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SUMMARY

After numerous analyses of digital voltage and current data collected
from laboratory cells and a pilot-scale cell, it is still not clear whether
any of the quantification parameters computed from the signals are suitable as
the basis for an alumina sensor. Many different quantification parameters
were studied and these showed varied behavior for both the Taboratory and
pilot-scale studies, but no consistent correlation of any of these parameters
with alumina concentration was observed. There are two possible explanations
for the lack of consistent correlation involving the signal parameters:

1) there was no dependence, or a very weak one, on alumina concentration,
and/or 2) there were overriding factors or‘extraneous noise that reduced the
sensitivity or "overwhelmed" the signal components effected by alumina
concentration. It is recommended that further study using digital signal
analysis'methods be suspended or postponed until a less "noisy" pilot-scale
test is performed with cermet anodes or until a new strategy is developed for
applying the approach, for example, to carbon anodes in commercial cells where
a significantly greater volume of data can be collected over much longer
periods. '
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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, Office of Industrial
Processes. The work was performed in conjunction with the Inert Electrodes
Program at PNL. The objective of the Sensors Development Program in FY 1990
through FY 1992 was to determine whether methods based on digital signal
analysis (DSA) could be used to measure alumina concentration in aluminum
reduction cells. Specifically, this work was performed to determine whether
useful correlations exist between alumina concentration and various DSA-

derived quantification parameters, calculated for current and voltage signals

from laboratory and field aluminum reduction cells. If appropriate correla-
tions could be found, then the quantification parameters might be used to
monitor and, consequently, help control the alumina concentration in com-
mercial reduction cells. The control of alumina concentration is especially
important for cermet anodes, which have exhibited instability and excessive
wear at alumina concentrations removed from saturation.

A subcontract was written to Dr. C. L. Nikias, Professor, University of
Southern California, Los Angeles, California, to assist in developing DSA-
based methods by analysis of data from PNL Taboratory tests and the pilot cell
test of the cermet anodes. 1In FY 1989 and FY 1990, Dr. Nikias completed
studies on PNL laboratory data for various current densities and alumina con-
centrations and on data collected during the prototype anode test. These
results were discussed in a previous PNL report (Windisch et al. 1990). The
present report focuses on the results of additional analyses using laboratory
cells in FY 1990 and the pilot cell in FY 1991 and FY 1992.

The principal result discussed in Windisch et al. (1990) was that the
relationship between selected DSA quantification parameters and current den-
sity for data collected from laboratory cells showed a trend that was con-
sistent with data from the prototype anode test. This result suggested that
laboratory cells were a reliable "proving ground" for the development of a

(a) Operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-AC06-76RLO 1830.
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commercial DSA-based sensor. The dependency on current density, however,
while interesting in its own right and possib1y indicative of the mechanisms
of the various anode properties/reactions, was not sufficiently refined to
serve as a basis for a viable sensor. The current density dependency was weak
~at current densities at or below 1.0 A/cm?, suggesting that either improvement
in analytical sensitivity or a change in experimental procedure was warranted.
Since alumina concentration is one of the main cell conditions for which a
sensor is required, ultimately the dependency needed to be related to alumina
concentration. But the alumina concentration dependency was unacceptable,
showing significant sensitivity only between 20% and 40% of saturation.
 Clearly, further work was required to advance these or other preliminary
parameter correlations to a stage where they could be useful for a DSA-based
sensor.

The work summarized in this report was aimed at determining whether a
more sensitive and reliable relationship between a DSA quantification param-
eter and alumina concentration could be found. Toward this end, both addi-
tional laboratory data were collected and a pilot-scale test was performed.
Laboratory cell data were collected over a wider range of operating conditions
than previously. The effects of varying current density/cell potentia] and
anode-to-cathode distance (ACD) were studied in addition to varying alumina
concentration. Alternating potential "ripples" were also applied to the con-
trolling voltage to determine the sensitivity of parameters related to elec-
trochemical impedance. In all, over three hundred different combinations of
these conditions were tested in the laboratory. In addition to widening the
range of operating conditions, other DSA approaches were also attempted by
Dr. Nikias and these are discussed in the Appendix. In August 1991, a pilot-
scale test of the cermet anodes was performed at the Reynolds Metals Company
(RMC) facility in Sheffield, Alabama. Current and voltage signals were col-
lTected during this test, and later were subjected to the same analyses as the
Taboratory data (i.e., for possible correlation with alumina concentration).
The objective of using the pilot cell data was to corroborate the finding of
the laboratory cell tests and/or further demonstrate whether scale-up signifi-
cantly influenced any correlations that were observed in the laboratory cells.
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" PNL also has performed digital signal analysis on data from laboratory
cells and the pilot cell using methods from chaos theory. The results of the
work using chaos theory are being presented in a separate report.
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2.0 PROCEDURES

2.1 LABORATORY CELL TESTS

~ The PNL Taboratory cell used to collect the data discussed in this
report is shown in Figure 2.1. An IBM AT computer containing an Analog
Devices, Inc., RTI-860 high-speed simultaneous analog input board connected to
Analog Devices 3B40-00 and 3B41-00 isolation amplifiers was used with the HEM
Data Corporation Snapshot Storage Scope software to collect, display, and
store the data. The inputs to the IBM AT were current and voltage signals
‘taken from a PAR 173 potentiostat that was operated in the potentiostatic
(potential control) mode in these experiments. The electrochemical cell was
similar to that used in previous sensors development work at PNL. It con-
sisted of a graphite crucible that served as the cathode and a BN-sheathed
cermet electrode as the ancde. No reference electrode was employed. The best
configuration for reducing instrumental noise was to operate the cathode as
the working electrode. Consequently, in this work, the working electrode ter-
minal was connected to the cathode and the counter and reference electrode
terminals were connected to the anode. To compensate for this "reverse" con-
figuration, the potential was set at negative potentials in order to drive the
cermet electrode an~dically. The exposed surface area of the anode was 1 cm?.
The initial bath was prepared by mixing appropriate amounts of reagent grade
materials to give a bath ratio equal to 1.15, 5.5% (by weight) CaF,, 1.0%
MgF,, and the desired concentration of alumina. A temperature controller/
furnace/thermocouple was used to control the bath temperature at 983°C. Bath
ratio and temperature were effectively constant throughout these short-term
experiments. In a given test, the anode was inserted once the bath had become
molten, the temperature was allowed to reequilibrate, then the anode was
polarized potentiostatically to give the desired current density.

Current and voltage signals were collected for cells with different
alumina concentrations, cell voltage/anode current densities, and anode-to-
cathode distances (ACD). These tests were labeled the "ACD tests." Every com-
bination of the following nominal values for these parameters was tested:
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. FIGURE 2.1. Apparatus for PNL Laboratory Tests

Alumina Concentration (weight percent): 0%, 1.5%, 3.0%, 4.5%, 5.1%,
5.6%, and 6% (where 8 wt% is approximately saturation).

Current Density (A/cme): 0.25, 0.50, 0.75, and 1.0.
ACD (in.): 3, 2.25, 1.5, and 0.75.

