variable, e.g. alumina. During cooling, the temperature of the melt drops until

,, the liquidus temperature is reached. At the liquidus temperature, the temperature of the bath remains
the same, due to the heat of fusion, until the precipitation is complete. In a temperature-versus-time
trace obtained during cooling, the result is an inflection, or thermal arrest, at the liquidus tempera-
ture. This phenomenon was used as the basis for the alumina sensor discussed in this section.
Samples of bath removed from a reduction cell were cooled and their cooling curves obtained. The
thermal arrest temperature was measured and related through a calibration curve to alumina
concentration.

6.1 Description of Approach

The initial laboratory setup used to measure the thermal arrest of molten cryolite mixtures
employed a simple combination of a thermocouple, a temperature meter, and a stripchart recorder.
The preliminary results indicated that the liquidus temperatures could be measured reliably this way,
so a more sophisticated and more portable system was assembled. As shown in Figure 6.1, this
system consisted of a Hewlett-Packard HP-321 data acquisition unit (Palo Alto, California), a HP-71B
hand-held computer, a type K thermocouple, and a 3-cm 3 graphite dip cup with a lightweight
handling arm. The electronics package weighed less than ten pounds and could be stored in a small
21 in. x 15 in. x 7 in. suitcase for easy transport and use. The system, which facilitated application
in field testing, also operated on an internal, rechargeable battery power supply. Figure 6.2 is a
photograph of the assembly ready for use.

Type K Thermocouple
I

HP-3421
HPIL Interface I HP-71B

Data Acquisition
- ' Computer,,, System

t iTemperature in °C utat s and Displays
Liqui6us Temperature

Figure 6.1. Portable Contact System for Measuring the Liquidus Temperature of Cryolite
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Figure 6.2. Photograph of Thermal Arrest Device Ready for Use

Figure 6.3 is a schematic of the apparatus in use. In a typical measurement, a sample of molten
bath was withdrawn, temperatures were measured with the thermocouple, and the temperature-versus-
time data were digitally stored with the computer. To facilitate data analysis, a program was
developed for the HP-71B that allowed the system to identify the temperature at which the thermal
arrest occurs. Identification of this temperature is based on the observation that a typical cooling
curve is characterized by three regions with different slopes. These three regions are the initial
cooling period with the fastest cooling rate, the thermal arrest period with the slowest cooling rate,
and the final period with a cooling rate of intermediate magnitude. The computer was programmed to
calculate the slope (S) of the cooling curve and the rate of change of the slope (H). The temperature
at which the thermal arrest occurs was determined by finding the maximum value of H/S, since a
maximum value of H occurs in the region where the slope S is at a minimum. The resultant inflec-
tion point in the cooling curve as the system cools through the liquidus temperature was reported, as

was the process temperature. By selecting the appropriate bath ratio, a wt% AI203 value was also
reported.
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Figure 6.3. Schematic Showing Dip Cup Immersed in Cryolite Bath

6.2 Results

Data from laboratory tests of this system using a bath ratio of 1.1 with 6, 7, 8, and 9 wt%
alumina are shown in Table 6.1.

The wt % alumina values in the first column were determined on the basis of the weighed
amounts of alumina powder added to the bath. The mean wt% alumina data in the last column were
determined from a calibration curve developed from the mean temperatures at 6 wt% and 9 wt%
alumina. A linear calibration curve between these two calibration points was assumed. In addition to
displaying the transition temperature, the c_mputer also displayed the maximum temperature recorded
during the data run (starting temperature) and a quality factor. The quality factor gives a measure of
how well-defined the thermal arrest was. Note that the third and fifth data points at 6 wt % alumina
had very low quality factors. The reason for this is suggested by the very low maximum (starting)
temperatures, indicating that the dip-cup contents had cooled below the true transition temperature
before the data collection began. These two data points with low quality factors were excluded from
the calculation of the mean.

As shown in Table 6.1, the repeatability for the determination of the transition temperatures was
excellent. The maximum uncertainty in the alumina eGntent was better than 5:0.17 wt %. Success in

these laboratory studies generated sufficient interest to perform field testing of the technique. As a
result, two separate field tests were performed at the Kaiser Aluminum and Chemical Corporation
facility in Mead, Washington. Results of the second field test were first discussed in Brenden (1988).
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Table 6.1. Data from Thermal Arrest Studies Using Laboratory Cells

Transition Qualit3, Starting Mean Transition Wt % AI20 3,
wt% A20 3 Temperature, °C Factor Temperature. °C Temperature, °C Mean

6 941.4 2.1 997.9
6 945.8 8.2 972.1
6 901.5 0.4 922.5
6 944.0 43.8 959.9
6 901.4 0.0 911.0
6 942.3 8.6 1006.0

6 943.4 6.2 1009.0 943.27 4- 1.03 6.00 4-0.17
6 944.1 6.8 979.6
6 943.4 9.1 995.6
6 942.6 8.1 990.7
6 942.8 6.1 997.7
6 943.2 10.8 992.3
6 943.2 13.3 991.1
6 943.0 16.5 999.8

7 938.8 13.8 981.0
7 939.1 8.0 997.9

7 938.8 10.0 987.4 939.13 4- 0.58 6.67 4- 0.05
7 939.5 7.7 998.0
7 939.6 7.6 991.7
7 939.0 9.3 984.3

8 932.7 11.1 982.0
8 932.6 10.0 985.2
8 932.7 11.9 986.2 932.6 4- 0.58 7.76 4- 0.09
8 931.2 8.9 996.1
8 932.6 6.4 1002.0

9 925.3 35.0 1003.2
9 924.6 42.0 990.6

9 924.9 38.8 985.3 924.70 4-0.37 9.00 4- 0.06
9 924.6 20.6 996.2
9 924.7 6.6 992.9
9 924.1 12.7 997.7

The first field test of the thermal arrest probe was performed at the Kaiser plant on September
22, 1987. A set of four readings were taken on one reduction pot and seven readings on another.
During this test, certain difficulties were encountered. Most importantly, it was found that the cup
assembly had to be in the bath long enough to reach thermal equilibrium. This w_s necessary to
assure that the starting temperature for the cooling curve was at least 5°C higher than the transition
temperature. Discarding the measurements that failed this criterion gave standard deviations in the
measurements of about 0.3 wt% (estimated). Also, it was found that the pots in the Kaiser facility
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contained 5-6% CaF 2, which precluded the use of calibration curves developed in the laboratory for
an accurate determination of alumina concentration. Other problems encountered during the first field
test included some instrumental problems such as melt-off of the dip-cup support and heat damage to
the thermocouple connection sockets. With these exceptions, however, the measuring system was
found to be very convenient to use. The hand-carry size of the system had strong appeal as did the
automatic transition temperature display and wt% alumina display.

