
PNL-8076
UC-313

Inert Electrodes Program

Final Report on DSA Methods for
Monitoring Alumina in Aluminum
Reduction Cells with Cermet Anodes

t

April 1992

* Work Supported by the U.S. Department of Energy
under Contract DE-AC06-76RLO 1830

Pacific Northwest Laboratory
Operated for the U.S. Department of Energy
by Battelle Memorial Institute "_Z

f-,
I

Ballell
' " , ........t,i"i",il.',._._

_

=



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United.States Government nor any agency
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any
warranty, expressed or implied, or assumesany lesal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product,

or processdisclosed, or represents thai its usewould not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by
trade narne, trademark, manufacturer, or otherwise does not necessarily constitute

or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof, or Battelle Memorial Institute. The views and
opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

PACIFIC NORTHWEST LABORATORY

opera ted by
BATTELLE MEMORIAL INSTITUTE

tbr the

UNITED STATES DEPARTMENT OF ENERGY

under Contract DE-ACO6.76RLO 18.30

Printed In the United Statesof America

Availabl_to DOE and DOE contractorsfrom the

Office of Scientificand Technical Information, P.O. Box62, Oak Ridge,TN 37831;
pricesavailable i'rom (615) 576.8401. FTS626-8401.

Availableto the publicfrom the National TechnicalInformationService,
U.S. Departmentof Commerce,5285 PortRoyal Rd.,Spri,gfield, VA 22161.



P_L--8076

DE92 013599

Inert ElectrodeProgram

FINAL REPORT ON DSA i4ETHODSFOR MONITORING
ALUMINA IN ALUMINUM REDUCTIONCELLS WITH
CERMET ANODES

C. F. Windi._ch,Jr.

ApriI 1992

Preparedfor
the U.S. Departmentof Energy
under ContractDE-ACO6-76RLO1830

PacificNorthwestLaboratory
Richland,Washington99352

MASTER



ACKNOWLEDGMENTS

The author wishes to acknowledgethe technicalassistanceof

N. D. Stice, N. C. Davis, and R. E. Williford, PacificNorthwestLaboratory;

the assistancewith DSA analysisand many fruitfuldiscussionsby

C. L. Nikias,Universityof SouthernCalifornia,Los Angeles,California,the

programmaticsupportprovidedby M. J. McMonigleand the Office of Industrial

Processes,U.S. Departmentof Energy (DOE),Washington,D. C., and the DOE

. RichlandField Office. The author is also grateful to the personnelat

ReynoldsMetals Company, Sheffield,Alabama, who assistedin performingthe

prototypeanode test in March 1989 and the pilot cell test in August 1991.

iii

=_



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 laboratory 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:

I) 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, lt 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.



r ,

,, CONTENTS
,

ACKNOWLEDGMENTS........................... iii

SUMMARY ............................... v

1.0 INTRODUCTION ......................... 1.1

2.0 PROCEDURES .......................... 2.1

2.1 LABORATORYCELL TESTS .................. 2.1

2.2 PILOT CELL TEST ..................... 2.3

2.3 DSA METHODS ....................... 2.9

3.0 RESULTSOF ANALYSIS ...................... 3.1

3.1 LABORATORYCELL TESTS .................. 3.1

3.1.1 Variationswith Alumina Concentration....... ' 3,1

3.1.2 Variationswith Current Density .......... 3.5

3.1.3 The FrequencySpectrumand Sensitivity ...... 3.7

3.1.4 Variationswith ACD ............... 3.8

3.2 PILOT CELL TEST ..................... 3.12

4.0 CONCLUSIONSAND RECOMMENDATIONS................ 4.1

5.0 REFERENCES .......................... 5._

APPENDIX" DIGITAL SIGNALANALYSIS METHODS ............. A.I

vii



FIGURES

2.1 Apparatusfor PNL LaboratoryTests .............. 2.2

2.2 Arrangementof Anodes in the Pilot Cell Test ......... 2.5

2.3a Block Diagrams ShowingWiring of Data AcquisitionSystem
for the Pilot Cell Test ................... 2.6

2.3b Block Diagrams ShowingPhysicalSetup of Data Acquisition
System for the Pilot Cell Test ................ 2.7

2.4 Variationof the AluminaConcentrationwith Time during the
Pilot Cell Test ....................... 2.9

2.5 Variation n CurrentThroughAnode in PositionA during the
Pilot Cell Test ....................... 2.10

2.6 Variat on n CurrentThroughAnode in PositionB during the
Pilot Cell Test ....................... 2.10

Q

2.7 Variat on n CurrentThroughAnode in PositionC during the
Pilot Cell Test ....................... 2.11

2.8 Variat on n CurrentThroughAnode in PositionD during the
Pilot Cell Test ....................... 2.11

2.9 Variatlon in CurrentThroughAnode in PositionE during the
Pilot Cell Test ....................... 2.12

2.10 Variatlonin Currer,t ThroughAnode in PositionF during the
Pilot Cell Test ....................... 2.12

3.1 Plot of Conducta_.ce,L, by Cross-Correlationversus
Weight PercentAlumina at Various Current Der_sities ..... 3.3

3.2 Plot of COEF2 versus Weight PercentAlumina at Various
CurrentDensities ...................... 3.3

3.3 Plot of COEF6 versus Weight PercentAlumina at Various
CurrentDensities ...................... 3.4

3.4 Plots of L, COEF2 and COEF6 versus Weight PercentAlumina
for SET#3 Data ........................ 3.6

3.5 Plot of COEF2 versus CurrentDensity for VariousAlumina
Concentrations ........................ 3.7

viii



3.6 Comparisonof Conductanceversus Weight PercentAlumina
Data a) With and b) Without a 25 Hz Low-Pass Filter ...... 3.8

3.7 Plot of Conductanceversus ACD for VariousAlumina
Concentrations ........................ 3.11

3.8 TypicalCurrent and Voltage-versus-TimePlots for the
Pilot Cell Test Data ...................... 3.12

3.9 Comparisonof L and Alumina Concentrationas a Functionof
Time during the Pilot Cell Test for Anode in PositionD . . . 3.15

3.10 Comparisonof L and Alumina Concentrationas a Functionof
Time during the Pilot Cell Test for Anode in PositionF . . . 3.17

3.11 CorrelationPlot for Anode in PositionF with the Large
Carbon Anode ....................... . . 3.17

TABLES

2.1 Pilot Cell Test DSA Data Files ................ 2.13

ix



I.0 INT.RODUCTION

The SensorsDevelopmentProgramwas conductedat the PacificNorthwest

Laboratory (PNL)(a)for the U.S. Departmentof Energy,Office of Industrial

Processes. The work was performed in conjunctionwith the Inert Electrodes

Programat PNL. The objectiveof the SensorsDevelopmentProgramin FY 1990

through FY 1992 was to determinewhether methodsbased on digital signal

analysis (DSA) could be used to measure aluminaconcentrationin aluminum

reductioncells. Specifically,this work was performed'todeterminewhether

useful correlationsexist betweenaluminaconcentrationand various DSA-

derived quantificationparameters,calculatedfor current and voltagesignals

from laboratoryand field aluminumreductioncells. If appropriatecorrela-

tions could be found, then the quantificationparametersmight be used to

monitor and, consequently,help control the aluminaconcentrationin com-

mercial reductioncells. The controlof aluminaconcentrationis especially
J

importantfor cermet anodes,which have exhibitedinstabilityand excessive

wear at aluminaconcentrationsremoved from saturation.

A subcontractwas written to Dr. C. L. Nikias,Professor,Universityof

Southern California,Los Angeles,California,to assist in developingDSA-.

based methods by analysisof data from PNL laboratorytests and the pilot cell

test of the cermet anodes. In FY 1989 and FY 1990, Dr. Nikias completed

studieson PNL laboratorydata for variouscurrentdensitiesand aluminacon-

centrationsand on data collectedduring the prototypeanode test. These

resultswere discussedin a previous PNL report (Windischet al. 1990). The

presentreport focuseson the resultsof additionalanalysesusing laboratory

cells in FY 1990 and the pilot cell in FY 1991 and FY 1992.

The principalresult discussedin Windischet al. (1990)was that the

relationshipbetweenselectedDSA quantificationparametersand currentden-

sity for data collectedfrom laboratorycells showed a t:"endthat was con-

sistentwith data from the prototypeanode test. This result suggestedthat

laboratorycells were a re'liable"provingground" for the developmentof a

(a) Operated for the U.S. Departmentof Energy by BattelleMemorial
Instituteunder Contract DE-ACO6-76RLO1830.
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commercialDSA-basedsensor. The dependencyon currentdensity, however,

while interestingin its own right and possibly indicativeof the mechanisms

of the various anode properties/reactions,was not sufficientlyrefinedto

serve as a basis for a viable sensor. The currentdensity dependencywas weak

at current densitiesat or below 1.0 A/cm2, suggestingthat either improvement

in analyticalsensitivityor a change in experimentalprocedurewas warranted.

Since alumina concentrationis one of the main cell conditionsfor which a

sensor is required,ultimatelythe dependencyneeded to be relatedto alumina

concentration. But the aluminaconcentrationdependencywas unacceptable,

showingsignificantsensitivityonly between 20% and 40% of saturation.

Clearly, furtherwork was required to advancethese or other preliminary

parametercorrelationsto a stage where they couId be useful for a DSA-based

sensor.