Data for a given set of conditions consisted of 10,000 sequential signals col-
lected over a period of 0.5 s (20 kHz sampling frequency). The digital sig-
nals were stored as files on 1.4 MB floppy disks. In addition, for each set
of conditions, one file was collected without any additional voltage signal
applied and two files with an £10 mV AC "ripple" superimposed on the control-
ling voltage. The frequencies of the ripples were 10 Hz and 1 kHz. These
ripple tests were performed to facilitate impedance calculations that may be
appropriate in the analysis.

Another set of data was also collected. These data, labeled the "DSA
tests," completed the data sets with conditions closer to alumina saturation
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and over a wider range of alumina concentrations. They employed a +50 mV rip-
ple instead of the 10 mV rippTe per a request by Dr. Nikias as a possible way
to improve sensitivity. The nominal conditions for the DSA tests were the
following:

Alumina Concentration (weight percent): 4.0%, 4.4%, 4.8%, 5.2%,
5.6%, 6.0%, 6.4%, 6.8%, 7.2%, 7.6%, and 8.0%.

Current Density (A/cm®): 0.5 and 0.66. -
ACD (in.): 1.5 only.

Similar to the ACD tests, for each set of conditions one file was collected
without any additional voltage signal applied and two files with the +50 mV
ripple as previously indicated, at frequencies of 5 and 10 Hz. In addition,
another set of files was collected on a standard 2-ohm resistor to determine
the extent of instrumental noise. The resistor data were collected at 0.5 and
1.0 A.

To address some ambiguities in the results from the above data (dis-
cussed in Section 3.1.1), one more set of laboratory data were collected and
analyzed. These data, called "Set#3," were collected under conditions simi1ar
to those reported above but only at 0.5 and 0.75 A/cm® and with the
ACD = 1.5 in. Data were collected at 13 different alumina concentrations
between 0 and 8 wt%. Similar to previous experiments, data files were col-
Tected with no AC ripple applied and with an applied +10 mV signai at 10 Hz.

2.2 PILOT CELL TEST

The pilot cell test of the cermet anodes was performed between August 10
and August 30, 1991, at the RMC facility in Sheffield, Alabama. The pilot
cell is a small, self-heated, aluminum reduction cell with the capacity for
running two "large" (industria1;size) carbon anodes. During the pilet cell
test, thirteen (13) cermet anodes were tested in a six-pack cluster (using a
predetermined exchange sequence) which was inserted in one of the two large
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anode positions.®

A single large carbon anode was run in conjunction with
a six-pack cluster in the remaining position. The cermet anodes had the same
composition as those evaluated in the Taboratory experiments but were manu-

factured by Ceramic Magnetics, Inc., Fairfield, N.J.

The arrangement of the carbon anode and the cermet anode cluster is
shown in Figure 2.2. The cermet anode cluster consisted of six cermet anodes
with positions denoted as A through F. The cermet anodes were roughly cylin-
drical with a radius of about 3 in. and a height of 3 in. in the center, with
an additional 1l-inch 1ip on the upper edge. All edges were rounded to reduce
corner effects.

The pilot cell power supplies were essentially unfiltered DC (actually,
6-phase rectified AC) output units capable of thousands of amps in the 5 to
10 V range. The supplies "floated" with respect to building electrical
ground, so common mode voltages existed that were not controlled. The pilot
cell voltage and current signals were derived from dividers and shunts con- |
nected directly to the pilot cell, and so floated with it. This electrically
noisy environment and the heat generated by the pilot cell during operation,
combined with the naturally occurring heat and humidity of summer in Alabama,
presented a challenge to accurate data acquiéition. An additional problem was
that the recording computer was operated from a room about 100 feet from the
cell, requiring a long cable to connect it to the signal sources.

The equipment for data collection is shown in the block diagrams in Fig-
ures 2.3a and 2.3b. The equipment included an IBM AT and an Analog Devices
RTI-860 data acquisition board with Analog Devices 3B40-00 and 3B41-00 insola-
tion amplifiers (the same as used in the laboratory cell tests). HEM Data
Corporation Snapshot Storage Scope software was used to collect, display, and
store the data. Inputs to the signal conditioning modules were available over
sixteen (16) channels. Fourteen (14) channels were actually used. Six (6) of
the channels were used to collect voltages across each of the six cermet
anodes (voltage drop between the top of each anode stem and the cathode

(a) The sequence for exchanging anodes and the operating conditions of each
of the anodes and the pilot cell as a whole will be discussed in a
forthcoming report on the pilot cell test.
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Alumina Feed

FIGURE 2.2. Arrangement of Anodes in the Pilot Cell Test

collector bar); six (6) were used for currents thriugh each of the six cermet

anodes (across 500 A: 100 mV shunts); and two (2) for the voltage and current
through the large carbon anode.

The amplifiers had an isolated, floating input that allowed direct
attachment to the voltage dividers and shunts on the pilot cell without con-
cern for ground Toops or common mode voltages. The nominal 0-10 kHz bandwidth
of the amplifiers was reduced to 0-25 Hz (3 dB point) using plug-in filters.
This bandwiath selection was based on previous experiments, which indicated
that all useful sensor frequency data occurred below 25 Hz.
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FIGURE 2.3a. Block Diagrams Showing Wiring of Data Acquisition
System for the Pilot Cell Test

The output of the amplifiers was not isolated, nor was the input on the
computer. The approximately 100 ft of cable run between the two units allowed
both induced and common mode noise to cause problems. These problems were
nearly eliminated by selecting the amplifier’s current output rather than it's
voltage output. Experimenting with combinations of the grounding location of
the output cable shield and the AC power outlet used for the amplifiers eli-
minated the rest of the noise.

The current signal from the isolation amplifiers was changed to a volt-
age signal with a resistor mounted at the input to the analog data input board
used in the computer. By making the conversion at the computer input, the
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FIGURE 2.3b. Block Diagrams Showing Physical Setup of Data Acquisition
System for the Pilot Cell Test

effect of any voltage drop or induced voltages along the 100 ft of cable was
eliminated. This would not have been possible using a voltage signal from the

amplifiers,

The DSA data were collected from the six cermet anodes and the carbon
anode at 3 kHz sampling frequency over a period of 0.5 s (for a total of
1500 current and voltage measurements from each anode). The 3 kHz sampling
frequency was sufficiently higher than the 25 Hz bandpass of the amplifiers to
avoid "aliasing" effects but low enough to keep data files from exceeding the
computer/software limitations. During each data acquisition period (about
four times each day), three data files were collected in sequence. These
sequential files were collected over a period of about 15 min and were
regarded as "sampling in triplicate." Determining whether each of the three
sequential files were similar enough to be regarded as triplicate measurements
or whether significant variation of conditions occurred over the 15-min sam-
pling period was one of the objectives of the data analysis. Clearly, if
these files varied significantly from each other, the whole DSA approach would
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be suspect since the objective was to correlate the signals to alumina concen-
tration, which was sampled and measured over a much Tonger period (every 2 to
4 h).

Between August 10 and August 27, the cermet anodes were operated under
"normal" conditions, i.e., at s 90 A through each anode and with alumina
concentration as close to saturation (about 8 wt%) as possible. Current and
voltage data were collected routinely during this time and samples of bath
were alsc collect for alumina concentration measurement. On August 27, alu-
mina feed was stopped and the amount of alumina in the bath dropped. Data for
DSA analysis and alumina concentration data were collected during this time
also.