To address the problems with the first field test, a second test was performed at the Kaiser plant
on August 18, 1988. The apparatus and procedure were modified to correct the difficulties. An
extra-long thermocouple was used to eliminate need for a connector in the heat zone, and a nichrome
wire was used instead of a nickel wire to secure the dip cup better. The computer program was also
modified to permit the operator to read the temperature of the dip cup before the cup was removed
from the bath. This refinement helped ensure that the starting temperature was above the transition
temperature. In addition, the equation developed by Lee et al. (1984) was used to convert the
transition temperature (taken as the liquidus temperature) to alumina concentration. This equation

was reported to be accurate for CaF 2 concentrations between 3.8 and 11 wt% and for excess A1F3
concentrations between 5 and 20 wt%.

During the second field test, a series of 17 measurements were made over a time period of
90 minutes. Thus, a measurement cycle was 5 min long (on the average). During this period, one
thermocouple developed a short and was replaced and one dip cup fell off as a result of the failure of
the nichrome wire support during its fourth insertion into the bath. The replacement of this dip cup
was also included in the 90-minute activity. The nichrome wire on the first and the last (third) dip
cups did not indicate any weakness or melting even though one was dipped nine times and the other
was dipped six times.

The data taken during the second field test are shown in Table 6.2. A total of eight readings
taken in Pot #2 yielded a mean transition temperature of 942.3°C. Nine measurements from Pot #3
gave a mean transition temperature of 964.3 °C. Since the transition temperature may not be identical
to the liquidus temperature due to peculiarities in the cooling curve (inflection is not perfect), the
equation of Lee et al. (1984) was modified by the addition of a small constant, lt is interpreted that
this small constant accounts for discrepancies between the liquidus temperature and the transition

temperature. The modified equation that resulted from incorporating this small constant (equal
to -8.4) and substituting the appropriate conditions for the Kaiser plant into the original equation
(Lee et al. 1984) was

AI203 = (i001 + K- T t)/5.33

where K is defined the same as in the original formula and Tt is the transition temperature. The
modified formula worked very well in predicting alumina concentrations in this field study. The
alumina concentrations calculated with this formula were 3.29 wt% for Pot #2 and 3.67 wt% for

Pot #3. These compared well with the concentrations measured by Kaiser personnel using wet
chemical analysis: 3.34 wt% for Pot #2 and 3.60 wt% for Pot #3. Unfortunately, the estimated
standard deviations for the alumina concentrations calculated from the transition temperatures were

quite large:
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Table 6.2. Summaryof Measurementsfor Second Field Test of the ThermalArrest Method

ROOM4/POT #2 ROOM4/POT #3

Bath Ratio 1.123 1.238

CaF2 (wt%) 4.8 5.08

Measured Transition Temperatures(°C) 937.8 956.5 .
937.7 962.5
943.0 958.9
939.8 958.4 .
945.9 971.0
941.2 971.0
946.7 962.0
946.8 973.0

965.0

Mean TransitionTemperature(*C) 942.3 964.3
Standard Deviation of the Mean (*C) 3.9 6.1
Calculated Alumina Concentration (wt%) 3.29 3.67
Alumina by Wet Lab Analysis (wt%) 3.34 3.60

0.73 wt% for Pot #2 and 1.14 wt% for Pot#3. The large standarddeviations detracted from the
positive aspects of the results, suggesting that numerous replicate measurementswould be required to
obtain a reliable number, lt was estimated that at least nine replicate measurements would be
required to reduce uncertainties to acceptably small values.

6_3 Sunnnary of Conclusions

Despite the successes of the first laboratoryand field tests of the thermal arrest method, the
techniquewas abandoned. The primary reasonfor not continuingdevelopmentof the techniquewas
concerns over it being an intrusiveor "contact" method. About the time this method was being
developed, the digital signal analysis method (Section9.0) was also being investigated. The latter
approachhas the very importantadvantageof using no intrusive probes; it presents no materials
co,rosion problems involving probe materials. The techniquesimply monitorssignals on the existing
electrodes. With the thermal arrestmethod, the sensorwould have to be insertedinto the bath each
time a measurementwas taken. Furthermore,the resultsof these initial studiessuggested that
numerousreplicate readingswouldhave to be takenfor every measurementin order to give
acceptablylow uncertainties. This proved to be a significantobstacle for industrial acceptance. As it
turns out, there is at least one other portable, contact-typealuminasensor which is alreadyused in the
aluminum industry(TabereauxandRichards1983). However, theprobe also cannotbe used to make
continuousmeasurementsand it gives results that, while reliable, do not match the accuracy of wet
laboratory measurements. Since the thermal arrest methodwas seen as addingvery little in terms of
advantages over the alternativemethods, any work to develop the techniquefurtherwas abandoned.
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7.0 Impedance Analysis

Experimental studies conducted at the Pacific Northwest Laboratory (PNL) in FY 1987through
early FY 1989 indicated that the cermet inert anodes evaluated by PNL exhibited a characteristic
impedance during the electrolytic production of aluminum in bench-scale Hall-Heroult cells. This
impedance was found to have the following characteristics (Straehan et al. 1988):

• lt was largely resistive in nature.

• lt varied as a function of current density, giving a minimum at about 0.5 A/cm2.

• lt appeared to depend on alumina concentration in the electrolyte. In general, the impedance
seemed to increase with increasing alumina concentration.

• At high current densities (> 1 A/cm2), discontinuous changes in the impedance occurred,
causing "spikes" in the current or voltage data.

Based on these characteristics, PNL originally proposed that a resistive film formed on inert anodes
during electrolysis, lt was argued that the formation of this film was necessary to protect the inert
anode from corrosion reactions that would otherwise occur in the molten electrolyte, lt was also
proposed that an anodic current density of 0.5 A/em2 formed a film with optimum passivating-like
characteristics. At lower current densities, the film was proposed to be incompletely formed,
resulting in corrosion of the cermet's metallic phase. At higher current densities, it was proposed that
the film would become too thick and its resistance would become too high to sustain the current
density. Consequently, the film would rupture, resulting in sudden and severe corrosion at the
electrode's metal phase. The rupturing events in the film were indicated by sudden drops in
impedance and appeared as "spikes" in the voltage data for a cell under galvanost_tic (constant
current) control, lt was also proposed that the quality of the film depended on the alumina
concentration in the electrolyte. Higher alumina concentrations seemed to favor a more resistive,
presumably thicker, film. Consequently, film rupturing behavior was considered to be more likely at
high alumina concentrations (close to saturation) when current densities were above 0.5 A/cm2.

Two of the main properties of the proposed film therefore seemed to indicate something about
alumina concentration and it was suggested that each of them could serve as the basis for an alumina
sensor• First of all, resistivity of the film as measured by impedance techniques appeared to be
related to alumina concentration. Secondly, "film rupturing events" as monitored by spikes in the
electrical data might serve as an indicator of undesirable alumina concentrations or conditions. These
two approaches to an alumina sensor are discussed in the next two sections of the report. The present
section (Section 7.0) covers impedance studies; Section 8.0 deals with attempts to monitor the spikes

. in the electrical data using what came to be called a "reference anode."

7.1 Description of the Approach
°

From FY 1987 throughFV 1989, numerousstudies were performed using PNL bench-scale
laboratory cells to measurethe impedance of the cermet anodes at various currentdensities and
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alumina concentrations. One of the objectives of this work was to see if an alumina-impedance
relationship could be established that might serve as a basis for an alumina concentration sensor.