The work summarizedin this report was aimed at determiningwhether a

more sensitiveand reliablerelationshipbetweena DSA quantificationparam-

eter and alumina concentrationcould be f_)und.Toward this end, both addi-

tional laboratorydata were collectedand a pilot-scaletest was performed.

Laboratorycell data were collectedowr a wider range of operatingconditions

than previously. The effectsof varyingcurrentdensity/cellpotentialand

anode-to-cathodedistance (ACD) were studied in additionto varying alumina

concentration. Alternatingpotential"ripples"were also appliedto the con-

trollingvoltage to determinethe sensitivityof parametersrelatedto elec-

trochemicalimpedance. In all, over three hundreddifferentcombinationsof

these conditionswere tested in the laboratory. In additionto widening the

range of operatingconditions,other DSA approacheswere also attemptedby

Dr. Nikias and these are discussed in the Appendix. In August 1991, a pilot-

scale test of the cermet anodes was performedat the Reynolds Metals Company

(RMC) facility in Sheffield,Alabama. Currentand voltage signalswere col-

lectedduring this test, and later were subjectedto the same analysesas the

laboratorydata (i.e., for possiblecorrelationwith alumina concentration).

The objectiveof using the pilot cell data was to corroboratethe finding of

the laboratorycell tests and/or furtherdemonstratewhether scale-upsignifi-

cantly influencedany correlationsthat were observedin the laboratorycells.
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PNL also has performeddigital signal analysison data from laboratory

cells and the pilot cell using methods from chaos theory. The resultsof the

work using chaos theory are being presentedin a separatereport.
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2.0 pROCEDURES

2.1 LABORATORYCELL TESTS

The PNL laboratorycell used to collectthe data discussedin this

report is shown in Figure 2.1. An IBM Al'computercontainingan Analog

Devices, Inc., RTI-860 high-speedsimultaneousanalog input board connectedto

' Analog Devices3B40-00 and 3B41-00 isolationamplifierswas used with the HEM

Data CorporationSnapshot StorageScope softwareto collect,display, and

- store the data. The inputsto the IBM AT were current and voltage signals

taken from a PAR 173 potentiostatthat was operated in the potentiostatic

(potentialcontrol)mode in these experiments. The electrochemicalcell was

similarto that used in previoussensorsdevelopmentwork at PNL. lt con-

sisted of a graphitecrucible that served as the cathodeand a BN-sheathed

cermet electrodeas the anode. No referenceelectrodewas employed. The best

configurationfor reducing instrumentalnoise was to operatethe cath'odeas

the working electrode. Consequently,in this work, the workingelectrodeter-

min._lwas connectedto the cathode and the counter and referenceelectrode

terminalswere connectedto the anode. To compensatefor this "reverse"con-

figuration,the potentialwas set at negativepotentialsin order to drive the

cermet electrodeap,;.dically.The exposedsurface area of the anode was I cm2.

The initialbath was prepared by mixing appropriateamountsof reagentgrade

material_to give a bath ratio equal to 1.15, 5.5% (by weight) CaF2, 1.0%

MgF2, and the desiredconcentrationof alumina. A temperaturecontroller/

furnace/thermocouplewas used to controlthe bath temperatureat 983oC. Bath

ratio and temperaturewere effectivelyconstantthroughoutthese short-term

experiments. In a given test, the anode was insertedonce the bath had become

molten,the temperaturewas allowedto reequilibrate,then the anode was

• polarizedpotentiostaticallyto give the desiredcurrentdensity.

Current and voltagesignalswere collectedfor cells with different

aluminaconcentratioD_s,ce.llvoltae_ge/_Enodecurrentdensities,and anode-to-

cathodedistances(ACD). These tests were labeledthe "ACD tests." Every com-

binationof the followingnominalvalues for these parameterswas tested:
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Alumina Concentration(weightpercent): 0%, 1.5%, 3.0%, 4.5%, 5.1%,
5.6%, and 6% (where8 wt% is approximatelysaturation).

CurrentDensity (A/cm2): 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 conditionsconsistedof 10,000 sequentialsignalscol-

lected over a period of 0.5 s (20 kHz samplingfrequency). The digital sig-

nals were stored as files on 1.4 MB floppy disks. In addition,for each set

of conditions,one file was collectedwithoutany additionalvoltagesignal

appliedand two files with an +10 mV AC "ripple"superimposedon the control-

ling voltage. The frequenciesof the rippleswere 10 Hz and I kHz. These

ripple tests were performedto facilitateimpedancecalculationsthat may be

appropriatein the analysis.

Another set of data was also collected. These data, labeledthe "DSA

tests," completedthe data sets with conditionscloser to aluminasaturation
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and over a wider range of aluminaconcentrations. They employed a _+50mV rip-

ple insteadof the _+10mV ripple per a requestby Dr. Nikias as a possibleway

to improvesensitivity. The nominalconditionsfor the DSA tests were the

following:

Alumina Concentration(weightpercent): 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/cm2): 0.5 and 0.66.

ACD (in.): 1.5 only.

Similarto the ACD tests, for each set of conditionsone file was collected

without any additionalvoltagesignal applied and two files with the _+50mV

ripple as previouslyindicated,at frequenciesof 5 and 10 Hz. In addition,

anotherset of files was collectedon a standard2-ohm resistor to determine

the extent of instrumentalnoise. The resistordata were collectedat 0.5 and

1.0A.

To address some ambiguitiesin the resultsfrom the above data (dis-

cussed in Section3.1.1),one more set of laboratorydata were collectedand

analyzed. These data, called "Set#3,"were collectedunder conditionssimilar

to those reported above but only at 0.5 and 0.75 A/cmP"and with the

ACD = 1.5 in. Data were collectedat 13 differentaluminaconcentrations

between0 and 8 wt%. Similarto previous experiments,data files were col-

lectedwith no AC ripple applied and with an applied+_10mV signal at 10 Hz.

2.2 PILOT CELL TEST

The pilot cell test of the cermet anodes was performedbetween August 10

and August 30, 1991, at the RMC facility in Sheffield,Alabama. The pilot

cell is a small, self-heated,aluminum reductioncell with the capacity for

runningtwo "large"(industrial-size)carbon anodes. During the pilot cell

test, thirteen (13) cermet anodes were tested in a six-packcluster (usinga

predeterminedexchange sequence)which was inserted in one of the two large
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anode positions.(a) A single large carbon anode was run in conjunctionwith

a six-packcluster in the remainingposition. The cermet anodes had the same

compositionas those evaluatedin the laboratoryexperimentsbut were manu-

facturedby CeramicMagnetics, Inc., Fairfield,N.J.

The arrangementof the carbon anode and the cermet anode cluster is

shown in Figure 2.2. The cermet anode cluster consistedof six cermet anodes

with positionsdenoted as A throughF. The cermet anodeswere roughlycylin-

drical with a radius of about 3 in. and a height of 3 in. in the center,with

an additional1-inch lip on the upper edge. All edges were rounded to reduce

corner effects.

The pilot cell power supplieswere essentiallyunfilteredDC (actually,

6-phaserectifiedAC) output units capableof thousandsof amps in the 5 to

10 V range. The supplies "floated"with respect to buildingelectrical

ground, so common mode voltagesexistedthat were not controlled. The pilot

cell voltage and currentsignalswere derived from dividersand shunts con-

nected directly to the pilot cell, and so floatedwith it. This electrically

noisy environmentand the heat generatedby the pilot cell during operation,

! combinedwith the naturallyoccurringheat and humidityof summer in Alabama,

presenteda challengeto accuratedata acquisition. An additiunalproblemwas

that the recordingcomputerwas operatedfrom a room about 100 feet from the

cell, requiringa long cable to connect it to tilesignal sources.

The equipmentfor data collectionis shown in the block diagrams in Fig-

ures 2.3a and 2.3b. The equipmentincludedan IBM AT and an Analog Devices

" RTI-860data acquisitionboard with Analog Devices3B40-00and 3B41-00 insola-

tion amplifiers(the same as used in the laboratorycell tests). HEM Data

CorporationSnapshotStorage Scope softwarewas used to collect,display, and

store the data. Inputs to the signal conditioningmoduleswere availableover

sixteen (16) channels. Fourteen (14) channelswere actuallyused. Six (6) of

the channelswere used to collectvoltages across each of the six cermet

anodes (voltagedrop betweenthe top of each anode stem and the cathode

I

(a) The sequencefor exchanginganodes and the operatingconditionsof each
of the anodes and the pilot cell as a whole will be discussed in a
forthcomingreport on the pilot cell test.

2.4



Alumina Feed

FIGURE 2._. Arrangementof Anodes in the Pilot Cell Test

collectorbar); six (6) were used for currentsthr Jugheach of the six cermet

anodes (across500 A: 100 mV shunts);and two (2) for the voltageand current

through the large carbon anode.

- The amplifiershad an isolated,floating input that alloweddirect

attachmentto the voltagedividers and shuntson the pilot cell withoutcon-

cern for ground loops or common mode voltages. The nominal 0-10 kHz bandwidth

of the amplifierswas reducedto 0-25 Hz (3 dB point) using plug-infilters.

This bandwidthselectionwas based on previousexperiments,which i_idicated

that all useful sensor frequencydata occurredbelow 25 Hz.