Other operating conditions for the pilot cell test were summarized in
Windisch et al. (1991). Analysis of other data from the pilot cell test are
not yet comp]eted(” but indicate numerous other variations of operating
conditions with time (other than alumina concentration) that may have affected
the results of this signal analysis study. Significant variations in anode
currents, anode-to-cathode distance (ACD), the depth of anode immersion, cur-
rent and potential on the carbon anode and on other inert anodes, and bath
properties due to ledge formation and mucking occurred during the test. The
characteristics of the cermet anodes themselves also changed due to corrosion.

Figure 2.4 shows the variation in alumina concentration, expressed as a
percent of saturation (calculated from measured weight percentages using the
formula by E. Skybakmoen, et al. 1990). As an example of fluctuations in
other cell conditions, Figures 2.5 through 2.10 show the variation of current
through each of the cermet anodes as a function of time during the pilot cell
test. Table 2.1 summarizes all of the files collected for DSA analysis. The
table indicates when these files were collected and lists some of the impor-
tant operating conditions (such as when anodes were exchanged or when the
"six-pack cluster" contained less than six cermet anodes). In plotting the

(a) Complete results of the pilot cell test operation and cermet anode
performance will be discussed in a separate PNL report.
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DSA data and alumina concentration data, time is referenced to "0 days" which
is taken as 8/3/91 at 1400 h. This is the time that the first bath sample was
taken for analysis.

2.3 DSA METHODS

Various DSA techniques were used to analyze the current and voltage
signals. These included conductance computation, current-voltage power ratio,
coherence and bicoherence indices between current and voltage, power spectrum
estimation of signals, and linear and nonlinear modeling between the current
and voltage. A description of each of these approaches is given in the
Appendix.

Alumina, % Saturation

Time, Days

FIGURE 2.4. Variation of the Alumina Concentration with Time during the Pilot
Cell Test. (Day = O corresponds to August 3, 1991, at 1400 h.)
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TABLE 2.1.

Pilot Cell Test DSA Data Files

A B [o] D E E G
1_[DATE DATE (NUMBER) | TIME (HOURS) | TIME (DAYS) |DISK NAME 1FILE NAME | COMMENT
2
3 8/7/91 31995 1755| 4.,1479167|PC1 PC1A Small _carbon anodes in
4 8/7/91 31995 1800( 4,1666667 PC1B place of cermel anodes.
5 8/7/91) 31995 1804| 4.1683333 PC1C
6 8/10/91 31998 1657| 7.1070833|PC2 PC2A [nart anodes all in,
7 8/10/91 31998 1702|_7.1258333 pPc2B
8_ 8/10/91 31908 1706 7.1275 pcac
9 8/11/91 31999 742| 7,7258333(PC3 |PC3A .
10 8/11/91 ‘31999 _753| 7.7304167 PC3B _
11 8/11/91 31999 8086 _7.7525 PC3C ]
12 8/11/91 31999 2014| 8.2558333|PC4 PC4A o
13 8/11/91 31999 2021 8.25875 pPc4B -
14 8/11/91 31999 2025| B8,2604167 PC4C
15 8/12/91 32000 903| 8.7929167|PC5 PC5A -
16 8/12/91 32000 910| 8.7958333 PCsg o
17 8/12/91 32000 915| 8.7979187 pcs¢ |
18 8/12/91 32000 1400 9|pca PCBA .
19 8/12/91 32000 1410| 9.0041667 PC6B
20 8/12/91 32000 1415 9.00625 pPCcec .
21 8/12/91 32000 1732{ 0.1383333|PC7 PC7A
22 8/12/91 32000 1745 9.14375 pc7B
23 8/12/91 32000 1751 9.14625 PC7C
24 8/13/91 32001 810| 9,7541667/|PC8 PC3A
25 8/13/91 32001 814| 9,7558333 PC8B
26 8/13/91 32001 818 9,7575 pPCac o
27 8/13/91 32001 1330| 9.9708333|PCY PCOA o
28 8/13/91 32001 1334 9.9725 PCOB .
29 8/13/91 32001 1338] 9.9741667 PCSC
30 8/13/91 32001 1630/ 10.095833|PC10 PC10A
31 8/13/91 32001 1635| 10.097917 pPCci0B
32 8/13/91 32001 1639] 10.099583 PC10C
33 8/14/91 32002 912| 10.796667|PC11 PC11A
34 8/14/91 32002 918| 10,799167 PC11B
35 8/14/91 32002 954| 10.814187 PC11C .
35 8/15/91 32003 925| 11.802083|PC12 PC12A _ ]
7 8/15/91 32003 930| 11.804167 pPC128 .
38 8/15/91 32003 935| 11.80825 PC12C
39 8/15/91 32003 1325 11.96875|PC13 PC13A -
40 8/15/91 32003 1332| 11.971867 PC13B o
41 8/15/91 32003 1342 11.,975833 PC13C .
42 8/15/91 32003 1610 12.0875|PC14 PC14A Stubs on Anodes B, D and F
43 8/15/91 32003 1702| 12.125833] PC148 ara broken.
44 8/15/91 32003 1708| 12.128333 PCcl4c o
45 8/15/91] 320083 2142| 12.309167|pPC15 PC1i5A Anode D is out, o
46 8/15/91 32003 2146| 12.310833 PC15B o
47 8/15/91 32003 2150 12,3125 - PC15C L
48 8/16/91 32004 904| 12.793333|PC186 PG18A . .
49 8/16/91 32004 909| 12.795417 PC18B o L
50 8/16/91 32004 916| 12.798333 PC16C e o
51 8/16/91 32004 1307 12.968125|PC17 PC17A — I
52 8/16/91 32004 13120 12.963333 pPCc178
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JABLE 2.1. (contd)
A | B ! c | p | B [ & 1 G

53 8/16/91] 32004/ 13171 12,965417! 'PC17C

54 8/16/911 32004/ 17470 13.1445831PC18 'PC18A

55 8/16/91l 32004l 1752/  13.1466867/ [PC18B

56 8/16/91! 32004 17581 13,149167! PC18C -
57 8/16/891 32004 21431 13.309583|PC19 PC19A |

58 8/16/91 32004 2148| 13.311667 Ipciop !

59 8/16/91 32004 2156 13,315 lPc19C |

60 8/17/91 32005 821 18.75875|PC20 PC20A |

61 8/17/91 32005 825! 18,760417 PC20B |

62 8/17/91 32005 830 18,7625 pCc20C

63 8/17/91 32005 2134|  14.3058331PC21 PC21A

64 8/17/91 32005 2148| 14.311687 PC218B

65 8/17/91 32005 2152| 14.313333 pPC21C¢ ‘

66 8/18/91 32006 942| 14.8091871PC22 PC22A __iAnoage B is oul.