7.2 Results

The experimental apparatus used in these studies varied somewhat from test to test, but in most
cases the setup consisted of a laboratory-scale reduction cell operated at constant current using a PNL
developed device that allowed the dc current from a power supply to be modulated with white noise.
A Rockland Model 804 Fast Fourier Transform Frequency Analyzer (Waveteck Rockland e

Scientific, Inc., Northvale, New Jersey) was used to monitor the resistance, capacitance, phase angle,
and coherence of the anode over the frequency range of 0 to 100 Hz. lt was recognized that the
instrumentation used in these development studies would have to be modified significantly if the
approach were to be used in industry. The studies reported here were intended merely to demonstrate
whether the approach worked, i.e. whether the anode impedances could be related to alumina concen-
tration. If successful, the method would then be streamlined to facilitate its use in a commercial cell.

The cermet anodes were small cylinders that were sheathed with boron nitride to expose 1 cm2
of surface to the electrolyte. The carbon crucible containing about 1 kg of the molten salt electrolyte
was used as the counter electrode (cathode). In these studies, the carbon crucible was also used as a
pseudoreference electrode, which was considered appropriate since the voltage drop at the cathode
was negligible in this cell design.(a)

Early laboratory studies at PNL (Strachanet al. 1988)had indicated that the impedance due to
reactions at the anode surface was largely resistive, i.e., its capacitive component was negligible.
Consequently, the strategy used in this work was to monitor the resistance at the anode surface only.
This was done by using a 50 Hz excitation signal to make an impedance measurement and then
correcting the measurement for ohmic loss through the electrolyte.

Figure 7.1 shows the anode impedancesobtained in one set of studies. These data were obtained
using a cermet anode in a bath at 983°C with bath ratio equal to 1.15. The impedances are shown as
a function of current density and at varying alumina concentrations (expressed as a percent of satura-
tion which is about 8 wt% under these conditions).0') In these plots, definite trends are observable
as a function of current density and alumina concentration. In particular, the impedance appears to
reach a minimum at around 0.5 A/cre2. More importantly, the impedance appears to correlate with
alumina concentration, becoming larger at higher alumina concentrations. These results were
interpreted in terms of the formation of a resistive film. At high alumina concentrations, the film
became thicker and its resistance larger. The possibility that the resistance of this film could be used

h

(a) The cathode surface area was about 300 times greater than the anode surface area.
(b) In many of the correlations performed in this program, alumina concentration was expressed in

units of % saturation. This approach was taken primarily in response to the DOE-HQ criterion
that the sensor work well close to saturation. The % saturation scale highlighted this sensitivity.
Conversion from wt% to % saturation was performed using a number of empirical formulae,
e.g. Skybakmoen et al. 1990.
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Figure 7.1. Impedance Versus Current Density with Percent Alumina Saturation Dependence

as the basis for an alumina sensors caused a great deal of optimism at that point, so additional studies
were performed to determine how reproducible this correlation was.

Attempts to reproduce the relationship between anode resistance and alumina concentration
proved disappointing. Figure 7.2 shows the results of one such attempt. Despite the persistent trend
of a minimum at 0.5 A/cre2, wide variability in the impedances at the anode was observed in the test
results. In Figure 7.2, data are plotted for alumina concentration at 80% of saturation at two
different times during the experiment. As shown, the data appeared to exhibit severe hysteresis
effects. This lack of consistvncy in the data made this approach to an alumina sensor untrustworthy,

• so the approach was abandoned. At the time, it was concluded that the film impedance was dynamic,
changing with time and with small fluctuations in cell conditions. Additional impedance studies
performed in FY 1989 and FY 1990 (Windisch and Stice 1991a) using a different experimental setup,

. however, put into question the whole argument concerning the formation of a film, and, in particular,
its role as the principal source of the anode impedance.
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Figure 7.2. Reproducibility of Anode Impedance for 80% and 100% Alumina Saturation

The results of the studies performed in FY 1989 and FY 1990 indicated that the principal source
of the anode impedance was not a film but rather the oxygen gas bubbles produced during electrolysis
at the anode. This explanation was provided after numerous laboratory experiments that were
discussed in three separate PNL reports (Windisch and Stice 1990; Windisch and Stice 1991a;
Windisch and Stice 1991b) and also in one literature publication (Windisch 1991). In these studies,
the anode impedance was also found to depend strongly on anode surface structure and on cell
geometry. These effects are not completely independent of the bubbling phenomena (a) and also
possibly explain the variability in the impedances as a function of time that was illustrated in
Figure 7.2. Variations in anode surface structure would be expected to occur on fresh cermet anodes
during their initial stages of polarization in the melt. Some dependence on alumina concentration was
also observed in these studies, which could be explained by the effect of alumina concentration on the

(a) For example, a rough surface will have more hindered bubble flow than a smooth surface.
While the roughness itself may contribute to the impedance (perhaps as an area correction), its
effect is difficult to distinguish from that of the change in gas flow dynamics that accompanies
roughening.
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bubbling phenomena, i.e. by modifying viscosity and surface tension. Unfortunately, similar to the
earlier experiments, other operating variables had too great an effect to permit sorting out the alumina
concentration dependency accurately and reproducibly.

7.3 Summary of Conclusions

Due to the lack of reproducibility of the correlation between the anode impedance and alumina
concentration, this approach was abandoned. Correlation curves relating anode impedance to alumina
concentration could be developed but they varied widely with time. It was concluded that the varia-
tion in other conditions of the anode overwhelmed the sensitivity to alumina. The explanation of the
source of the anode impedance also evolved during these studies. The principal source of the
impedance is presently believed to arise from the oxygen gas bubbles produced at the anode during

• electrolysis.
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8.0 Reference Anode

As discussed in Section 7.0, the impedance of a cermet anode was observed to depend on
alumina concentration. This relationship was first interpreted in terms of a film that was proposed to
form on the anode. It was also proposed that this film was protective (Strachan et al. 1988;
Marschman 1989). As long as it was present (but not too thick!), the cermet anode would be
protected from corrosion by the molten salt during electrolysis. This argument was supported by the

. observance of "spikes" in the current or voltage versus time traces obtained in laboratory cells.
These spikes seemed to occur whenever a cermet anode was operated under what were known to be
"dangerous" conditions, i.e., low alumina concentration and/or high current density.