2.5



N_I3DC LCAO _--.|11_£ VIRC I l_J_R(_n

OtlILCT

w

_ _ = Ai_aK ti_*O . . , ACI3N RACKHDI_I CIiAiill

\ / /'_'_'o"_ \ / I I-NI1 --
\ / -- " " E'_ / ' --I---L--B_/_c voL.

\/ I..------ _ ] II " II ' N._UDr VOI.Tl " W-lH StrIP

\ I I r--- - ,t-------- .... .,¢-7J-----_--i----t_/_.,,.,., I i

T- - T- L_-'_'---_ '['3 .... .... _I c_,_ _ v_.,s I,, ,,r,:,:..,,r,q.
---_............... _.... --'-_'_ "---'-- .'._e------T! _I,..,,,o,,,_,,:,,,,,,,, "'' '"""'"""

_(] () (-_"_ / I IN/
I " C3 ' "_" J,_! !_/_l:w,i
'---- ....... _,-<-----1I li_/,,,.o< ,.,,,,

P"l " ] t I _I U V
I _p_ " " : : i::tCHi I/ _ C Oi, li

. . . r'_ , __ AttOll( Viii.TS

__'CEP CA_.( _ D40_T _ ANALI:_ DTVIC(S
IJIO A_/AY rR[_I t"OV(R LIt(S 3D $10_N. C_ltDIll(_'llttG _DIX,_.[$

_pll IL C_NI'CTIf]IH_
Iri I_l_llll"li llGl'lllIL

lie I_xrk_v(-_ lil,tl Ill 31 HO_t_.r INI:_JI ll"lll41il/li.,l

li
I*) o ut 30"91

IflCIX, CI IIIUUC_II INlli PII.OI NICOLCI I;ND I Ilil ri<lO

II'Ul Iol
(.) . , flll_i.( riii_l.(

I_t i;tl iii ii -

'-it '_-_ I ,._,,_:¢"<_'<&,
J I-Ill Oil lii_ll IIVlII ICI / ItHC IEST I.,AYIIJI

L.--,S_I Oil CARD /w_K iCI. li I %ll_kVlitGl%lliRl

,<-'----+--r I '"""
_wpq, ,,

FIGURE 2,3a. Block DiagramsShowing Wiring of Data Acquisition
System for the Pilot Cell Test

The output of the amplifierswas not isolated,nor was the input on the

computer. The approximately100 ft of cable run betweenthe two units allowed

both inducedand common mode noise to cause problems. These problemswere

nearly eliminated by selectingthe amplifier'scurrentoutput rather than it's

voltage output. Experimentingwith combinationsof the groundinglocationof

the output cable shield and the AC power outlet used for the amplifierseli-

minated the rest of the noise.

The current signal from the isolationamplifierswas changed to a volt--

age signalwith a resistormounted at the ir_putto the analog data input board

used in the computer. By making the conversionat the computer input, the
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FIGURE 2.3bo Block DiagramsShowing PhysicalSetup of Data Acquisition
System for the Pilot Cell Test

effect of any voltagedrop or inducedvoltages along the 100 ft of cable was

eliminated. This would not have been possible using a voltagesignal from the

amplifiers.

The DSA data were collectedfrom the six cermet anodes and the carbon

anode at 3 kHz sampling frequencyover a period of 0.5 s (for a total of

1500 currentand voltage measurementsfrom each anode). The 3 kHz sampling

frequencywas sufficientlyhigher than the 25 Hz bandpassof the amplifiersto

avoid "aliasing"effects but low enough to keep data files from exceedingthe

computer/softwarelimitations. During each data acquisitionperiod (about

four times each day), three data files were collectedin sequence. These

• sequentialfiles were collectedover a period of about 15 min and were

regardedas "samplingin triplicate." Determiningwhether each of the three

sequentialfiles were similar enoughto be regardedas triplicatemeasurements

or whether significantvariationof conditionsoccurredover the 15-min sam-

p'lingperiod was one of the objectivesof the data analysis. Clearly, if

these files varied significantlyfrom each other, the whole DSA approachwould
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be suspectsince the objectivewas to correlatethe signalsto aluminaconcen-

tration,which was sampledand measured over a much longer period (every 2 to

4h).

BetweenAugust 10 and August 27, the cermet anodes were operatedunder

"normal"conditions,i.e., at _ 90 A through each anode and with alumina

concentrationas close to satuYation (about8 wt%) as possible. Current and

voltage data were collectedroutinelyduring this time and samplesof bath

were also collect for alumina concentrationmeasurement. On August 27, alu-

mina feed was stoppedand the amount of alumina in the bath dropped. Data for

DSA analysis and aluminaconcentrationdata were collectedduring this time

also.

Other operatingconditionsfor the pilot cell test were summarizedin

Windisch et al. (1991). Analysis of other data 'fromthe pilot cell test are

not yet completed(a)but indicatenumerousother variationsof operating

conditionswith time (other than aluminaconcentration)that may have affected

the results of this signal analysisstudy. Significantvariationsin anode

currents,anode-to-cathodedistance (ACD),the depth of anode immersion,cur-

rent and potentialon the carbon anode and on other inert anodes,and bath

propertiesdue to ledge formationand mucking occurredduring the test. The

characteristicsof the cermet anodes themselvesalso changed due to corrosion.

Figure 2.4 shows the variationin aluminaconcentration,expressedas a

percent of saturation(calculatedfrom measuredweight percentagesusing the

formula by E. Skybakmoen,et al. 1990). As an example of fluctuationsin

other cell conditions,Figures2.5 through2.10 show the variationof current

through each of the cermet anodes as a functionof time during the pilot cell

test. Table 2.1 summarizesall of the files collectedfor DSA analysis. The

table indicateswhen these files were collectedand lists some of the impor-

tant operatingconditions(such as when anodeswere exchangedor when the

"six-packcluster"containedless than six cermet anodes). In plottingthe

(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 aluminaconcentrationdata, time is referencedto "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 techniqueswere used to analyzethe current and voltage

signals. These includedconductancecomputation,current-voltagepower ratio,

coherenceand bicoherenceindicesbetweencurrent and voltage,power spectrum

• estimationof signals,and linear and nonlinearmodeling betweenthe current

and voltage. A descriptionof each of these approachesis given in the

Appendix.

120

1 o. }

lOO,
._ 9o
_ 80L,,

-_ .
_ 70

50.•=- 40

= 30
< 20

10 ,

0 [ "' ...... ' ' ' , ' _ '"" ..... i .........
0 10 20 3O

Time, Days

FIGURE 2.4. Variationof the AluminaConcentrationwith Time during the Pilot
• Cell Test. (Day : 0 correspondsto August 3, 1991, at 1400 h.)

2.9



200

oo oo
.... ,, ,

15(" - ANODE lD A1

OPEFLATINGTIME 193 HR 260 HRI

AVG CURRENT 35 AMP 74 AMP I

•. AVG RATIO 1,18 1,34 I tl_T

AVGCaF,, 5.75%4.1o%I ,lt,lOO

AVaALUM_NA7.0_ 5.9%I
AVG TEMP 971C 97B C.J

.... sTEMBROKE 'jiLl
J T _ REPLACE_ANODE _1_ /

0 , i
08 '10 08/15 08120 08/25 08/00

TIME,DATE

FIGURE 21.5..Variationin CurrentThroughAnode in PositionA during the
Pilot CellTest

200

I' _ ANO[}EA2 I_
150 ANODE lD AUX2 A2.

OF'ERATINQ',',ME181HR18,HR
i_, AVG CURRENT 29 AMP 51 AMP

AVGVOLT 5.02 V 5.53 V BROKEN PIECE OF
.r,4,,.

AVG RATIO 1.17 1,28 ANODE REMOVED
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FIGURE 2.6. Variation in CurrentThroughAnode in PositionB during the
Pilot Cell Test
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.oo .ANODE C1 ANODE 02

AVG CURRENT I 5 AMPI Be AMPI
{L AVG VOLT I B'1V I s.62v I

AVa_no 1I, 8 I TM I
AvQo,,FI' I''I°'''I '

" I z' I _'9%/
AVG ALUMINA I%

m: 1oo AVeroMP LE_._J
tr- STEM BROKE
E_) REPLACEDWITH SLEEVE II ..IL"_I Jl-

• O

50 -

0 I I,
08/10 08/15 08/20 08/25 08/30

TIME,DATE

F_!GURE2.7. Variationin CurrentThroughAnode in PositionC during the
Pilot Cell Test

200 ' , .....

_ ANODED1 4 ___ ANODE D2- .... -- I_+ ANODE lD D1 D;
OPERATING TIME 123 HR 2_'H"H_
AVG CURRENT 82 AMP 62 AMPI

150 - AVG VOLT 4.89 V 5.40 V I
AvQRATIo 1,1;' 1_

n STEM BROKE AVG CaF2 5.97% 4,44% I
REMOVED ANODE AVG ALUMINA 7.1% 6,9% I

,AVG TEMP 97+C 974C J
lOO -

REDUCED
ALUMINA

50

o
08/10 OB/15 08t20 08125 08/30

• TIME,DATE

FIGURE 2.8. Variation in CurrentThrough Anode in PositionD during the
Pilot Cell Test
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L : :
ANODE AUX1 AN

_5o ANO--'6_D"! AUX1]E1]

AVG CURRENT 45 AMP I 72 AMPI _REDUILIMCE,

AVGVOLT 5,22 V ] 5.55 V | IN
. AVG RATIO 1,23 11,4oI

- AVQC_F= S.I_%14,11%I

100 - AVG ALUMINA 7,4% I 4.6% I
_ AVGTEMP 975C 19780 1

5O ' __ '
0 I J- II !