67 8/18/91 32006 947!  14.81125 pcasog |

68 8/18/91 320086 953 14.81375 pcoec |

69 8/18/91 320086 2018/ 15.2575/PC23 PC23A iAnodes A, B, and C are out,
7.0 8/18/91 32008 2023] 15.259583 pce3g |

71 8/18/91 32006 2028| 15.201667 pPC23C '

72 8/19/91 32007 844| 15.,768333|PC24 PC24A Anodes A and C are oul,
73 R/19/91 32007 850| 15.770833 pC248

74 8/19/91 32007 856| 15,773333 pc24C |

75 8/19/91 32007 1255 15.939583|PC25 PC25A _ |Anodes A and C are out.
76 8/19/91 32007 1301 15.95875 pc2sp | ‘

77 8/19/91] 3200 1307] __15.96125 lpcesc T

78 8/19/91 32007 1722 16.134167/PC26 PC26A lAnodes A and C are oul.
79 8/19/91 32007 1726/ 16.135833 pc26R

80 8/19/91 .32007 1733| _ 16.13875 pczeCc |

81 8/19/91 12007 2213l 18.338751PC27 PC27A __|All inert_anodes are in.
82 8/19/91 .h2007 2218| 16.340833 pce7g |

83 8/19/91 142007 2223| 16.342917 pce7c |

84 8/20/91 ;432008 822| 16.7591671PC28 PC28A |

85 8/20/91 .3ro08 828| 16 761667! pcasg |

86 8/20/91 paR08 833l 16.76375] |PC28C |

87 8/20/91 42008 13001 16,958333/PC29 [PC29A |

88 8/20/91 22068 1305  16,960417] Pc2oB |

89 8/20/91 32008 1310 16.9625 pPC29c |

90 8/20/91 32008 1605/ 17.0854171PC30 PC30A |

91 8/20/91 32008 1608/ 17.087083 pcaog !

92 8/20/91 32008) 1617 17.090417l PC30C |

93 8/20/91 32008! 2212l 17.338333|PC31 PC31A |

94 8/20/91l 32004 2222 17.3425 IPC31iB !

95 8/20/91/ 32008 2228 17.345 pPC31C |

96 '8/21/91l 32009 823 17.7595831PC32 PC32A :

97 8/21/91l 32009 828 17.761867 |PC32R ;

98 8/21/91 32009 8331 17.76375 pPCa2c !

99 8/21/91 32009 1337 17.97375|PC33 PC33A |

100 8/21/91 32009 1845] 17.977083] IPC33B |

101 8/21/91 32009 1349 17.97875! |Pcasc

102 8/21/91! 32009] 1550] 18.0625!PC34 lPcadA |

103 8/21/91l . 320009| 1610} 18.0875 |PC348 !
1104 8/21/91l 32009] 1616! 18,09 IPc3ac_
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M

ABLE 2.1. (contd)

A | | c I b t_E T F ] a
105 8/21/91 32009! 2210] 18.3375!PCas IPC35A ‘
1086 8/21/91 32009! 22141 18,339187! |PC358 !
107 8/21/91 32009] 2218| 18,340833| IPC35C
108 8/22/91 320101 800 18.75|PC36 |[PC36A
109 8/22/91 32010 806 18,7525 |PC368 !
110 8/22/91 32010 811 18.754583| PC3/C |
111 8/22/91 32010 1605| 19.0854171PC37 PC37A ICarbon anodes was Just
112 8/22/91 32010 1612] 19.088333 PC378 replaced, Volts are high.
113 8/22/91 32010 1618| 19,090833 PC37C
114 8/23/91 32011 840 19.766667|PC38 PC3BA Currents on Anodes E and F
115 8/23/91 32011 843| 19.767917 PC38B are low,
1186 8/23/91 32011 847! 19.769683 pceac
117 8/23/91 32011 11051 19.877083[PC39 PC39A
118 8/23/91 32011 1109 19.87875 PC3s8
119 8/23/91 32011 1118 19.8825 PC39C
120 8/23/91 32011 1640 20.1|PC40 PC40A |Anodes E and F are out,
121 8/23/91 32011 1646 20.1025 PC408 |
122 8/23/91 32011 16511 20.104583 PC40C |
123 8/24/91 32012 925 20.802083/PC41 PC41A Ancdes E and F are out.
124 8/24/91 32012 932 20.805 pCc41B :
125 8/24/81 32012 938 20.8075 PC41C
126 8/24/91 32012 1334 20,9725({PC42 PC42A All_anodes are In, but no
127 8/24/91 32012 1340 20.975 PC428B [__currant on Anode E,
128 8/24/91 32012 1346 20,9778 PC42C l
129 8/24/81 32012 1604 21,0851PC43 PC43A 'No current on Anode E,
130 8/24/91 32012 1609 21.087083 PC43B [ |
131 3/24/91 32012 1614] 21.,089167 PC43C
132 8/25/91 32013 7171 21.7154171PC44 PC44A All inert_anodes are in and
133 8/25/91 32013 722 21.7175 PC44B | _carrying current,
134 8/25/91 32013 726! 21,719167 PC44C |
135 8/25/91 32013 1529 22.0583751PC45 PC45A |
136 8/25/91 32013 1535 22.05625 PC458 i
137 8/25/91 32013 1539| 22,057917 PC45C i ]
138 8/25/91 37013 1546| 22.060833|PC46 PC46A
139 8/25/91 32413 1652| 22.063333 PC46B
140 8/25/91 32613 15586 22.085 PC46C
141 8/26/91 32014 852 22.771667(PC47 PC47A
142 8/26/91 32014 8566| 22.773333 PC478B
143 8/26/91 32014 860 22.775 PC47C |
144 8/26/91 32014 924| 22.801667(PC48 PC48A
145 8/26/91 32014 929 22.80375 PC488
146 8/26/91 32014 934| 22.805833| PC48C |
147 B/26/91 32014 939! 22.807917IPC49 PC49A |
148 8/26/91 32014 9451 22.810417 PC49R I
149 8/26/81 32014 949 22.812083 PC49C
150 8/26/91 32014 1646 23.1025/PC50 PC50A Anode B is out for resl of
151 8/26/91 32014 1654 23.105833 PC50B I test.
152 8/26/81 32014 1658 23.1075 PCS50C )
168 8/26/91 32014 1704] 23.126667|PC51 PCS51A !
154 8/26/91 32014 1709 23.12875 PC51B |
155 8/26/91 32014 17141 23.130833 PC51C !
1586 8/27/91 32015 804! 23.7516671PC52 PC52A  ITAlumina feed stooped.
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TABLE 2.1. (contd)

A | | | D | E_ | E__ ]
157 8/27/91! 32015! 810! 23.754167! PC528 l
158 8/27/911 32015 815/ 23.75625! {PCs2C
159 8/27/91! 32015! 826! 23.760833|PC53 IPC53A
160 8/27/91 32015! 833 23.76375 \PC53B :
161 8/27/91 32015| 838! 23.765833] [PC53C |
162 8/27/91 32015 1020] 23.841667/PC54 [PC54A |
163 8/27/91 32015 1027] 23.844583 |PC548 |
164 8/27/91 32015 10321 23.846667 |PCs4cC i
165 8/27/91 32015 1158] 23.899167/PC55 |IPC55A |
166 8/27/91 32015 1204 23.918333l pPCs5B |
167 8/27/91 32015 1209| 23.920417! PCssC |
168 8/27/91 32015 1356 _23.981667|PC586 |PCseA |
169 8/27/91 32015 1401] 24.000417 |PCS6B 1
170 8/27/91 32015 1405| 24.002083 |PCS6C
171 8/27/91 32015 1541 24.05875|PC57 IPCST7A
172 8/27/91 32015 15461 24.060833I PCS7B :
173 8/27/91 32015 1550 24,0625 IPC57C !
174 8/27/91 32015 1937 24.22375|PC58 IPCsBA |
175 8/27/91 32015 1942! 24.225833 {PCSER i
176 8/27/91 32015 1947 24.227917 |PC58C |
177 8/28/91 32016 826! 24.760833/PC59 ipcsoA |
178 8/28/91 32016l 832 24.763333] IPC59B l
179 8/28/91 32016 837! 24.765417] IPC59C |
180 8/28/91 32016 1048| 24 .853333!PC60 |PCBOA |
181 8/28/91 32016 1101l 24.875417] IPCE0B i
182 8/28/91 32016 11086 24.8775| IPceCC i
183 8/28/91 32016 1305] 24.980417]PC61 IPC81A |
184 8/28/91 32016 1311] 24.962917 IPCs1B t
185 8/28/91 32016 1315 24 964583 [PCB1C '