The relationship between the spikes and the performance of a cermet anode was interpreted as
follows. As long as the operating conditions were favorable, the film would form, attain some
equilibrium thickness with a characteristic impedance, and protect the cermet material from corrosion.
Under these conditions, the anode voltage and current would remain smooth or "quiet." If conditions
of high current density were encountered, the film would rupture in order to sustain the large
impressed currents. Similarly, if the alumina concentration was too low, the film would become so
thin it would rupture. In either case, the unprotected surface of the anode would be exposed momen-

tarily and corrosion would occur. This would cause a sudden jump in the current or drop in the
voltage (depending on whether the experiment was performed under potentiostatic or galvanostatic
control) that would persist (momentarily) until the film had reformed to some extent. Because of the
momentary nature of these events, the result would be spikes in the voltage or current traces.
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Figure 8.1. Schematic Illustrating Principles of Reference Anode
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8.1 Description of the Approach

At the time the impedance characteristics of the anodes were being investigated, it was proposed
that the spikes in the current or voltage traces could be used to monitor the performance of the cermet
anodes. While not being an alumina sensor per se, the approach would accomplish the same
objective, lt would serve as an indication of instability of the anode or onset of corrosion. In
practice, the approach would be even more advantageous in that it would signal ali sorts of problems
that might put the cermet anode at risk, not just low alumina concentration. The schematic in
Figure 8.1 illustrates the basis for this sensor for a cell under galvanostatic control. At low alumina
concentrations, spikes would be observed in the voltage-versus-time trace due to failure events
associated with the protective film. Via feedback, either manual or automated, the spikes would
signal the need for higher alumina concentrations so the film could be re,stabilized. Alumina feed

would be increased and would continue until a sufficiently high alumina concentration was achieved.
This would be indicated when the voltage-versus-time trace exhibited a "quiet" reading once again.

To maximize the sensitivity to these spikes, it was proposed that a separate reference electrode
be used. The reference electrode would be placed close to the cermet anode so that other fluctuations
in the cell would not confuse or "wash out" spikes that arose from the proposed film rupturing events.
Toward this end, the "reference anode" (RA) was developed. The RA was actually a reference
electrode but had the same composition as the working cermet anode (the reason it's called an
"anode"). The RA was used with a small voltage applied to it to maintain the minimal current
required to "passivate" it. The small current was considered necessary since the anode material had
been observed to corrode under open circuit conditions. With this configuration (Figure 8.2), it was
believed that the signals would represent the behavior of the working electrode and not reflect any
materials changes in the RA.

Anode "' I Reterence

Bath .

i
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Figure 8.2. Schematic of Simple Process Control Sensor Used to Monitor an Anode
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8.2 Results

The RA was used successfully in a number of laboratory tests during FY 1988 and 1989
(Marschman 1989). In these tests, whenever the RA was used in conjunction with a cermet anode,
the occurrence of spikes or noise in the RA-to-cermet anode voltage seemed to indicate poor
performance. In almost all cases, those anodes which exhibited very "noisy" behavior when
monitored with the RA were found to have corroded severely. The RA was also patented for use in
controlling cermet anode corrosion in commercial cells (Koski and Marschman 1987).

In FY 1989, the RA was tested in the prototype anode test performed at the Manufacturing
Technology Laboratory, Reynolds Metals Company, Muscle Shoals, Alabama. The primary purpose
of the prototype anode test was to evaluate the performance and control of the cermet anode
composition which was under development at PNL. The test was also the first scaled-up evaluation
of the RA. The details of the test are discussed in Strachan et al. (1990).

In all, four RAs were used in sequence during the prototype anode test, which lasted more than
100 h. During the test, the prototype anode was found to corrode severely, however no indication of
this corrosion was given by the signals monitored with the RA. Moreover, the RAs used in the test
themselves experienced difficulties. Only two of the four RAs used in the test were recovered. Two
fell off their connector rods (as a result of the catastrophic corrosion of the connector rod) and into
the reduction cell. Post-test examination of the recovered RAs showed that both had corroded

severely during use. Figure 8.3 shows the extent of corrosion in one case.

The corrosion of the RA occurred despite attempts to protect it by impression of a small anodic
current using a shunt to the working anode as shown in Figure 8.:2. It had been proposed that such a
current should foster the formation of a protective film or reaction layer and thus minimize corrosion.
During the prototype anode test, it was observed that the RA current was only slightly affected by the
magnitude of the process current. The current was generally noisy but with a stable long-term trace,
suggesting stable alumina content. An attempt to verify the response of the RA to variable alumina
content was made during the termination of the experiment by stopping the addition of alumina. The
results were inconclusive, however. The trace remained steady and it was concluded that, during this
time, the alumina liner continued to dissolve and maintain an almost constant alumina content in the

bath. Before the alumina content could change significantly, the cell furnace failed and the test was
terminated. Other problems encountered during the test included a persistent variation of the surface
area of the RA exposed to the molten bath, the condensation of electrically conducting bath vapors on
all exposed surfaces, and the formation of a "bridge" of frozen bath above the surface of the molten
bath which caused electrical shunting during the test.

The results of the prototype anode test suggested that, despite the amount of effort expended on
the RA and the optimistic results of using the RA in the laboratory, serious issues regarding the

• operation of the electrode and of its durability remained. The most important of these issues are
summarized below:

, ® The viability of the RA in the prototype anode test was inconclusive at best. As discussed in
Strachan et al. (1990), the prototype anode corroded severely. However, no significant
corrosion was indicated by signals from the RA.
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Figure 8.3. Corrosion of Reference Anode

• The effects of size of the working anode on the magnitude and quantity of the proposed
protective layer's breakdown signals were not fully determined.

• Since the RA must be operated with a small current flowing througla it, a reliable circuit has to
be designed to give this current and also to keep the RA potential constant. A successli_l

reference electrode must exhibit a stable potential in the electrolytic medium. Only in this way
can the potential of another electrode be measured reliably against it. It is not clear whether this
condition is even possible for the RA in an operating cell. Attempts to do this in the prototype
anode test gave questionable results.

• The RA exhibited severe corrosion in the prototype anode test even with the impressed anodic
current. The reason for the corrosion is not certain.

• The RA design had some serious mechanical problems incurred by - among other factors - the
difficulty in joining the connector rod to a long narrow cermet electrode.

Finally, and perhaps most importantly, the basis for the RA was put into question by the results of
studies performed at PNL beginning in FY 1989 (Section 7.0). Electrochemical impedance studies
suggested that the impedance was primarily due to oxygen gas bubbles generated at the anodes and
not to a protective film. Other factors contributed to this perspective as weil. Laboratory tests
showed that the impedances were persistent, i.e., they could be "created" on a anode in one cell and
would remain on the anode when moved to another cell. This phenomenon was originally interpreted
in terms of a film which would form on the anode iri one cell and then stay with the anode when
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moved to another cell. However, the presence of a film could never be corroborated with the results
of post-test optical or spectroscopic analysis, which called into question the existence of a film that
remained intact when removed from an operating cell. The explanation in terms of gas bubbles,
however, was much more "realistic" as was substantiated by numerous subsequent testing (Windisch
and Stice 1991a) and previous experience with carbon anodes (Dewing and van der Kouwe 1975).

Given the unsuccessful evaluation of the RA in the prototype anode test and the tenuous
interpretation of the RAs signals on the integrity of a protective film, it seemed unwise to invest
further resources to develop this approach to monitoring anode performance. Consequently, at the
end of FY 1989 it was decided to abandon development of the RA and focus ali of the sensors
development efforts on digital signal analysis (DSA). As discussed in Section 9.0, the DSA approach
relies on the analysis of electrical signals from tile reduction cell similar to the RA, but, unlike the
RA, uses no additional probes or electrodes. The signals are collected directly from the existing
anodes and cathode. This approach eliminates the possibility of materials problems associated with
another electrode as was clearly illustrated in the case of the RA in the prototype anode test.