08/1D 08/15 08/20 08/25 08/30

TIME,DATE

FIGURE 2..9. Variationin Current ThroughAnode in PositionE during the
Pilot Cell Test
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_ANODE ID ' -

OPERATING TIME! 314 Hl:
150 - AVGCURRENT ! 70AMI )1 41 AM

AVG VOLT 5.24 V I 5.20 V
rt AVG RATIO I 1.23 I '1.33

AVG CaF_ 5.17 I 4.4.3

I
. AVGALUMINA 17.47.4 I 5.5

AVG TEMP 1975 I g78

100 ......... REDUCED

J.__.___
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•
_____ REPLACEDWITH SLEEVE0 - i _, I I - J .

08/10 08/15 08120 0_q/25 08130 .

TIME,DATE

FIGURE 2.10. Variationin CurrentThroughAnode in Position F during the
Pilot Cell Test
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TABLE2,1. Pilot Cell Test DSAData Files

, ,, A ,, B C ....... ,p .......lE......... F " ,G'
1 D&TE DA'rEINUMBI_RITIME(HdtJR,_I TIME IDAY81 DISKNAME FILENAME CqA4tvl=_l" , -
2
...... 8_L7_/91 3_!995 7j_7_.55___4_,_14__/79167P_Q..!_ O1AP__Q_!._____SmaII_o__arboNanodes in

8/7/9.1 3199.5 1800 _ EQ_IB Iap_[_/_/_/_/_/_/_/_g_haa_d es, .
8/ZJ.9__fL... 31.9_95 !804 4,16833.3.3. Cp__Q.I___

I_ ...8/10/91 .. 31998 1857 7,!07083_3pc2'_ pC2A Ine..rtano_des...a_[_[0,......
, _ __ 31998 .___lZ..g__._7...j____._333,. . PC2B ......

8/j 0_/9__1 31998 .1706 7,127.5 . .P_.G__C
9 .8/.1 !/91 31999 742 7,72583_3.3,pC3 posA ................

.1_.q__/___91 .. '31999 .....758 .. 7,7304167 ... pC3.B ...... ..................

...l.$_.__8/11./91 _3__1_9__99 808 . 7,7525 ........ PC.3Q......
_.t.__. 8_ 31999 201__.8,255___8.3331PC4 C4p_c4_ I
_t__ L___ALI_I /,_C9_1 ....... 31999. _2_021 8,258.75 ....... _CAB .........

8!1 !/91... 31999 .2.0258,26041..67 pc4,c ............8/12/91 ...320...0.0 ..903 .......87929187 pC5 ..........ipC5A ..............
_16 8/12/9 ! ... 32000. .. 910 8,7958_3.33 PC5B
17 8/12/91 3_ 9158,7979.._!167 PCSC

..18 8/1_.2/91 320001400 9 pO6____ PC6A

.... 8/___12__/.9._l 32000 ..... !410 9,0041667 _. pC6B8/12/91 32000 !415 9,0062.51 . . PC6C _ -- --
8/12/9_1 32000 ..1732 9,1383333 PO7

..._ 8/12/91 .. 32000 ... 174.5 9,14375 ........... PC7B ..
8/12/91 3._2000 1751 9,1_625 p__._7C

8/13/91 3200._! 810 _667 PcL cE_OA&....__ 8/13/91 ..32001 ..... 8!4.. 9,7,.5.583.3..3_ PC8B
2.._._6 8/13/91 32001 .......... 8!8 9,7575 Ipc8.C ....
27 . 8/!3./91 .... 32._001 13309,97083,3_3 PC9 ... PC9A ..............

28 8./13/91 ...... 32001 !334 9,972._5 !PCgB
_B 8/13/.91 32001 !338 9,9741667 ;PC9C

. 32o.ol 183o lo,.o.9s833PC10 _e_co!0_a___.................
8/13/9..1. .. 32001 1635 10,097-9171...... P__C__'[gL

32, 8/13/91 32.Q.0.1 1689 !0,099583_ ... pc!00

._.4 _..__8/__!_iL9_!1.._ 32002 .912 10,7966671PCll PC...'IlA8/ 14./ 9 ! 3200_ 918 _._!__7_.. pCI__Q.J!_....
35 8/14/91 32002 . . 954____ 1,j_!..&_ PC__llC

"3"6" 8/i 5/91' 32003, 925 .___l.1802083_.._E_Q!?______p_c12._A
8/15/91 32003 " 930 __1_7_ P__C_!I_.L .........
8_15/9_..! 320..03 ....... 935 1!,806.2.5 PC12C ...............

39 .8../!5/91 380031 13.___" __111,_968&7___P_c3L___ PC_
8/1 5/9 "1 3_003! __ .!_332_.__/11.,9_7__7.1667 PC13B

41 8/1 5/91 320.03 134_.21_1,9____7583____33 _PC13C
• ...4.2_..... _ 32003 !_J__0__. 120875 __C1_.!_i__ CE.Q.!4_&__._.S.tub___&o.gg_.Anod____es__B_,._D_a_ndE.

8 / 15/91 _ 3_I ]_Z0.._2__]2,125833 PC14B ___a.[.e__b_roken,
44 8 / :I5 / 91 32003 _ ____.___!i_8___1.2,_ 3_3_ .pC..C_L4C __.

, _ 8/15/91 ._ 32003i ____ 21_.4__091_67_.pc15 _P____ A__no__de__D__so_u_!....................
46 8/15/91 32003i 2146 12,310833 PC15B

._4_7_ 8/15/91 32003 2150 ._ PC150
8/16!9_!I_ 32004 904 ___1.2_,7_9333____33p_._Q_.6 _PC._16A_.....

49 8/16/91 3200zJ 909 12,79541Z ..P.C_6__B
5___£_08/1 6/91 32004 91__6..__!_12_798333 PC16C

8/1 6/91 32004. 130Z _.__1_2.,9._66']_2,,_P__Q_17....... p__C_I_7__...........
52 8/16/91 .. 32004 1312 !2,963333 ... PC1ZB ....
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TABLE2.1. (contd)

.......A........,,.... "c ,.... p..... .E " .,q,,
53' ' 8/16/91t 32.._.__0004 131711......_°_.96.54171 'pO170 '.
54 8/16/911 _ 3_,_Qo4! 174.7113_1445831Pc18 !PC18A '

5.5 8/16/91 32____oo4_L...... 1752t 1_3_14.6667 _ IPC18B ,
56 8/16/91 3_._2._00_4 1758b !._3,149167L __ . !PC18C
57' _ .8L1.,6/91 32_04 .... 2143i 1330958.__1PC19 t_.PC..19A I
58 _. 8/16/9_ 3_oo4 ..... _1481. 13,3!_1667_ ....... 1_Ol..98 .., ! .....

159 8/16/91. 32004 , ,._156 13__315J...... Ipc'19_ ! .......

60 ...... 8/17/91 32..oo5 ... 821 .'.13,75875 pc_2o P02o_,- ..... ! ...__" , ". ".'i.. , '
61 .,8('17(91 ...... 32005 8_,5 i13,76o41z ,. PC2O,B, ,! ..... ' ....
62 .8/17/91 ......... 3_.005 .... 83.0 13,7625J_ ___ PC20C .
63 .....8/17./91 ..... --32_005 ..2134, . 14,305833l_PC21__ "........p.C.R1A ..I ....
64 . 8/17./91 .... 32005 2.!48 14.,31.1667 ......... pC.21B l . _
65 _ 8/17/91 ..... 32005 215.2.. 14,3!3333 .... PC2..!C ',............ ,,_

66 8/18./9.1 3_2006 942 1...4,809167 PC22 PC22A !A.n.oae B[s out,

11167.......... 8/18../91 32006 ...... 947 .14,81125 ............. PC22B I .....
68 ...8/18.,/91 ....'. 32_006 953 t4,81375 PC22C i.......................
69' 8/18/91. ., 32006 20181' " 15,257.5,,IPC23' .,..PO23A. ;AnodesA, B, and C are out,

6 '." ,.,,8/18,,/9-1.[, 32006 202,3 ,1,,5,,25958'3l_ '.'"..... PC2,,,3B i .............
71 ,8/18/91 .... 32...006 , 2028, 1,..526_1667_! '" _PC23C i ...........

_ ..18/19..19/1 ..... 32007 844 15,768333.1PC24 . PC24A . Aqo.des A_and.C._[e.oul, .

B/1 9/91 32-007 ,,85,0,, 1,5,770833l .... PC24B... ! .......
'74 8/19/91 .... 32_007 .... 856, 1..5,77...3333.1. )PC.2.4C I .

75 8/19/9-1 " 32007 1..2,55 15 9395831PC25 PC25A .'.. .iAnodes A and C are OUt, "'

76 8/19../911 ' _3.2.007 130.1 ,..15,9.,.5875 .PC.2..5B I

77 8/19/91i ', 32001 1307 ...15,96125 ", IPC25C I "'

7,.8........8_/19/91,,,I.. _....32....0071 ' !72,2 16,134167 PC26 . !P.C._6A "'iAnodes A andC are out' '....