3.0 RESULTS OF ANALYSIS

There were a very large number of relationships evaluated in this work
between the various quantification parameters selected for analysis (derived
from the current and voltage signals) and alumina concentration. The rela-
tionships were first tested on the data collected from the laboratory cells at
PNL. Some conclusions were then drawn regarding parameters that appeared to
show the "best" correlation with alumina concentration. These (most promis-
ing) parameters were then applied to the pilot cell data to determine the
effects of scale-up.

3.1 LABORATORY CELL TESTS

Laboratory cell tests were conducted at PNL to provide data for evalu-
ating the sensitivity of quantification parameters to alumina concentration,
current density, signal frequency, and ACD.

3.1.1 Variations with Alumina Concentration

The laboratory cell data were used to screen a very large number of
quantification parameters (calculated from the current and voltage signals)
for those that showed the most promising correlation with alumina concen-
tration. (See the Appendix for a description of some of these'parameters.)

The earliest data collected from the laboratory cells, i.e., those
labelled "ACD data" and "DSA data" (corresponding to "ACD tests" and "DSA
tests" discussed in the Procedures Section), appeared to show a correlation
between three quantification parameters and alumina concentration. These
parameters were 1) the conductance,“) L, 2) the second filtey coefficient,
COEF2, and 3) the sixth filter coefficient, COEF6, of the linear modeling
method. (See Appendix for definition of these parameters.) Success with
using L was considered consistent with the similar, although more 1imited,
information obtained with the total power functions for current and voltage,

(a) Conductance values are normalized so their units are not those normally
used for conductance. In any event, only relative v.lues and their
variations were important in this study.
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separately, that was discussed in Windisch et al. (1990). Later analysis
using laboratory data labelled "Set#3 data" and the pilot cell data reduced
some of the initial optimism regarding reproducible application of these three
parameters to monitor alumina concentration. In particular, the parameters
and their apparent correlations with alumina appeared either to be overly sen-
sitive to other cell opérating conditions or were simply not as sensitive to
alumina concentration as was previously thought from the results of analyzing
the earlier data sets.

Plots of L, COEF2, and COEF6 versus alumina concentration for the ACD
and DSA data are shown in Figures 3.1, 3.2, and 3.3, respectively. Data are
presented in each plot for different current densities, with ACD = 1.5 in.,
and with a superimposed ripple of +10 mV or £50 mV at 10 Hz. (The ripple is
required for calculation of COEF2 and COEF6.) Similar results were obtained
for other ACD values, both with and without the applied AC ripple.

In each case the curves are relatively "flat" at Tower current densities
and have a slight positive slope at higher current densities.®) There is
also a slight dip in the curves at alumina concentrations between 4 and 6 wt%.
This dip was observed in most of the data. Generally, the dip was more dis-
tinct for the +10 mV data (ACD tests) than for the +50 mV data (DSA tests).

At concentrations above 6 wt%, the data appear noisier, as in the cases of
COEF2 and COEF6, or are very flat, as in the case of L.

Considering all aspects of the ACD and DSA data, it was still unclear if
a relationship suitable for an alumina sensor was achievable. The above
results appeared promising, but there appeared to be important deficiencies.
The strongest dependency (largest slope) between the parameters and alumina
concentration was in the vicinity of the dip between 4 and 6 wt%. However, it
was not clear whether the dip was reproducible. Different data, albeit col-
lected with different AC excitation voltages, gave dips with somewhat differ-
ent appearances. There was a question also as to whether there was any

(a) It is not clear why the conductance increases with alumina concentration
in these plots. Conductance should decrease as discussed in numerous
references (Grjotheim et al. 1982).
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FIGURE 3.1. Plot of Conductance, L, by Cross-Correlation versus Weight
Percent Alumina at Various Current Densities.
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FIGURE 3.2. Plot of COEF2 versus Weight Percent Alumina at Various Current
(ACD = 1.5 in.; a 10 Hz Ripple was Used.)
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FIGURE 3.3. Plot of COEF6 versus Weight Percent Alumina at Various
Curgent Densities. (ACD = 1.5 in.; a 10 Hz Ripple was
Used.)

dependence on the size of the AC ripple. Sensitivity to the ripple would
suggest a problem in 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 opera-
tion. Sensitivity of the quantification 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 to 6 wt% where 8 wt% is
saturation, would appear to be a disadvantage.

To address the above concerns, a followup data set (Set#3) was collected
using the laboratory cells. Specifically, these experiments were meant to
1) determine the general reproducibility of the results from the ACD and DSA
data, 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 to 8 wt% range where
alumina sensitivity is especially important.
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Unfortunately, the Set#3 data gave varied behavior which could not cor-
roborate the results from the earlier data. For example, as shown in Fig-
ure 3.4, a "dip" was observed in L, COEF2, and COEF6 when the current density
was 0.75 A/cm--but it occurred at 3 wt% alumina instead of in the expected
4 to 6 wt% range.®) More importantly, as also shown in Figure 3.4, 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 concentrations was a prerequisite for a
sensor to be used successfully with the cermet anodes.

3.1.2 Variations with Current Density

In addition to screening for sensitivity to alumina concentration, the
quantification parameters were tested for sensitivity to other operating con-
ditions including current density. COEF2 and COEF6 both exhibited maxima in
most cases at current densities close to 0.5 A/cm’. This is illustrated by
Figure 3.5 which shows the variation of COEF2 with current density at various
alumina concentrations for cells with ACD = 3.0 in. and with a superimposed
ripple of £10 mV at 10 Hz. Similar results were observed for other ACD values
and types of ripples. The result is consistent with impedance measurements
made at PNL and DSA results for resistance reported in FY 1989 that showed an
impedance or resistance minimum near 0.5 A/cm’. The relationship appears to
be particularly strong in the case of COEF2 and COEF6. The interesting thing
about the more recent data is that COEF2 and COEF6 are obtained from a linear
model for conductance that includes the effect of "memory." Each conductance
value is calculated by reference to previous data points, i.e., in the time
domain. The parameters therefore take on the properties of capacitance.

These results suggest that including the capacitive effects may improve the
sensitivity of the conductance or resistance parameters. Consequently, the
parameters COEF2 and COEF6 were considered appropriate in the search for a

(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 the other data in Figure 3.4), it is
recommended that not too much significance be placed on this dip until
replicate data are obtained.
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FIGURE 3.4. Plots of L, COEF2 and COEF6 versus Weight Percent Alumina for
Set#3 Data. (ACD = 1.5 in.; a 10 Hz Ripple was Used.)