8.3 Summary of Conclusions

The RA showed good potential for monitoring the performance of cermet anode in laboratory
cells but gave very poor results in the scaled-up prototype anode test. Due to the problems encoun-
tered in scale-up and the results of impedance studies that suggested that a reinterpretation of the basis
of the RA was in order, further development of the RA was abandoned.
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9.0 Digital Signal Analysis

Early in FY 1990, it was determined that the approach for developing an alumina sensor that
had the best chance for acceptance by the aluminum industry was one based on digital signal analysis
(DSA). Consequently, from FY 1990 through FY 1992 ali of the efforts of the Sensors Development
Program were focused on developing the DSA approach.

The principal reason that the DSA approach was considered most desirable is that it is
completely nonintrusive, i.e., no separate probes or devices have to be inserted into the cell. In
addition, the method could conceivably be used without any special modification to existing commer-
cial cells (once the cermet anodes have been incorporated) other than connecting the cells to the signal

monitoring equipment. DSA would use signals from the cermet anodes and the existing cathodes for
analysis. This makes the approach very advantageous in that no separate materials corrosion issues
need to be addressed for the monitoring electrodes. In other words, if the cermet anodes are shown
to be successful, they might also be used as reliable "taps" for DSA analysis of their own
performance.

9.1 Description of the Approach

The DSA approach consists of collecting current and voltage signals from the operating cermet
anode (versus the cathode in the case of voltages) and determining the alumina concentration from
some aspect of these signals. The approach will be successful, of course, only if there indeed exists a
correlation between some aspect of these signals and alumina concentration. There are numerous

aspects or characteristics of the current and voltage signals which conceivably could exhibit some
correlation with alumina concentration, e.g. the frequency of certain noise components, the intensities

of these components, the "shapes" of the signals, or certain nonlinear characteristics that are embod-
ied in the frequency spectrum as a whole. These characteristics are typically referred to in this
work as "signal parameters." The focus of the Sensors Development Program from FY 1988 through
FY 1992 was to determine whether any of the many possible signal parameters determined from
current and voltage signals collected from reduction cells exhibit any meaningful and reproducible
correlation with alumina concentration. Data from both laboratory-scale and pilot-scale reduction

cells were used in these analyses. The results of ali of the analyses performed at PNL using DSA
have been published in three reports (Windisch et al. 1990; Williford and Windisch 1992; Windisch
1992).

A schematic of how the DSA approach was conceived to work in practice is shown in Fig-
ure 9.1. Current and voltage signals would be collected as a function of time from the cermet anodes
during normal operation. These signals would be processed by a computer. The processing would
involve computation of the appropriate signal parameter and correlation (via an algorithm determined

• previously) to alumina concentration. Using a feedback circuit, the computer would control alumina
feed appropriately, i.e., if the alumina concentration was found to be too far below saturation, the

i computer would activate alumina feed using some predetermined recipe. In its simplest form

i ' (Figure 9.1), the DSA-based sensor is extremely simple in principle. The most difficult task in its
development is finding the specific signal parameter - if there is one - which gives the most sensitive

' and reliable measure of alumina concentration. Moreover, to be useful, this signal parameter must be

sensitive at high alumina concentrations and it cannot be strongly influenced by variations in other
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Figure 9.1. Schematic Illustrating Principles of DSA Approach to an Alumina Sensor

cell conditions such as bath ratio and composition, temperature, and fluid flow. Alternatively, if it is
affected by variations in other cell conditions, its response must be easily corrected via some calibra-
tion scheme. Typically, in an operating cell, conditions other than alumina concentration will prob-
ably vary widely, so it is especially important that, in this development work, sensitivity to other
conditions be considered also.

Determining the specific phenomena that give rise to the noise or affectits characteristics -
proposed here as the basis for the DSA sensor - was not the primary focus of this work. Rather, this
research was directed at screening as many of the signal parameters as possible to see if any of them
showed promise in correlating with alumina concentration. Nevertheless, the underlying causes for
the noise are worth speculating about and have shaped some of the strategies used in the DSA
analysis. The most probable seurce for the noise is the production of oxygen gas bubbles (Windisch
and Stice 1991a). These bubbles, which are released at a frequencyof about 1 Hz, would be
expected to show an effect from alumina concentration. This is because varying alumina concentra-
tion is known to alter both the surface tension and the viscosity of molten cryolitic media
(Grjotheim 1982). Surface tension and viscosity are properties that are known to affect bubble size

and flow, so they should also affect bubble noise. This explanation provides added credibility to the
approach and suggested that meaningful alumina-concentration information wou]td most likely be
found in the low-frequency end (< 25 Hz) of the noise spectra. Of course, in this work, the entire
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frequency spectrum was investigated for completeness. Again, the phenomenological explanations
were considered only as a matter of interest and directed the course of the work only when specific
choices had to be made for the sake of expediency.

Two DSA approaches were taken at PNL during FY 1988 through FY 1992. The first
approach used more traditional DSA methods such as the Fourier transform analysis, although other
more advanced nonlinear models were also used in this work. In this report, the work is called the
"Traditional DSA Analysis." The data reduction was performed under subcontract by
Dr. C. L. Nikias, University of Southern California, Los Angeles, California, on data collected by
PNL staff using both laboratory-scale and pilot-scale reduction cells. The results of the traditional
DSA analyses were discussed in detail in Windisch et al. (1990) and Windisch (1992). The second
approach used techniques from chaos theory and in this report is called "Chaos Theory Analysis."

• This second approach was conceived of as a result of discussions between Dr. C. F. Windisch Jr. and
Dr. R. E. Williford and was performed at PNL using similar laboratory-scale and pilot-scale data.
The results of the chaos theory approach were discussed in detail in Williford and Windisch (1992).

9.2 Results

The following two sections cover the results of applying the traditional DSA analysis
(Section 9.2.1) and the chaos theory analysis (Section 9.2.2). Section 9.3 contains a set of general
conclusions that are appropriate to both sets of analyses.

Current and voltage data were collected using laboratory-scale reduction cells at PNL, a scaled-
up laboratory cell at the MTL (the prototype anode test), and a pilot-scale reduction cell (the pilot cell
test) also at the MTL. Detailed procedures for ali of these experiments are given in Windisch et al.
(1990), Windisch (1992), and Williford and Windisch (1992). The PNL laboratory cell tests were

performed using small 1-cm2 (exposed area) cermet anodes to get as much information as possible on
alumina concentration sensitivity. Current and voltage signals were collected as a function of alumina
concentration, cell voltage/anode current density, anode-to-cathode distance (ACD), and with or
without small ac "ripples" of varying size to simulate industrial "noise." During the prototype anode
test, data were collected using a large 6-inch-diameter cermet anode. Conditions, including alumina
concentration close to saturation, were maintained except for the very end of the test when alumina
concentration was intentionally dropped. The pilot cell test used similar large-scale anodes but in a
six-pack cluster and was performed under more realistic industrial conditions. For most of the pilot
cell test, alumina concentration was kept as close as possible to saturation, but in actuality it varied
widely. At the end of the test the alumina concentration was dropped deliberately, similar to the
prototype anode test.