79 8/19/911 "'_320-(]71'" 1726 _..__ ........ ... 1pC26B I ....

81 8/19/91! i,..,/f,RO07,.. '.... 2,2131 16,33875,!PC27 IPC.2_'ZA iAII inert"a.n0des are in.....
82 8i1(_/91-J i ; ;_20071 221_833_. IPC27B !---- , , ,. , _f,, ... *,.---,,.-.,.,- ...... . ,,

83 8/'____,I:_2_._Q07) 2223! 1..6,34.2917.! . IPC27C T
8 4 8/20/911. ',,3,_Q08.1. 8.2..21..16,75..9167)PC28 IPC28A 1

8._..5_.5____8_/20./9 !T ....... i_0081 828t ,"L_6Z61667'[' "I'PC28B !
8_.__6.__, 8/20/91.! ...... _,.F).,.9081 833i 16,76375[ _ IPC28C I
87 :__.__8)20/9.__.li ':'_0._81 1300116,958.3_331PC29- I_PC.2,.9A i

88 8/20/911 _,..& ,¢."8! 13051 16,9604171 _1PC29B t
-89 8/20/911 320rJ,_.I 131'01 16,962(_"i IPC290 J- , ,, ":,r_'.'_..',......... .,...........

9,0,, 8/20/91! _ 3._.p0(_,! !605,, 17,085417! PC3,,O.',,IPC30A i

91 8 i20"/9 !..!.. 3_ .0._._'_ t 1609t 17,087083i IPC30B '
9...__28/20/911 ......_,_)_Oj_..... 1617i i"7,090417i i PC30C I

9 3 8/20(91[ __ 3"2J.Z_o_.L........ 22121 17,3_3_8333!PC3! IPC,3,1A )
948/-20/911 3....._OO.81 ._._._2_222.._ 17,34_51 _ !PC31B I

95 8/20/9 !__. 320 Ol_..... 22281 17.3451 !P.C3...1C ! .
96 . .',8/21,/91J__ _'_ 32009! 823! i:7,'75.958d[Pc32 IPC32A

::97 ........8/21./911 _ 32009]_ ....... 8281 !7761_6.6__7! !PC32B ',
98 8,'21/911 _ _332_009 ! 8331 17,7_6375.1 )PC32C t

_99_., 8/21/911 320091 " 1337i ' 17.97375lPC33 LPC33A '
1 0..0! 8/2!/9!] ........ 32009( _5[ 1"7_/ .... IPC33B____IL_____ _

8/21/91 / 32009i 13491 -i "7,974_875--__ 13C33C
8/21/91! 320091 1550j 18,06251PC34 PC34A

8/21/91 I 320091 1610_L__.__t_.8_,08_75_ ;PC34B
8/21/911 37_009,,!............ 1816! .___.__l.E,.._I I I:_C3.,4,C
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A_T_6B_L[_2_][,.(contd)

........ B C 0 " 'i .... F ' Q .....
105 8/21/91 32009 2210 18,337'5tPC35 IPC35_A__. 'l ' '
_!06 8/21/9.1 32009 .221418,33.9167_ ..... IP.O35B '
107 8_/21/91 . .. 32009 ....... 2218 ..... 18,3,408331 IPC35C

10_..88 ... 8/22./.91 . 32010 .... 8_00 18,751PC3.6. {PC36A ' ,,
8/22/91 ..... 3.2010 .....806 1'8,75251 !P.C36B..I

_!._!0 .. 8/22(9! .... 3,,201.0 .......... 81.1 18,754583! ......... PC36C i .....
_I,11 8/22/91 ......... 3.20'10 !.605 19,08_417!P037 l.PO37A .. i Carbon" anodes was !u.st---
_112 8/22/91 ,3,2010 ,..!6.12 1.9,088.333 !PC37B ...... replaced, Volts are. high_
__113 8122/,_.! ... 3..2010 " 1618 .1_,090833 . .. P037C ___
114 8/23/91. .. 3201 "1 ....... 8.40 19,766,667 P.03.8 !pC38A. 'Currents on Anodes E and F
11._.._.5.5. 8/.2.3/91 32011 843 19,767917.... _P.C38B are !Q.w, -

I
1..!___o 8/23/91 .... 3.2011 . . .847 19.,769583 PC38.C ,
1__!.,Z_ 8/23/9.1 32011 1105 ..... 19,.877083 PC3'9 PC39A 1....... ..'

118 8/23/,9.,1 32011 ...... !.109' 19,87875 P.C39B ,.. i.
11_,_..99..... 8/.23/91 32011 ........ !..118 . 19,882.5, P.C39C

I

12_.__00 8/23/9.1 .... 3.201 ! ..... 1.640 .20,.! PC4C) ....... PC40A 'lAnodes E a_d F are out.
121 8/23/9.1 3201.! ..... 1.646 20,.!025 PC40B I
122 8/23/91 32011 ..... !..651 20,104583 PC40C t ,, ,

123 8/24/9.1 32012 925 20,802083 pC.4_! . PC41A IAnodes E .'andF'are out.
124 8/24/9.! .3.201.2, 9.32.. .20,805 ...... PC41B

,125 8/2.4/9.1 32012 ... 938 20,8075 PC41C . }

126: .8/24/91 ., . 32012i 1334., . 20,9725 PC4,2.. PC42A iAII anodes ar.e In,, but no _
t 27 8/24/9! 3.2012 1340 20975 _.PC42B I current on A&ode_____E,
.128 8/24/91 , . 32012.J ,!.346., 2.0.9775 PC42C I

i29 8/24/91 320121 . ..1..604.. 21,085, PC43 ,PC43A ' iNo current on'Anode E,

130 8.1/24/9.1't " '..' ' 3"20i'2 1609 21,,.087083 PC438 ..........
13.__.&1,.. 8/2..4/91 32012 1614 21,089167 PC43C

132 .... 8/25/91 3201.3 .."{..17 _ 21,7154i'7' PC44 P.C.44.A .Ali inert anodes are in and
!.33 8/,25//9.1 32013 722 21.7175 PC44B .carrying curren.t.....
!.34 8/25/9!. 3.2013 726 21,719167 PC44C ........,,.....
135 8/25191 3.2013 . '1.529 .... 22.05S'5 p.C45 PC45A I
!,36 "' 8,/2'5/9'.'.!! . .320!..3'I ....,1535 22,0562.5.. PC45B i .........

137 8/25/91 32013 .1.539 22,05791..7, . IPC45C i ..........

"13-"-8 8i25/91-_.--....37013.'..., 1.546. 22,060833 PC46 PC46A ...... ! .....
139 8/25/91 32V!3 1_5.2 22. 06333..3 .......... PC46B I

1__40 8/25/91 32(,,1...3 . 1556 22,065 ...., PC46C ..........
141 8./2.6/91 3201.4 852 22,771667 PC47 :_C.47A

14.___22 8/26/91 .3.2014 856 22.773333 PC.47B ""-_
L143 8/2,6/9,1, 320141 ,860........ 22.7751 PC47C i .................
1__44 8/26/91.1 ......... 32014 .., ' 924 22,801667iPC48 PC48A i...........

11.45 ...... 8/26/91 32014 _920 22.803751 __. PC48B J
14__._6 8i26/9'11 ' ' 32014 934l-22,8058331 PC48C !

147 .. 8/26/91T 32014 939! 22,8079171PC49 PC49A ...... ! .......
!48 8/26/91t 320'I, 4 9451 22,8104171 PC49B i

149 8/.26/9.1 320141 94.9! 22.812_083j PC49C J

t '150 8/26/911 32014 1646 ... 23.10251PC50 PC50A iAnode E_ is out. for rest of
1.51 8/26/911 32014 1654 23.105833i --_IPC50B I test,
15.2i.' 8/26/91.[ 32014l 1658 23,1075[ IPC5OC ;
153 8/26/9.1 ! 3201.41 1704 231"1"266--_'.PC51[ IPC.51A i

154 8/26/91 i ..... 32014! 1709 23,.128751 !PC51B i
15_.._..&5 8/26/91| 320141 1714 23,1308331 -- IPC51C ! '

!.56 8/27/91! 320151 ....8041 23,7.5!667tPC52 IPC52A iAlumina feed stooBed.
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TABLE 2.I. (contd)

A ,B C D E F G,,, , ,,

157 8/27/91 32,0,15! 8'101 2'3.754167_: _PC52B '

11,58 8/27/91 32015; 8151 23.756251 !PC52C
159 8/27/91 320151 826J 23.7608331PC53 [PC53A

! 60 8/27/91 3201,5! 833l 23,76375[ tPC53B '
1 61 8/27/91 320151 838i 23.765833i .... iPC53C..... !
1 62 8/27/91 32015i 1020 23.841667!PC54 IPC54A J
163 8/27/91 320151 1027i 23.8445831 tPC54B .... !

164 8/27/911 320!5 1032! 23.8466671 )PC54C i
16____5 8/27/91t 32015 1158i '_)3.899167iPC55 !PC55A i
166 8/27/91J 32o15i 1204 23.918333! !PC55B i .....

1,6,7 8/27/91i 32015! 1209 23.920417! !PC55C I
168 8/27/91! 320151 ..... 1356t 23,9816671PC56 }PC56A i'
169 8/27/91! 32015 1401 24.0004171 !PC56B, i
170 8/27/911 32015 1405 24.0020.83 , IPC56C i
1'71 8/27/911 32015 ! 1541! 24,.05875 IP057 , !PCS7A, ! .......