3.6



0.40 [—
0.34 |—
0.28 |
o
w
o
Q
0.22 [
O 1.5 wt % alumina
® 3.0wt%
A 45 wt%
0.16 = A 5.1wt%
' [] 5.6 wt%
. 6.0 wt %
0.10 | | 1
0.0 0.5 1.0

2
Current Density, A/cm 39203032.5

FIGURE 3.5. Plot of COEF2 versus Current Density for Various Alumina
Concentrations. (ACD = 3.0; a 10 Hz Ripple was Used.)

sensitive parameter/alumina correlation. This is why these two parameters
were selected for further study in both the laboratory cell tests and the
pilot cell test.

3.1.3 The Frequency Spectrum and Sensitijvity

Plots in this work were generated using voltage and current signals
having a frequency content between 0 and 10 kHz. In addition, plots were
generated with voltage and current signals low-passed at a cutoff frequency of
25 Hz (very Tow frequency content). These two types of plots are compared in
Figure 3.6. As shown, the results are essentially identical. This same
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FIGURE 3.6. Comparison of Conductance versus Weight Percent Alumina Data
a) With and b) Without a 25 Hz Low-Pass Filter

comparison was obtained for nearly all of the laboratory-scale data sets in
this work. Consequently, it appeared that the quantification parameters under
study depended only on the low frequency content of the signals. There
appeared to be no empirically based reason to pursue the collection of signals
with frequencies higher than those studied in the laboratory tests or the
analysis of signals with frequencies greater than 25 Hz.

The results of another experiment reinforce the above conclusions.
Digital voitage and current signals were collected from a 2-ohm resistor con-
nected to the instrumentation in place of the laboratory cell. Much of the
noise in this test, all of which was attributed to instrumentation, occurred
at higher frequencies, above 25 Hz. Consequently, by low-passing the voltage
and current signals, not only do we retain all of the important process-
related information, but we also reject most of the instrumental noise. Based
on these results, low-pass filters were used in the pilot cell test reported
in Section 3.2.



3.1.4 Varjgtjons with ACD

Another approach that was tested in FY 1990 was to determine whether any
correlations existed between second order relationships involving cell opera-
ting conditions and the various quantification parameters. If successful,
these second order relationships could be determined online with only slightly
more difficulty than the direct measurements discussed above.

The second order relationship tested in this work was the derivative of
the slope of the resistance-versus-ACD response with respect to the alumina
concentration. Ignoring impedance terms associated with the electrode proc-
‘esses, the aluminum reduction cell can be viewed as a simple conductance cell
whose resistance is simply the resistance of the e]ectro]yte.“) If R is
the electrolyte resistance, K is the cell constant, and p is the resistivity
of the electrolyte, then

R = Kp (3.1)

Taking the derivative with respect to the ACD, gives

dr/d(ACD) = K[dp/d(ACD)] + p [dKk/d(ACD)] (3.2)

p, of course, should not depend on the ACD, so

dR/d(ACD) = Cp (3.3)

(a) This assumption is good only at low cell currents. At higher currents
contributions from the resistances of the electrodes, leads, and col-
lector bars must also be considered. There is also a contribution from
bubble resistance which is formally neglected in this approach, but may
also be considered as pzrt of the electrolyte impedance.

3.9



where C = dK/d(ACD) is a constant and dépendent on the cell geometry.(“

Taking the derivative of Equation 3.3 with respect to the alumina
concentration, A, gives

d[dr/d(ACD] /dA = C(dp/dA) (3.4)

In these DSA-based approaches, some of the quantification parameters are
related directly to the cell resistance, so we can replace R with the generic

quantification parameter, X, and a new constant, C’, to praserve

dimensionality.
dldXx/d(ACD)]1/dA = ¢'/(dp/da) (3.5)

Since p and dp/dA are both nonzero and functions of alumina concentration,
dX/d(ACD) should be a function of alumina concentration also and may therefore
be useful as the basis for an alumina sensor. The approach was conceived of
as an alternative to the first order relationship between X and A. If X is
not sensitive enough to A, perhaps dX/d(ACD) will be.

If dX/d(ACD) showed a significant dependency on alumina concentration,
using it would be relatively straightforward. An operator would need to vary
the ACD while collecting DSA data. A computer would calculate X from the
digital data, and, subsequently, determine dX/d(ACD). With a calibration
curve developed for the cell, dX/d(ACD) could then be related to the alumina
concentration. The principal issue to be addressed in this preliminary work,
however, 1is whether dX/d(ACD) is sensitive enough to alumina concentration to
serve as the basis of a practical alumina sensor.

(a) This assumes linearity, which may not be the case. The assumption is
made as a first approximation only. Fanning currents may impart severe
departure from linear behavior, particularly at large ACD values.
Alternatively, the approximation may not be as severe at the smaller ACD
values tested (0.75 and 1.5 in.).



Digital signal cdata were collected from laboratory cells with ACD values
equal to 0.75, 1.5, 2.25, and 3.0 in, At each of these ACD values, data were
collected for various alumina concentrations, and also at various anode
potentials/current densities. AC ripple tests were also performed as dis-
cussed previously. In all cases, the various gquantification parameters
derived from the DSA data showed no significant and reproducible variation
with ACD. For example, Figure 3.7 shows a plot of the conductance estimated
by cross-correlation (the reciprocal of resistance or impedance), L, as a
function of ACD at a current density of 0.75 A/cm® and various alumina
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GURE 3.7. Plot of Conductance ver:us ACD for Various
Alumina Concentrations. (ACD = 1.5 in.; a
10 Hz Ripple was Used.)



concentrations. The curves are essentially "flat," precluding any reliable
determination of slopes and how they vary with alumina content. This sort of
behavior was observcd whenever ACD was varied.

It is not obvious why no dependency of any of the quantification param-
eters on ACD was observed given the apparent validity of Equation 3.5. The
conductivity of cryolite decreases from about 2.8 to about 2.5 ohm™ cm™ at
1000°C when alumina concentration is increased from 0 to 6 wt% (Grjotheim
1982). A roughly 10% decrease should have been significant enough to measure
in these laboratory tests. One possible explanation is that there were signi-
ficant contributions to impedance from the electrode processes, particularly
those involving the anode, and that the electrode effects obscured the rela-
tionships expected from the electrolyte alone. Another possibility is that
the constant C’ was very small (or not constant) due to the actual relation-
ship between K and the ACD for this cell geometry (1.e., fanning currents may
have been significant even at the smaller ACD values). A very small (or vari-
able) C' might reduce the sensitivity of dX/d(ACD) below practicality. The
Tatter possibility could be tested in a cell with a different geometry.

3.2 PILOT CELL TEST

Figure 3.8 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 the residual 360 Hz rectifier signal, which appears as a signi-
ficant component of all of the signals even after filtering.