The number of digital data analysis techniques attempted in this work was very large.

Unfortunately, none of the techniques were shown (to date) to give signal parameters with sufficiently
• good sensitivity to alumina concentration to serve as the basis for a sensor. During the evolution of

this work, however, some approaches seemed to offer more promise than others. To facilitate the
presentation of this work, the following discussion is limited to those approaches which, at least at

• some time during their development, showed some promise. Much of the theory behind the
approaches is also omitted from this document. The reader is referred to the more complete
discussion of the other techniques as well as the theoretical bases of the analyses given in Windisch
et al. (1990), Windisch (1992), and Williford and Windisch (1992).
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9.2.1 Traditional DSA Analysis

Many traditional DSA approaches were taken to calculate signal parameters for the current and
voltage data, with the objective of determining whether any of these signal parameters showed
sufficient sensitivity to alumina concentration to serve as the basis of a sensor for alumina
concentration. These approaches included the following:

• Conductance Computation by Cross-Correlation and Average Value Methods

• Power Ratio Computation

• Welch Method for Power Spectrum Estimation

* Yule-Walker Autoregression Method

• Magnitude-Squared Coherence Method

• Linear Modeling

e Nonlinear Second-Order Volterra Modeling

The first of these approaches, i.e., conductance computation, gave results that were considered
promising during the early stages of this work. Ultimately, however, the result of applying this
approach was similar to that of the others: the calculated parameters were simply not sensitive
enough to alumina concentration to serve as the basis for a sensor. The following discussion focuses
on the results of the conductance computation approach. The reader will find more complete
descriptions of the results of some of the other approaches in Windisch et al. (1990) and Windisch
(1992).

The basic assumption in the conductance calculation is

l(n) = L x V(n); n = 1, 2, ..., N

where L is the conductance (L = 1/R where R is the resistance), and I and V are the current and
voltage signal values, respectively, measured at time "t" whose channel number or discrete time
element is given by n. Two methods were used to estimate L from the data: the cross-correlation
method and the average value method. Both gave similar results.
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The cross-correlation method gives the estimate

N

E I (n)V(n)
Lcc = n=1N

va(n)
n=l

,i

whereas the average value method uses the equation

N

E I(n)
n=l

LAV = N

V(n)
n-i

In both cases, the current andvoltage signals at each time (or n value) are summed, or used to
calculate a function which is summed, and these summed values are used to calculate L as indicated.
One current and voltage value represent each time (or n value) between the time at which measure-
ment began (n= 1) until the data acquisition was completed (n=N). For example, a typical laboratory
cell data set consisted of 10,000 sequential current and voltage measurements (N= 10,000) collected
over a period of 0.5 s (20 kHz sampling frequency). The pilot cell data were collected at a much
lower frequency (3 kHz) for the same time period (giving N= 1500).

The laboratory cell tests were conducted at PNL to provide data for evaluating the sensitivity of
the many calculated signal parameters to alumina concentration (and to the parametric variables
current density, signal frequency, and ACD). The earliest data collected from the laboratory cells
appeared to show a correlation between the estimated conductance, L, and alumina concentration.
Success with using L was considered consistent with the similar, although more limited, information
obtained with the total power functions for current and voltage separately (Windisch et al. 1990).
Additional experiments were performed, however, and these reduced some of the initial optimism
regarding reproducible application of L to monitor alumina concentration. In particular, the param-
eter L and its apparent correlation with alumina appeared either to be overly sensitive to other cell
operating conditions or was simply not as sensitive to alumina concentration as was previously
thought from the results of analyzing the earlier data sets.

A plot of L, calculated by cross-correlation, versus alumina concentration is shown in
Figure 9.2. Data are presented for different current densities, with ACD -- 1.5 in., and with a
superimposed ripple of + 10 mV at 10 Hz. (These data were obtained in experiments named "ACDt

Tests" and "DSA Tests.") Similar results were obtained for other ACD values, both with and without
the applied ac ripple.
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Figure 9.2. Plot of Conductance,L, by Cross-Correlation,Versus WeightPercent Alumina at
Various CurrentDensities. (ACD ffi 1.5 in.; a 10 Hz Ripple was Used; i is
Current Density in mA/cre2.)

In each case, the curves are relatively "fiat" at lower current densities andhave a slight positive
slope at higher current densities.(a) There is also a slight dip in the curves at aluminaconcentra-
tions between 4 and 6 wt%. This dip was observed in similar plots for most of the other parameters
as weil. At concentrationsabove 6 wt%, the curves appearmuch "flatter."

Upon initial inspection, the curves shown in Figure 9.2 containsome aspects of a relationship
thatmight serve as the basis for an aluminasensor. In particular, there appearedto be a strong
dependency (large slope) between L and aluminaconcentrationin the vicinityof the dip between

,p

(a) It is not clear why the conductanceincreaseswith aluminaconcentrationin these plots.
Conductanceshould decrease as discussed in numerousreferences (Grjotheimet al. 1982). The
conductancedid, in fact, decrease in another dataset (Set #3) discussed later in this section.
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4 and 6 wt%. Unfortunately, it was not clear if the dip was reproducible. Different data, albeit col-
lected with different ac excitation voltages, gave dips with somewhat different appearances. There
was a question also as to whether there was any dependence on the size of the ac ripple. This would
suggest a problem is applying this technology to commercial cells. The idea was to use noise
inherent in the commercial cell rectifiers as the ripple. Ordinarily this noise can be expected to vary
appreciably during cell operation. Sensitivity of the signal parameter to this variation would make the
above approach unreliable. Finally, since the primary objective of this work was a parameter
showing sensitivity to high alumina concentrations, sensitivity only in the intermediate ranges, i.e.,
4-6 wt% where 8 wt% is saturation, would appear to be a disadvantage.

To address the above concerns, additional data were collected using the laboratory cells (Set#3).

Specifically, these experiments were meant to 1) determine the general reproducibility of the results
from the earlier tests (Figure 9.2), 2) see if the dip between 4 and 6 wt% could be reproduced and to
quantify it better, and 3) obtain more data in the 6-8 wt% range where alumina sensitivity was
especially required.

Unfortunately, analysis of the additional data could not corroborate unambiguously the results
from the earlier data. For example, as shown in Figure 9.3, a dip was observed in L when the
current density was 0.75 A/cm 2, but it occurred at 3 wt% alumina instead of in the expected 4-6 wt%
range. (a) More importantly, as also shown in Figure 9.3, there was no significant and consistent
correlation with alumina concentration at higher weight percent values. This result was especially

disappointing since the need for sensitivity at higher concentration was a prerequisite for a sensor to
be used successfully with the cermet anodes.