1721 8/27/91J. _3,2.0,.151 1546l 24.0608331 i PC57B
173! 8/27/91 t 320151 1550 24,0625J_ iPC57C !
17__._4 8/27/91 320151 1937 t 24.22375iPC58 !PC58A J
175 8/27/9t 32015 T 1942! 24.225833! IPC58B I
176 8/27/91 320_1 _ " 1947t 24.2279171 iPC58C {
17,7 8/28/91 32016,1 8261 24.760833lPC59 !PC59A [

178 8/28/91 320161 832 i 24.763333 t IPCS9B [
179 8/28/91 ,,, 320161 83'73 24.765417i !PC59C 1
180 8/28/91 320161 , , 1048! 24.853333!PC60 !PC60,A., i ,
181 8/28/91 320,161 1101l 24.8754171 IPC60B !
182 8/28/91 32016 1106i 24.87751 IPC60C i '

183 8/28/91 32016, 1305! 24.960417!PC61 IPCSlA I
184 8/28/91 320_i 6 t .._1311 t .,24.9629171 iPC61B t ,,
! 85 8/28/91 3:_016! 1315! 24,964583i IPC61C
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3.0 RESULTSOF ANALYSIS

There were a very large number of relationshipsevaluatedin this work

betweenthe variousquantificationparametersselectedfor analysis (derived

from the current and voltagesignals)and aluminaconcentration. The rela-

tionshipswere first tested on the data collectedfromthe laboratorycells at

PNL. Some conclusionswere then drawn regardingparametersthat appearedto

show the "best" correlationwith aluminaconcentration. These (most promis-

ing) parameterswere then appliedto the pilot cell data to determinethe

effectsof scale-up.

3.1 LABORATORYCELL TESTS

Laboratorycell tests were conductedat PNL to providedata for evalu-

ating the sensitivityof quantificationparametersto aluminaconcentration,

currentdensity, signalfrequency,and ACD.

3.1.1 Variatioi_swith AluminaConcentration

The laboratorycell data were used to screen a very large number of

quantificationparameters(calculatedfrom the currentand voltage signals)

for those that showed the most promisingcorrelationwith alumina concen-

tration. (See the Appendixfor a descriptionof some of these parameters.)

The earliestdata collectedfrom the laboratorycells, i.e., those

labelled"ACD data" and "DSA data" (correspondingto "ACD tests" and "DSA

tests"discussed in the ProceduresSection),appearedto show a correlation

betweenthree quantificationparametersand aluminaconcentration. These

parameterswere I) the conductance,(a)L, 2) the second filter'coefficient,

COEF2, and 3) the sixth filtercoefficient,COEF6, of the linear modeling

' method. (See Appendix for definitionof these parameters.) Successwith

using L was consideredconsistentwith the similar,althoughmore limited,

• informationobtainedwith the total power functionsfor current and voltage,

(a) Conductancevalues are normalizedso their units are not those normally
used for conductance. In any event, only relativev_lues and their
variationswere importantin this study.
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separately,that was discussedin Windisch et al. (1990). Later analysis

using laboratorydata labelled"Set#3data" and the pilot cell data reduced

some of the initialoptimism regardingreproducibleapplicationof these three

parametersto monitor aluminaconcentration. In particular,the parameters

and their apparentcorrelationswith alumina appearedeither to be overly sen-

sitive to other cell operating conditionsor were simply not as sensitiveto

aluminaconcentrationas was previouslythought from the resultsof analyzing

the earlierdata sets.

Plots of L,COEF2, and COEF6 versus alumina concentrationfor the ACD

and DSA data are shown in Figures3.1, 3.2, and 3.3, respectively. Data are

presentedin each plot for differentcurrentdensities,with ACD = 1.5 in.,

and with a superimposedripple of +10 mV br ±50 mV at 10 Hz. (The ripple is

requiredfor calculationof COEF2 and COEF6.) Similarresultswere obtained

for other ACD values, both with and witI1outthe appliedAC ripple.

In each case the curves are relatively "flat"at lower current densities

and have a slight positive slope at higher current densities.(a) There is

also a slight dip in the curves at aluminaconcentrationsbetween 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 concentrationsabove 6 wt%, the data appear noisier, as in the cases of

COEF2 and COEF6, or are very flat, as in the case of L.

Consideringall aspectsof the ACD and DSA data, it was still unclear if

a relationshipsuitablefor an aluminasensor was achievable. The above

results appearedpromising,but there appearedto be importantdeficiencies.

The strongestdependency (largestslope) betweenthe parametersand alumina

concentrationwas in the vicinityof the dip between 4 and 6 wt%. However, it

was not clear whether the dip was reproducible. Differentdata, albeit col-

lected with differentAC excitationvoltages,gave dips with somewhatdiffer-

ent appearances. There was a questionalso as to whether there was any

(a) lt is not clear why the conductanceincreaseswith aluminaconcentration
in these plots. Conductanceshoulddecrease as discussedin numerous
references (Grjotheimet al. 1982).
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dependenceon the _ize of the AC ripple. Sensitivityto the ripple would

suggesta problem in applyingthis technologyto commercialcells. The idea

was to use noise inherentin the commercialcell rectifiersas the ripple.

Ordinarilythis noise can be expected to vary appreciablyduring cell opera-

tion. Sensitivityof the quantificationparameterto this variationwould

make the dbove approach unreliable. Finally,since the primaryobjectiveof

this work was a parametershowingsensitivityto high aluminaconcentrations,

sensitivityonly in the intermediateranges,i.e., 4 to 6 wt% where 8 wt% is

saturation,would appearto be a disadvantage.

To address t_e above concerns,a followupdata set (Set#3)was collected

using "thelaboratorycells. Specifically,these experimentswere meant to

I) determine the general reproducibilityof the resultsfrom the ACD and DSA

data, 2) see if the "dip" between4 and 6 wt% could be reproducedand to

quantify it better,and 3) obtain more data in the 6 to 8 wt% range where

aluminasensitivityis especiallyimportant.
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Unfortunately,the Set#3 data gave varied behaviorwhich could not cor-

roboratethe resultsfrom the earlierdata. For example,as shown in Fig-

ure 3.4, a "dip" was observed in L, COEF2, and COEF6 when the currentdensity

was 0.75 A/cm2--butit occurredat 3 wt% alumina insteadof in the expected

4 to 6 wt% range.(a) More importantly,as also shown in Figure 3.4, there

was no significantand consistentcorrelationwith aluminaconcentrationat

• higher weight percentvalues. This result was especiallydisappointingsince

the need for sensitivityat higher concentrationswas a prerequisitefor a

. sensor to be used successfullywith the cermet anodes.

3.1.2 Variationswith CurrentDensit_

In additionto screeningfor sensitivityto aluminaconcentration,the

quantificationparameterswere tested for sensitivityto other operatingcon-

ditions includingcurrentdensity. COEF2 and COEF6 both exhibitedmaxima in

most cases at current densitiesclose to 0.5 A/cm2. This is illustratedby

Figure 3.5 which shows the variationof COEF2 with currentdensity at various

aluminaconcentrationsfor cells with ACD : 3.0 iwl.and with a superimposed

ripple of ±10 mV at 10 Hz. Similarresultswere observedfor other ACD values

and types of ripples. The result is consistentwith impedancemeasurements

made at PNL and DSA results for resistancereported in FY 1989 that showed an

impedanceor resistanceminimumnear 0.5 A/cmz. The relationshipappearsto

be particularlystrong in the case of COEF2 and COEF6. The interestingthing

about the more recent data is that COEF2 and COEF6 are obtained from a linear

model for conductancethat includesthe effect of "memory." Each conductance

value is calculatedby referenceto previousdata points, i.e., in the time

domain. The parametersthereforetake on the propertiesof capacitance.

These resultssuggest that includingthe capacitiveeffectsmay improvethe

sensitivityof theconductance or resistanceparameters. Consequently,the

parametersCOEF2 and COEF6 were consideredappropriatein the search for a

(a) There is also a possibilitythat the single point contributingto this
difference may have been a "flier." In light of the atypical behavior
of this one point (comparedto the other data in Figure 3.4), it is
recommendedthat not too much significancebe placed on this dip until
replicatedata are obtained.
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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 Frequenc_zSpectrum and Sensitivity

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 low 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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comparisonwas obtained for nearly all of the laboratory-scaledata sets in

this work. Consequently,it appearedthat the quantificationparametersunder

study depended only on the low frequencycontentof the signals. There

appearedto be no empiricallybased reason to pursue the collectionof signals
_, .

with frequencieshigher than those studied in the laboratorytests or the

analysisof signalswith frequenciesgreater than 25 Hz.

The resultsof anotherexperimentreinforcethe above conclusions.