The following quantification parameters were determined from the current
and voltage measurements during the pilot cell test: the conductance, L; the
power ratio between the current and voltage, P; 1inear model parameters; and
nonlinear model parameters. The various parameters were calculated using the
total signals, the ac components, and the dc componants of the signals. In
addition, the correlation (magnitude squared coherence index) between the
signals on the large carbon anode and each of the cermet anodes was determined
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FIGURE 3.8. Typical Current and Voltage-versus-Time Plots for the
Pilot Cell Test Data. (Data are from File PC51C and
are for Anode in Position D at 23.1 Days.)

to see if there was any significant amount of coupling of the signals that
would interfere with the analysis. A more complete description of the quanti-
fication parameters is given in the Appendix.

Because a large volume of signal data was collected during the pilot
cell test, only some of it could be analyzed completely. Data from anodes in
positions C, D, and F were selected for analysis. One of the reasons these
positions were chosen was that they were occupied at the end of the pilot cell
test when the alumina concentration was deliberately lowered. Data from these
anodes therefore represented alumina concentrations over a wide rage of val-
ues, i.e., from 20% to 100% of alumina saturation. Since the objective of
this study was to determine whether any correlation existed between the quan-
tification parameters and the alumina concentration, the data from these
anodes had the best chance of providing some indication of correlation (if
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there was any at all). Sensitivity at high alumina concentrations (which is
important for the cermet anodes) could be investigated in more detail once
correlation over the much broader concentration range was demonstrated.

Preliminary analysis of the pilot cell data showed that the anodes in
position C, D, and F seemed to behave differently in regards to how the quan-
tification parameters varied with the alumina concentration. Upon initial
inspection, the anodes in position D gave rise to signals that appeared to
show some correlation with alumina concentration, while those in positions C
and F showed no obvious behavior indicative of the alumina concentration.

More careful examination of the signals from the anodes in position D, how-
ever, showed that even these did not correlate reproducibly with the alumina
concentration. Certain unusual characteristics in the correlation plots
reflected serious problems with attempting to correlate the signals from
position D to alumina concentration without considering the effects of other
operational parameters. It now appears likely that anodes in position D were
plagued by the same effects that obscured sensitivity to alumiia concentration
for the rest of the cermet anodes in the pilot cell test. Some of the details
of these interferences are discussed below.

Figure 3.9 shows the variation in L®) as a function of time during the
test for anodes in position D. (The behavior for the other quantification
parameters for the same position is similar.) Also in the same figure is the
plot of the variation of alumina concentration (expressed as percent of sat-
uration) as a function of time during the test. (Recall that "0 days" cor-
responds to 8/3/91 at 1400 h.) As shown in Figure 3.9, there appears to be
some tracking of the alumina concentration by L. For example, at about
13 days aiumina concentration shows a dramatic drop and L drops dramatically
also. During the perind between 23 to 26 days, where alumina concentration
drops (due to the deliberate stoppage of alumina feed), L is dropping also.
In addition, as shown in the figure, there are numerous other instances

(a) The values for L are plotted using an arbitrary scale so that they
overlap the alumina concentrations also plotted in these figures. Plots
of the type were generated by Dr. C. L. Nikias to see if L (and the
other quantification parameters) tracked the alumina concentration to
any reasonable and consistent extent during the pilow cell test.
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FIGURE 3.9. Comparison of L and Alumina Concentration as a Function
of Time during the Pilot Cell Test for Anode in
Position D

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.

Closer examination of the data in Figure 3.9, however, indicates there
are some important discrepancies that cannot be explained at this time. Also,
some of the operating conditions raise questions about even those situations
where correlations seem promising. For example, the dramatic drop in L (and
the other quantification parameters) at about 13 days occurs at precisely the
time when the anode in position D was exchanged! (Refer to comments in
Table 2.1.) Files PC17 through PC19, which contain the data that exhibited
the drop, were coliected between days 12.3 and 13.3 days, during which time

39203032.9
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the anode in position D was being exchanged and therefore electrically discon-
nected. It appears that this drop in L and the other signal parameters is
irrelevant in regards to alumina concentration, and, consequently, itsapparent
correspondence to the observed drop in alumina concentration is completely
fortuitous. The decrease in the value for L during the drop in alumina
concentration between 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 D that begins around day 20 (8/23/91) that is shown in Figure 2.8.

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
anodes in position D, 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 3.9, L goes down as
the alumina concentration goes up. Clearly, the relationship between L (and
the other quantification parameters) with alumina concentration for the anodes
in position D, which seemed promising on first inspection, are not so promis-’
ing under closer scrutiny and in light of variations in other cell conditions,
especially the anode currents.

Anodes in positions C and F, whose signals show even poorer "correla-
tion" with the alumina concentration give additional evidence that there is
either very little sensitivity to alumina concentration or that fluctuations
in other cell operating conditions are obscuring or reducing this sensitivity.
Figure 3.10 shows a plot of L and aiumina concentration for the anodes in
position F, similar to the plot in Figure 3.9 for position D. Little, if any,
meaningful relationship between the quantification parameter and alumina con-
centration is apparent from this figure. Similar lack of any correlation is
observed for the other quantification parameters for both positions F and C.

Additional evidence for other cell operating conditions affecting the
signals from the cermet anodes and possibly reducing their sensitivity to
alumina concentration is shown in Figure 3.11. Figure 3.11 shows how the
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correlation coefficient between the signals from the anodes in position F
varied with those from the large carbon anode as a function of time during the
test. (Anodes in other positions behaved similarly.) The correlation coeffi-
cient was very high (> 0.999) throughout the test (except at around day 20
which corresponds to a time when the anode in position F had very Tow currents
and when it was being exchanged). The high correlation between these numbers
suggests that there was a significant amount of coupling between the noise on
the Targe carbon anode and the cermet anodes.® This coupling would be
expected to confound any correlation with alumina concentration unless the
twoanodes showed exactly the same response to alumina concentration, which is
unlikely given what is known about the different characteristics of these
anodes. (The "noise" signatures of carbon and inert anodes are known to be
different due to the different sizes of the gas bubbles produced on them.)

(a) This coupling is not surprising given the large perturbing effect the
carbon anode had on the dc voltages and currents at the cermet anodes.
These perturbations and the ramifications on cermet anode performances

are discussed in the forthcoming report on the results of the pilot cell
tost.

3.18



4.0 CONCLUSTONS AND RECOMMENDATIONS

The principal conclusion from this work is that none of the quantifi-
cation parameters (derived from current and voltage signals from both labora-
tory and pilot-scale aluminum reduction cells using cermet anodes) have
demonstrated sufficient and consistent sensitivity to alumina concentration to
serve as a basis for an alumina sensor. There are two possible explanations
for the lack of consistent correlation involving the quantification param-
eters: 1) there is no dependence, or a very weak one, on alumina concentra-
tion, and/or 2) there were overriding factors or extraneous noise that reduced
the sensitivity or "overwhelmed" the signal components affected by alumina
concentration. The latter possibility is most reasonable in 1ight of the
results from the pilot cell test that showed a deperdence on anode current and
the operation of the large carbon anode.