In addition to screening for sensitivity to alumina concentration, the signal parameters were
tested for sensitivity to other operating conditions including current density and ACD. As discussed
in Windisch (1992), these analyses failed to provide any workable strategies for improving sensitivity
to alumina concentration. The only beneficial result from this additional work was the apparent lack

of any effect from high frequency filtering (i.e., the signals could be low-passed at a cutoff frequency
of 25 Hz with no loss of information). This facilitated the pilot cell studies, which required filtering

to avoid aliasing.

Figure 9.4 shows a typical signal-versus-time plot for the current and voltage data collected
during the pilot cell test. The most obvious feature in the data is a residual 360 Hz rectifier signal,
which appeared as a significant component of ali of the signals from the pilot cell, even after filtering.
Figure 9.5 shows the variation in L0_)as a function time for one of the anodes in the pilot cell test.

. (a) There is also a possibility that the single point contributing to this difference may have been a
"flier." In light of the atypical behavior of this one point (compared to other data in Fig. 9.4),
it is recommended that not too much significance be placed on this dip until replicate data are
obtained.

(b) The values for L are plotted using an arbitrary scale so that they overlap the alumina
concentrations which are also plotted in this figure. Plots of this type were generated by
Dr. C. L. Nikias to see if L (and the other signal parameters) "tracked" the alumina

concentration to any reasonable and consistent extent during the pilot cell test.
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Figure 9.3. Plot of Conductance, L, by Cross-Correlation, Versus Weight Percent Alumina for Set
#3 Data. (ACD - 1.5 in.; a 10 Hz Ripple was Used.)
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Figure 9.4. Typical Current and Voltage-Versus-Time Plots for the Pilot Cell Test.
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Figure 9.5. Comparison of Conductance, L, and Alumina Concentration as a Function of Time for
Cermet Anodes during the Pilot Cell Test.

(As in the case of the laboratorycell data, the behavior for the other signalparametersfor the same
anodewas similar.) Also shownin the samefigure is the plot of the variation of alumina concentra-
tion (expressedas percentof saturation)asa function of time during the test. Upon initial inspection,
there appearedto be some "tracking" of the aluminaconcentrationby L. For example, at about
13 daysalumina concentrationshowsa dramatic drop and L dropsdramaticallyalso. During the
period between23 to 26 days, wherealumina concentrationdrops(dueto the deliberatestoppageof
alumina feed), L is droppingalso. In addition, asshownin the figure, there are numerousother
instances throughout the test where the value for L is observed to go down when alumina
concentration goes down, or up when alumina concentration goes up.

i,

Closer examination of the data in Figure 9.5, however, indicates there are some important
discrepancies that cannot be explained at this time. Also, some of the operating conditions put into

• questioneven those situationswherecorrelationsseempromising. For example, the dramaticdrop in
L at about 13 daysoccursat preciselythe time when the anodewas exchangedand therefore electri-
cally disconnected. It appearsthat this drop in L is irrelevant in regardsto alumina concentration,
and, consequently,its apparentcorrespondenceto the observeddrop in alumina concentrationcom-
pletely fortuitous. The decreasein the value for L during the drop in aluminaconcentrationbetween
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23 and 26 days is also suspicious in that it actually begins earlier than the time at which the drop in
alumina starts! L begins to drop even before day 20 when alumina is near its highest concentration.
An alternative explanation for this drop in L may be the decrease in current through this anode that
begins around day 20 as shown in the current-versus-time curve in Figure 9.6. (Note that day 20
corresponds to 8/23 in Figure 9.6.) The parameter L may be tracking current more closely than it is
tracking alumina concentration.

In addition to the above-mentioned problems in the data analysis for the pilot cell anodes, there
are numerous instances earlier on in the test when L and the alumina concentrations appear to show

trends in opposite directions. For example, at measurements near days 10 and 12 in Figure 9.5, L
goes down as the alumina concentration goes up. Clearly, the relationship between L and alumina
concentration, which seemed promising on first inspection, is not so promising under closer scrutiny
and in light of variations in other cell conditions, especially the anode currents.

In summary, neither the laboratory-coli data nor the pilot cell data gave sufficient evidence for a
reliable sensor based on traditional DSA methods. As an alternative DSA approach, methods from
chaos theory wore used on data from both the laboratory cells and the pilot cell.

2OO

I --°-I I ,o.° .Anode lD D1 D2

Operating time 123 h 279 h
Average Current 82 amp 62 amp

150 -- Average Volt 4.89 V 5.40 V
Average Ratio 1.17 1.29
Average CaF= 5.97% 4.44%
Average Alumina 7.1% 6.9%
Average Temperature 974 C 974 C
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Figure 9.6. Variation in Current Though Cermet Anodesduring the Pilot Cell Test
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9.2.2 Chaos Theory Analysis

The methods discussed in this section are based on applications of the theory of chaotic phe-
nomena to the analysis of time series data. Chaos theories are a relatively recent development that
combines features of classical mechanics with certain aspects of statistical mechanics and topology.
The term "chaos" was attached to this combination of sciences in the mid-1970's. Chaotic phenom-
ena may be viewed as the manifestation of order within highly nonlinear behavior, in the form of
patterns in phase space plots, or in the form of patterns within intermittent (noisy) time series signals.
The unique feature of the chaos approach that makes it different from the traditional methods is that

" the chaos approach generally employs very high order statistical moments in the data base to develop
the needed correlations between alumina and process variables, whereas the traditional approaches
typically employ lower order moments, lt was believed that the higher order moments could provide

' the needed sensitive measure of alumina concentration.

Current and voltage data from both laboratory-scale reduction cells and the pilot cell test were
used to test four methods from chaos theory for sensitivity to alumina concentration. The primary
objective was to see if any of these approaches produced signal parameters or a signal analysis
strategy useful for quantifying alumina concentration or for portending its variance from near-
saturation conditions. This was the first time chaos theory approaches were used to analyze signals
from aluminum reduction cells.

The following four chaos theory approaches were evaluated in this work:

• Phase Space Plots

• Hurst Exponent Analysis

• Multifractal Analysis Based on Thermodynamic Arguments

• Multifractal Analysis Based on Probabilistic Arguments

A complete discussion of the above approaches and their results is given in Williford and Windisch
(1992). For the sake of brevity, only two of these approaches are highlighted in this report. These
are phase space plots (the simplest approach) and the multifractal analysis based on probabilistic
arguments (the most accurate approach). By and large, however, ali of the approaches gave similar
results: with the current level of development, none have exhibited the required combination of
sensitivity and reliability that is needed for a useful alumina concentration sensor.

The foundations of the phase space plot originate from classical mechanics where they have long
been used to study complicated dynamical systems. "Phase space" means that the variables of a
process are plotted against each other, e.g., the position of a pendulum versus its velocity. The
resulting plots often exhibit certain specific patterns, such as a spiral for a damped pendulum. If the
system is "chaotic," the pattern may be more complex, but nevertheless recognizable, and is called a
"strange attractor." This means that the system is dynamically attracted to a specific set of "orbits"
or to a specific region of phase space. An example is the famous Lorentz attractor which resembles a
butterfly or an owl's mask.
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Phase space plots were envisioned as the simplest approach to employ in this work. They were
the context in which applications of chaos theories to an alumina sensor were first discussed. Because
simple solutions are easier to apply in industrial practice, this method was attempted first. Conceiv-
ably, a plant operator could monitor a "pattern" on a video screen. A certain pattern indicative of
acceptable alumina content would signify proper cell operating conditions. Any deviation from this
pattern would alert the operator to make sufficient adjustments in alumina concentration to bring the
pattern back to "normal." High-speed data acquisition, processing, and display would be required to
facilitate such an operation.