Digitalvoltage and current signalswere collectedfrom a 2-ohm resistor,con-

nected to the instrumentationin place of the laboratorycell. Much of the

noise in this test, all of which was attributedto instrumentation,occurred

at higher frequencies,above 25 Hz. Consequently,by low-passingthe voltage

and current signals,not only do we retain all of the importantprocess-

related information,but we also reject most of the instrumentalnoise. Based

on these results, low-passfilterswere used in the pilot cell test reported
in Section3.2.
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3.1.4 Wariations 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 thedirect 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 electrolyte. (a) If R is

the electrolyte resistance, K is the cell constant, and p is the resistivity

of the electrolyte, then

R : ICp (3.1)

Taking the derivative with respect to the ACD, gives

dR/d(ACD) = K[dp/d(ACD) ] + p [dK/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 pPrt of the electrolyte impedance.
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wh_re C = dK/d(ACD) is a constant and dependent oll the cell geometry. (a)

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-basedapproaches,some of the quantificationparametersare

relateddirectly to the cell resistance,so we can replaceR with the generic

quantificationparameter,X, and a new constant,C', to preserve

dimensionality,

d[dX/d(ACD) ]/dA : C/(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 ACDwhile 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, is whether dX/d(ACD) is sensitive enough to alumina concentration to
J

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.).
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Digital signal data were collected from laboratory cells with ACD values

equal to 0.75, 1.5, 2.2B, and 3,0 in, At each of these ACDvalues, 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 quantification parameters

derived from the DSAdata showed no significant and reproducible variation

. with ACD, For example, Figure 3.7 shows a plot of the conductance estimated

by cross-correlation(the reciprocalof resistanceor impedance),L, as a

. functionof ACD at a currentdensity of 0,75 A/cre2 and various alumina

0,4 --

0.3-"

L

0.2 -- O 1.5wt % alumina
• 3.0wt %

4,swtO/o
_I_ 5,1 wt %

0.1 - _ 5.6wt%
BI 8,owt%

0.o 1 I I I I
' 0.0 1.0 2.0 3.0

ACD,Inches 39203032.7

F!GURE3,7. Plot of ConductanceveF;us ACD for Various
Alumina Concentrations. (ACD = 1.5 In.; a
10 Hz Ripplewas Used,)
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concentrations. The curves are essentially"flat,"precludingany reliable

determinationof slopes and how they vary with aluminacontent. This sort of

behaviorwas observcdwhenever ACD was varied.

lt is not obviouswhy no dependencyof any of the quantificationparam-

eters on ACD was observedgiven the apparent validityof Equation 3.5. The

conductivityof cryolitedecreasesfrom about 2.8 to about 2.5 ohm"Icm"Iat

lO00°Cwhen aluminaconcentrationis increasedfrom 0 to 6 wt% (Grj_theim

1982). A roughly 10% decrease,,_houldhave been significantenough to measure

in these laboratorytests. One possible explanationis that there were signi-

ficant contributionsto impedancefrom the electrodeprocesses,particularly

those involvingthe anode, and that the electrodeeffectsobscured the rela-

tionshipsexpected from the electrolytealone. Anotherpossibilityis that

the constantC' was very small (or not constant)due to the actual relation-

ship betweenK and the ACD for this cell geometry (i.e.,fanning currentsmay

have been significanteven at the smallerACD values). A very small (or vari-

able) C' might reduce the sensitivityof dX/d(ACD)below practicality. The

latter possibilitycould be tested in a cell with a differentgeometry.

3.2 PILOT c_:_k_!f_!

Figure 3.8 shows a typical signal-versus-timeplot for the current and

voltagedata collectedduring the pilot cell test. The most obviousfeature

in the data is the residual360 Hz rectifiersignal,which appearsas a signi-

ficant componentof all of the signalseven after filtering.

The followingquantificationparameterswere determinedfrom the current

and voltagemeasurementsduring the pilot cell test: the conductance,L; the

power ratio betweenthe current and voltage, P; linearmodel parameters;and

nonlinearmodel parameters. The various parameterswere calculatedusing the

total signals,the ac components,and the dc componentsof the signals. In

addition,the correlation(magnitudesquared coherenceindex) betweenthe

signalson the 'largecarbon anode and each of the cermet anodes was determined
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are for Anode in PositionD 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 aL the end of the pilot cell

test when the alumina concentration was deliberately lowered. Data from these

. anodes Lhereforerepresentedaluminaconcentrationsover a wide rage of val-

ues, i.e., from 20% to 100% of aluminasaturation. Since the objectiveof

this study was to determinewhether any correlationexistedbetweenthe quan-

tificationparametersand the aluminaconcentration,the data from these

anodes had the best chance of providingsome indicationof correlation(if
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there was any at all). Sensitivityat highalumina concentrations(which is

importantfor the cermet anodes)could be investigatedin more detail once

correlationover the much broaderconcentrationrange was demonstrated.

Preliminaryanalysisof the pilot cell data showed that the anodes in

position C, D, and F seemed to behave differentlyin regardsto how the quan-

tificationparametersvaried with the aluminaconcentration. Upon initial

inspection,the anodes in positionD gave rise to signalsthat appeared to

show some correlationwith aluminaconcentration,while those in positionsC

and F showed no obvious behavior indicativeof the aluminaconcentration.

More careful examinationof the signalsfrom the anodes in positionD, how-

ever, showed that even these did not correlatereproduciblywith the alumina

concentration. Certain unusualcharacteristicsin the correlationplots

reflectedserious problemswith attemptingto correlatethe signalsfrom

positionD to aluminaconcentrationwithoutconsi(!eringthe effects of other

operationalparameters, lt now appears likely that anodes in positionD were

plaguedby the same effectsthat obscured sensitivityto alumi;_aconcentration

for the rest of the cermet anodes in the pilot cell test. Some of the details

of these interferencesare discussedbelow.

Figure 3.9 shows the variation in L(a)as a functionof time during the

test for anodes in positionD. (The behaviorfor the other quantification

parametersfor the same position is similar.) Also in the same figure is the

plot of the variationof aluminaconcentration(expressedas percentof sat-

uration)as a functionof time during the test. CRecallthat "0 days" cor-

respondsto 8/3/91 at 1400 h.) As shown in Figure 3.9, there appearsto be

some tracking of the alumina concentrationby L. For example,at about

13 days aluminaconcentrationshows a dramaticdrop and L drops dramatically

also. During the period between23 to 26 days, where aluminaconcentration

drops (due to the deliberatestoppageof alumina feed), L is dropping also.

In addition,as shown in the figure, there are numerousother instances

(a) The values for L are plntted using an arbitraryscale so that they
overlap the aluminaconcentrationsalso plotted in these figures. Plots
of the type were generatedby Dr. C. L. Nikias to see if L (and the
other quantificationparameters)trackedthe alumina concentrationto
any reasonableand consistentextent during the pilo,,cell test.

0 lA

--



100 -

=_ 50-

E -

t'_ ,_
Alumina

•-,,0-,, L (arbitrary units) II

o J I _ ,I I t
0 5 10 15 20 25 30

Days 39203032.9
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throughoutthe test where the value for L is observedto go down when alumina

concentrationgoes down, or up when aluminaconcentrationgoes up.

Closer examinationof the data in Figure3.9, however, indicatesthere

are some importantdiscrepanciesthat cannot be explainedat this time. Also,

. some of the operatingconditionsraise questionsabout even those situations

where correlationsseem promising. For example,the dramatic drop in L (and

the other quantificationparameters)at about 13 days occurs at preciselythe

time when the anode in positionD was exchanged! (Refer to comments in

Table 2.1.) Files PC17 throughPC19, which containthe data that exhibited

the drop, were collectedbetweendays 12.3 and 13.3 days, during which time



the anode in positionD was being exchangedand thereforeelectricallydiscon-

nected, lt appearsthat this drop in L and the other signal parameters is

irrelevantin regardsto aluminaconcentration,and, consequently,itsapparent

correspondenceto the observed drop in alumina concentrationis completely

fortuitous. The decrease in the value for L during the drop in alumina

concentrationbetween 23 and 26 days is also suspiciousin that it actually

begins earlierthan the time at which the drop in aluminastarts! L begins to

drop even before day 20 when alumina is near its highestconcentration. An

alternativeexplanationfor this drop in L may be the decrease in current

throughD that begins around day 20 (8/23/91)that is shown in Figure 2.8.

The parameterL may be trackingcurrentmore closelythan it is tracking

aluminaconcentration.

In additionto the above-mentionedproblems in the data analysisfor the

anodes in position D, there are numerous instancesearlieron in the test when

L and the aluminaconcentrationsappear to show trends in opposite directions.

For example,at measurementsnear days 10 and 12 in Figure3.9, L goes down as

the aluminaconcentrationgoes up. Clearly, the relationshipbetween L (and

the other quantificationparameters)with aluminaconcentrationfor the anodes

in positionD, which seemedpromisingon first inspection,are not so promis-

ing under closer scrutinyand in light of variationsin other cell conditions,

especiallythe anode currents.

Anodes in positionsC and F, whose signals show even poorer "correla-

tion" with the aluminaconcentrationgive additionalevidence that there is

either very little sensitivityto aluminaconcentrationor that fluctuations

in other cell operatingconditionsare obscuringor reducingthis sensitivity.

Figure 3.10 shows a plot of L and aiuminaconcentrationfor the anodes in

position F, similarto the plot in Figure 3.9 for positionD. Little, if any,

meaningfulrelationshipbetweenthe quantificationparameterand alumina con-

centrationis apparent from this figure. Similar lack of an_ correlationis

observed for the other quantificationparametersfor both positionsF and C.