Based on the results of this work, it is recommended that further study
using DSA methods be suspended or postponed until a less "noisy" pilot-scale
test is performed with cermet anodes. Alternatively, a new strategy needs to
be developed for applying the DSA approaches. For example, the methods could
be applied to carbon anodes in commercial cells where a significantly greater
volume of data can be collected over much longer times. A larger data base
may facilitate the "factoring out" of the effects of fluctuations in other
cell operating conditions.
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~ APPENDIX(®)

DIGITAL SIGNAL ANALYSIS METHODS

This Appendix was provided to the author in a personal communication
from Dr. C. L. Nikias. Some of the notation in the Appendix is slightly
different than in the text. In particular, note that L=A for conduc-

tance, and COEF2 and COEF6 are denoted in the Appendix as two of the
various a,'s.
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MATHEMATICAL METHODS

A. Conductance Comput.ation

The basic assumption here is that

I(n)= A - V(n) n=12...,N (1)

where A is the conductance (1/R where R is resistance). Two methods have been employed to

estimate A from the data, namely, the cross-correlation method and the average value method.

The cross-correlation method gives estimate

N N
A= D 1 () [ 5o VI (2)
n=] n=1 ‘
whereas the average value method
v &
Aav = Ef(n)/ Y V(n). (3)
n=1 n=1

B. Power Ratio Computation

The total power of current and voltage signals is respectively given by

N

1 2

P[ B -N. n=1 ! (n)
T (4)

- 2

Py = & > V(n)

n=1
Therefore, their ratio is

Tp = P[/PV (5)
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C. Welch Method for Power Spectrum Estimation

This method Is utilized not only to estimate the power spactrum of current/voltage signals but
also to estimate thelr magnitude-squared coherence. Assuming that {Y(n)},n =1,2,...,L, Is our
data, the Welch method proceeds as follows,

1. Segmént the data into K records of N samples each, l.e., . = KN, Assume that {X;(n).n =

0,1,...,N — 1} is the data set per segment ¢ = 1,2,..., K.

2. The periodogram spectrum is generated for each segment:
Pi(6) = FOT[X:(n))
and
Si(0) = |PAOR for £=0,1,...

3. The Welch spectrum is obtained by averaging periodogram estimates:
‘ o
Swa(t) = & ;sm ()
So, if ¥ = 2048, then £ = 0,1,...,1023 spectral components are generated uniformly from 0
Hz - (1/2T) Hz where T is the sampling period of the data. It has been well-astablished in the
literature (2], [3], that the variance of the Welch spectrum s

var(Swg(f)] ~ —=S5%(0)

1
K
where 5(£) is the true spectrum of the data and K the total number of segments. Thus, the

larger is K, the smaller will be the variance in the spectrum estimate.

D. Magnitude-Squared Coherence (MSC)

The MSC is computed by utilizing the Welch method described above and two different sets
of data, say {YV(1),...,Y (L)} and {Z(1),...,2Z(L)}. In particular, we have the following:
1. Segment both data into K records of N samples each; ie., L = K N,
2. Let us assume that {z;(n),n =0,1,..., N =1} is the data set per segment of {¥Y'(k)} and that

{wi(n)yn =0,1,...,N = 1} the data sct per segment of {Z(k)}, where i = 1,2,... I,

A.2



3. The FFT operatlon ls applled on each segment of data
Xi(¢) = FFT{2(n)),
Wi(l) = FFT[wi(n))y, i=12,..,N
and the anto- and cross-spectra generated! |.a.,
540 = | Xi(e)2,
Sl () = Wi(o)%,
N

SEO) = X0 Wi(O),  E=0,1,0, 5 = 1

4. The Welch auto- and cross-spectra are obtalned by averaging

v {)
Szall) = = L.s<

{=1

Swul(l) = = }: SE,(8)

mu L SJHU

i=1

5. The magnitude-squared coherenced Is defined by

¢ |Sa:w )'2 -
MSC
O = S0 50 ()
N
K-..D,l,...,-—2—--1

and is always 0 £ MSC(€) < 1 for all frequency values £,

E. Linear Modeling
A linear time-invariant finite Impulse response (FIR) filter is assumed to relate the I(n) and
V(n) of Figure 1, as follows,
M
= Z a,vV(n - 1) (8)
where {a,,a1,...,aps} are the parameters of the FIR model, Let us note that equation () i
assumed when the de value is subtracted from the signals and V(n) s elther 1011z or 1kHz signal,
The lincar model parameters are estimated via cross-correlation apecations and singular value

decompousltion.
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From (8) wa obtaln the following rolatlonshlp In the second-ordar statlstics domaln:

M
Riv(r)= D ai Ryy(r+1) (9)
(=0
rOI‘ T = 0,1,2,-040[

where
Rrv(r) = Z I(n)I(n+r) atntocorrelation
n
Ruy(r+1) = Z V(in - DI(n+r) cross — corrolation  (10)

n

['rom (9), we {orm thae overdetormined system ol equations

Ryv(0) Ryvy(l) Rvv(2) ... Rvy(M) Z" v (0)
Rvv(1) Ruy(2) Ryv(8) . Ryv(M+1) ”: Rpv(l)
Rvv(2) Rvv(3) Rvv(4) ... Ryv(M+2) P E ] R (L)
‘ an
R a =1

where B is (J + 1) x (M + 1) matrix, a = [agy a1, .. ap]® and £ ls (J + 1) % L vector, The SVD

of R la: )
R = Z AT

(=1
\ >
012022...5_0,,

where p Is the rank of the matrix (p < M + 1); o) are the singular values and “H" denotes transpose

conjugate. The pseudo-Inverse of the matrix R ls

p
1
BT =Y =S vH 12
‘2:1 il (12)
The solution g via SVD Is given by
a =R (13)

It 1s important to note that even If the matrix A is full rank (p = M 4 1), It can always be

approximated by a lower rank matrix, B, In the mean-square error (mse) sense as follows

q
=% ovsl (1)
=]
where q < p.
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F. Nonlinear Modeling

A second-order Volterra model with lnear and quadratic components ls the following,

M 2 2
I(n) =S aVm=0)+3 Y e(i,/)V(n - i)V(n-j) (15)
{=20 i=0 120

where {¢ay.. ., aprr} are tho linear component parameters and {¢(0,0), e(1, 1), (2,2), ¢(0, 1), o(),2),
¢(1,2)} are the nonlincar quadratic component paramaters, Lot ug note that ¢(i, j) = ¢(j, ). From

(15), we have the following t'ela,tionqhip batween llighar~or(lcr statistics of current and voltage:

Rev(r "Za.var+1+ZZ e(h, )M (7 + 1,7 + ) (16)
=0 jm0 =0 ‘
forr=0,1,2,3,...J, whare

Riv(r), Rvv(r) are given by (10) and
M(r,p) L V(n)V(n+r)V(n +p) (third — order momaonts) (17)

From (16) we form an overdetermlned gystam of aquations and solve for {aa, a1y ., aar, ¢(0,0),

e(1,1), ¢(2,2), ¢(0,1), ¢(0,2), ¢(1,2),] using the singular value decomposition.

G. Quantification Parameters
The set of ad-hoc quantification parameters that has been identified from these DSA methods

is the following:

1, Conductance between curren/voltage (A).

2. Power ratio between current/voltage (rp).

3. Magnitude Square Coherence (MSC) as a function of frequency.

4, Bicoherence Index (to test whether or not there are quadratic nonlinearities in the relationship
between current/voltage).

5. Powar spectrum of current/voltage.

6. The linear model parametors and the singular values of R matrix,

7. The nonlinear model parameters and their corresponding singular values.
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