In this study, the phase space approach involved plotting the cell electrical resistance R at time
t versus the resistance at time t+ 1, or t+2, etc. Resistance was computed by simply dividing the
instantaneous cell voltage by the instantaneous current, and plotting the results as shown in
Figure 9.7a for one set of data obtained from the pilot cell. As shown in Figure 9.7a, a distinctive
pattern occurred for these data. Such a pattern could be recognizable and useful to an operator in an
industrial setting if it also exhibited consistent changes as the alumina concentration changed.
However, this was not the case: Figures 9.7a through 9.7d show only one of the many observed
pattern changes as a function of alumina concentration. Relatively minor differences were observed,
and these were attributed to scatter in the data rather than to a consistent correlation versus alumina

concentration. For example, there is no significant difference between Figure 9.7a (85%) and
Figure 9.7d (23 %).

Multifractal approaches to data analysis were attempted when it was apparent that the simpler
chaos approaches such as phase space plots did not yield acceptable results in early laboratory studies.
The multifractal approach is described briefly as follows. A fractal is a geometric object with a non-
integer dimension. That is, it describes geometric complexity in terms of transitions between the
Euclidean integer dimensions. In the multifractal approach to data analysis, a noisy time series plot is
"unraveled" into a large number of these fractals, lt was hoped that fractal parameters (dimensions)
obtained by unraveling the current and voltage data from an aluminum reduction cell would have
characteristics sufficiently affected by alumina concentration to serve as the basis for a sensor.

The best way to display the fractal information for the noisy cell data was found to be an "f-o_"
curve of the type shown in Figure 9.8. The parameter f is the "dimension" of one of the nested
fractals and the ot values are analogous to free energies as discussed in Williford and Windisch
(1992). The intercepts of the curve in Figure 9.8 with the horizontal axis define two values of u and

are called Uminand O_max. These values describe certain high order moments of physical significance
in the data base and are unique to the multifractal methods. Consequently, it was proposed that these

values or some function constructed from them might exhibit sensitivity to alumina concentration.
The ratio Umax/C_minwas found to be the best function to use because it simplified the mathematical
analysis.

Two ways to construct the f-alpha curve were tested in this work: the thermodynamic approach
and the probabilistic approach. The probabilistic approach was found to give the most accurate
results. Details on the probabilistic approach are given in Williford and Windisch (1992), but
basically it involves an intermediate step of developing a "multiplier distribution curve" for the data.
The multiplier distribution curve is a construct derived from probability arguments and increases the
sensitivity of the calculated parameters to rare events, such as periods of extreme turbulence or

extreme quiescence in the bath. This turns out to be especially important in the cases of t_min and
O_max. Given the resultant increase in accuracy in determining these intercepts, the probablistic
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approachwas given the best chance for success provided,of course, theamax/amia ratio was
sufficiently sensitive to aluminaconcentration,andsufficiently reliablefor industrialapplications.

The probabilisticmultifractalapproachwas tested on both the laboratorydataand the pilot cell
datawith similar results. Figure 9.9 shows the results of using the approachon the pilot cell data.
The datawere considered of good quality becausethe f-_ curves were smooth and there appeared to
be adequatesensitivity to changes in cell conditions. Unfortunately,as shown in Figure 9.9, there
did not seem to be a consistent trend in the o_ax/C_min ratio versus aluminaconcentration. Each data
point in the figure is an average computedfrom six files of 10,000 points each; the vertical bar shows
the typical uncertaintyat 95% confidence. The solid line is not a curve fit, but is a guide for the eye
that indicates the trendin the o_ax/O_minratio versus the aluminacontent. The scatteris comparable
iu magnitudeto the change in the solid line versus aluminacontent, again indicatingthat the data
contain noise factors that are not accountedfor in the presentanalysis.

In conclusion, the multifractalapproachappearedto suffer from some of the same shortcomings
as the other DSA methods despite its sophisticationand higher level of accuracy. This approach,like
the others, did not appearto give a reliablecorrelationwith alumina concentration. The approach
may be sensitive to aluminaconcentration,but this has not yet been demonstratedwith sufficient
certaintyto supportusing it as the basis for a sensor. It appearslikely that the reasonfor the lack of

, any useful correlation is that too much extraneous noise has been present in ali of the data analyzed to
date, either from variation in other cell conditionsor from instrumentalsources.
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9.3 Summary of Conclusions

The principalconclusion from this work is that none of the DSA approachesdemonstrated
sufficient andconsistent sensitivity to aluminaconcentrationto serve as a basis for an aluminasensor.
There are two possible explanationsfor the lack of correlationinvolving these methods: 1) there is
no dependence,or a very weak one, on alumina concentration,and/or 2) there were overriding
factors or extraneousnoise that reduced the sensitivity or "overwhelmed" the signal components
affected by aluminaconcentration. The latterpossibility is most reasonablein light of the results
from the pilot cell test that showed a dependenceon anode current and other cell operatingconditions.

Based on the results of this work, it was recommendedthat furtherstudyusing DSA methods be
suspendedor postponeduntilanother, less "noisy," pilot-scaletest is performedwith cermet anodes.
Alternatively, a new strategy is required for applyingthe DSA approaches. For example, the
methods could be applied to carbon anodes in commercialcells where a significantly greatervolume
of datacan be collected over much longer times. A larger database may facilitate the "factoringout"
of the effects of fluctuationsin other cell operatingconditions.
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10.0 Conclusions and Recommendations

Eight different approaches to an alumina sensor were evaluated as part of the Sensors
Development Program at PNL. To date, none of these approaches were found to satisfy the two
primary requirements for an alumina sensor to be used in conjunction with cermet anodes:
1) adequate sensitivity to alumina concentration at concentrations close to saturation, and 2) ease of
use in an industrial setting. The only approach that still shows promise is the use of DSA methods on
current and voltage signals from the cermet anodes. This conclusion is based solely on its extremely

easy and anticipated nonproblematic use in an industrial environment. After numerous laboratory-
scale experiments and one pilot-scale evaluation, the DSA approach has not yet demonstrated adequate

. sensitivity to alumina concentration for use as the basis of a sensor. Despite this lack of success,
however, it is recommended that further development work on the technique continue. The probabil-
istic multifractal methods seem especially advantageous because of the improvements in accuracy
achieved in recent studies. Because of failures of the past correlation attempts, however, it is
recommended that different data collection strategies be employed in any further development of the
DSA methods. These strategies might include using a less "noisy" pilot-scale test with cermet

anodes or applying the approach to carbon anodes in commercial cells where a significantly greater
volume of data can be collected over much longer times allowing extraneous fluctuations to be more
easily "factored out."
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