Additionalevidence for other cell operatingconditionsaffectingthe

signalsfrom the cermet anodes and possibly reducingtheir sensitivityto

aluminaconcentrationis 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 low 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 large carbon anode and the cermet anodes. (a) 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 anndes 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
test.
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4.0 CONCLUSIONSAND RECOMMENDATIONS

The principalconclusionfrom this work is that none of the quantifi-

cation parameters (derivedfrom currentand voltage signalsfrom both labora-

tory and pilot-scalealuminumreductioncells using cermet anodes)have

demonstratedsufficientand consistentsensitivityto aluminaconcentrationto

, serve as a basis for an aluminasensor. There are two possible explanations

for the lack of consistentcorrelationinvolvingthe quantificationparam-

eters: I) there is no dependence,or a very weak one, on aluminaconcentra-

tion, and/or 2) there were overridingfactors or extraneuusnoise that reduced

the sensitivityor "overwhelmed"the signal coi1!ponentsaffectedby alumina

concentration. The latter possibilityis most reasonablein light of the

resultsfrom the pilot cell test that showed a depeF,dence on anode currentand

the operationof the large carbon anode.

Based on the resultsof this work_ it is recommendedthat furtherstudyf

using DSA methods be suspendedor postponeduntil a less "noisy"pilot-scale

test is performedwith cermet anodes. Alternatively,a new strategy needs to

be developedfor applyingthe DSA approaches. For example,the methods could

be appliedto carbon anodes in commercialcells where a significantlygreater

volume of data can be collectedover much longer times. A larger data base

may facilitatethe "factoringout" of the effectsof fluctuationsin other

cell operatingconditions.
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APPENDIX(a)

_AL SIGNAL ANALYSISMETHODS

(a) This Appendix was providedto the author in a personalcommunication
from Dr. C. L. Nikias. Some of the notationin the Appendix is slightly
differentthan in the text. In particular,note that L_A for conduc-
tance, and COEF2 and COEF6 are denotedin the Appendix as two of the
various aits.



MATHEMATICAL METHODS

A. Conductance Computation

The basic assumption here is that

• r(,_)= A, v(.,); _ =1,2,.... N (1)

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

4

estimate A from the data, namely, the cross-correlation method _nd the _verage vn,lue me,hod.

The cross.correlaticm method gives estimate

N N

Aoo=_ r(_)v(_)/ _ v_(.), (2)n=l n=l

whereastheaveragevaluemethod

AAV = E (n) V(n). (3)
rt=l / rt=l

B. Power l:Latio Computation

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

1 N

Pr= -_ E I2(n)
.-1 (n)

1 N

p_ : -__ v(_)_,
n----1

Therefore, their ratio is

rp = P;/Pv, (5)
/
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C. Welch Method forPower Spectrum Estimation

This method Is utilized not only to estimate the power spectmlm of current/voltage slgn,-ds but

also to estimate their magnitude-squared coherence. Assuming that {Y(n)}, n, = 1,2,,,,, L, is our

data, the Welch method proceeds as follows.

1. Segment the data into K records of N samples each, l.e., L = NN. A._sume that {.Vi(n),n =

0, 1,...,N - 1} is the data set per segment i = 1,2,.,., K.

2. The pertodogram spectrum is generated for each segment'.

= 17Pi(e) F. T[Xi(n)]

and

' N

Si(f,) = IPi(g) 2 for g = (},[,..., ,-_ .-1

3. The Welch spectrum is obtained by averaging periodogr,-tm eslitn_tCes:
i

1 K

s.,E(e)= 7? si(e)
t'-I

So, if N = 2048, then g = 0, 1,..,,1023 spectrrd components _Lregenera,ted uniformly from 0

Hz - (1/2T) tIz where T is the s_mpltng period of the data. It h_s been well-est_dHished in the

literature [2], [3], that the variance of the Welch spectrum ts

where S(g) is the true spectrum of the data aald K the total number of segments. Thus, the

laxger 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 {Y(1),.,.,Y(L)} and {Z(1),...,Z(L)). In particular, we h_ve the following:

1. Segment both d,_t_ into K records of N samples each; i,e,, L = h" . N.

2. Let us assume that {zi(n),n = O,1,. ,.,N- 1.}is the da,ta, set; per segment of {Y(k)} a,nd that

{wt(n),n = (}, t, .... N - I} the data set p,,.r segment ,_f {Z(k)}, who.re i = I.,2 ..... [(.

A.2



8, Th_ FFT operation is applied on ¢_r_chsegment of dat_

Xd(+) = F'+FT[z+Cn)],

W;(e) = _'FT[_L,+(n)], i= 1,'2.... , I_'

e_nd the auto- and cross-spectr_ getmrlLted; t,e,,

sC0(e)= Ix,(_)l_

' sl_'_Ct)-IW,(e)l_,
N

s_,_(t)= x_¢e),w;(e,), e= 0,1,,, ,, T- 1

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

1 rc

d=l

s,,,,,¢el= y E s!,_(_)
[=1

1 I¢

d=l

5. The magnitude-squared coherenced Is defined by

" MSC(e) = &'_(e)12 (r)
&_(e) , s,,,,,,( e)

N

g=O,t,..,,T- 1

and la always 0 < MSC(t) < 1.for ali frequency values g,

E. Linear Modeling

, A linear time-invariant finite Impulse response (FIR.) filter ls m,tsumed to t'el_tte the ,r(n) a.nd

V(n) of Figure l, as follows,
/14

" I(_)= _ ,_,y(_-.1) 68)
d,.',,O

where {ao,al,,..,aM} itre the parameters of' the PlI[ model, Let us n¢_t_ t,ha,t oquatton (8) is

assumed when rh,! cit v;tiue is subtr;tated from the slgna.is a,nd V(,,)Is cit;hor lrOlIZor lklIz slgna,l,

Tho llnc,_tr model p,.rn,meters ,_re o.stlmated vi;t cross-corrr, ln.l,i¢_n¢,p(,t'aJ,i,ms and _,i.ngul;_r vn,l_e

decompo_ttion.
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From (8) wa obta/n the following relr_t[onsh],p In t,h_ second_ord_:,r sta,t[_t[c,_ dom_dn:

M

I=O

forr=O,l,2, ....]

where

Rtr(r) = _ I(n)I(n + r) _utocorrel_tion "
tL

Rvv(r + {) = E V(n o- [)[(n + r), cross .- (:orr,.llttl,icm (10)
r%

From (9.), we form th__overdett_rmlned syst,cm of e<tua.tlon,,_

avv(o) Rvv(1) /_vv(2) ,,, nvv(M) ao l_rv(ll)
R,vv(1) Rvv(2) l?,vv(3) ,,, R,vv(M+t) al l_rv(I)
/_vv(2) l_vv(:_) l_,vv(,l) ,,, l_vv(M-t- 2) _L_. = li'.,v(':!) (t l)

, : ; : , :
.... a M

II _= t

where ll is (J + 1) x (M + 1) matrix, a_= [ao,al,,,,,aM] T a,nd c ts (,l + t) x t vector, The $VD

of P_is:
P

i=l

_t > =__>.,,, > =_,

where p Is the rank of the matrix (p _<M + t); al are the slnguhtr values _uld "II" denotes tra,nspose

conjugate. The pseudo-Inverse of the matrix I_ is

P 1

t{+ = (12)t=l

The solution _ via SV'D Is given by

It Is Important to note that even if the m_trtx A is fuil rank (p = M F 1.), lt c,_n a]w;tys be

approximated by a lower rank matrix, _,, In the mean.square error (rose) sense _ts follows
q

i=1

where q < p,

A.4

"\',t,

,,



F, Nonlinear Modeling

A .qecoacl-order Volterra model with ltnear rind quaclr_ttic c:ompcmonts is tht_ following,
M 2

imo t=0 j,:_O

wher_ {ao,,,,, a^¢) ;zre thelln e_r com potlont paramoters naad {c(O, 0), c( 1, I.), c('2, 2), c(O, l ), ,.'(f},2 ),

c(1,2)} are the nonllnc_rLrquadrt_tic component'pa:ra,meters, L_lt us note t,h_t c(i,j) = c(j,i), From
,#

(15), we htwe the following relationship between higher-order statistics of current and volta,go:
M ',_ 2

' Rtr(r) = Ea_Rvv(r + 1)+ E _'c(i'J)M(r + i,r + j) (16)
i:0 i:0 j=O

for r = 0,1,2,3,,,, J, where

Rtv(r),Rvv(r) _regtvom by (10)a, nd

M(r,p) .-=E W(n)V(n-t. r)V(n + p) (third - ord,,,v'tnoluo,nts) ([7)
rl

From (16) we fbrrn a,n overdetermlnt_d system of equa,ttons and solve Ibr [ao, al,.,,,a^t, c(0,0),

c(1, 1), c(2,2), c(0, 1), c(0,2), c(1,2),] using the slngular va.Luedecomposition,

G. Quantification Parameters

The set, of ad-hoc quantification Imrameters thttt has been Identified from theHo DSA methocts

Is the foUowtng:

1, Conductance between curren/voltage (A),

2, Power ratio between current/voltage (b,).

3, Mag_fltude Square Coherence (MSC) a_ a function of frequency,

4. Blcoherence Index (to tent whether or not there are quadratic nonlinearities In the relationship

' between current/voltage),

5, Power .pectrurn of current/volta,go.

6. The llnoar modrd parameters n,nd the stngltl_zr valuo,s of R, ma,t',rtx,

7, Ttle nonLtne_tr model parameters ancl their corresponding stngulrLr v_lues.
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