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•• ExemplaryExemplary resultsresults

•• Outlook: Outlook: OpticalOptical microscopymicroscopy
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Investigation of Degradation and Investigation of Degradation and CellCell FailuresFailures

•• Insufficient understanding of cell degradation and cell failuresInsufficient understanding of cell degradation and cell failures in in 
SOFC SOFC 

•• Long term experiments are demanding and expensive Long term experiments are demanding and expensive 

•• Extensive experimental experience is not generally available Extensive experimental experience is not generally available which which 
would allow accurate analysis and improvementswould allow accurate analysis and improvements

•• Only few tools and diagnostic methods available for developers dOnly few tools and diagnostic methods available for developers due ue 
to the restrictions of the elevated temperaturesto the restrictions of the elevated temperatures
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„„SophisticatedSophisticated““ ((nonnon--traditionaltraditional) ) InIn--SituSitu DiagnosticsDiagnostics

•• ElectrochemicalElectrochemical impedanceimpedance spectroscopyspectroscopy on on stacksstacks

•• SpatiallySpatially resolvedresolved measuringmeasuring techniquestechniques forfor currentcurrent, , voltagevoltage, , temperaturetemperature

and gas and gas compositioncomposition (Poster A3(Poster A3--0445O)0445O)

•• Laser Laser RamanRaman spectroscopyspectroscopy

••OpticalOptical imagingimaging

•• AcousticAcoustic emissionemission detectiondetection

•• XX--rayray tomographytomography
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MotivationMotivation

Problems in planar cell technology: Problems in planar cell technology: 
•• Strong local variation of gas Strong local variation of gas 

composition, temperature, andcomposition, temperature, and
current densitycurrent density

•• Distribution of electrical and Distribution of electrical and 
chemical potential dependent onchemical potential dependent on
local concentrationslocal concentrations

This may lead to:This may lead to:
•• Reduced efficiencyReduced efficiency
•• Thermo mechanical stressThermo mechanical stress
•• Degradation of electrodesDegradation of electrodes

Effects are difficult to understand due to the strong interdepenEffects are difficult to understand due to the strong interdependence of dence of 
gas composition, electrochemical performance and temperaturegas composition, electrochemical performance and temperature
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MeasurementMeasurement Setup Setup forfor SegmentedSegmented CellsCells

•• 16 16 galvanicallygalvanically isolated segmentsisolated segments
•• Local and global iLocal and global i--V characteristicsV characteristics
•• Local and global impedance Local and global impedance 

measurementsmeasurements

•• Local temperature measurementsLocal temperature measurements
•• Local fuel concentrationsLocal fuel concentrations
•• Flexible design: substrateFlexible design: substrate--, anode, anode--, , 

and electrolyteand electrolyte--supported cellssupported cells
•• CoCo-- and counterand counter--flowflow
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Power Power DensityDensity DistribututionDistributution underunder ConditionsConditions
of High of High FuelFuel UtilizationUtilization

Counter-flow

Anode:    33% H2, 1% H2O, 

66% N2

Cathode: air

T = 800 °C

Cell voltage: 0.59 V

Fu = 80%

Lit.: Fuel Cells, 10 (3), 411-418 (2010)
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AssessmentAssessment of of LocalLocal Performance Performance withwith SegmentedSegmented SOFCsSOFCs
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Potential Potential forfor OpticalOptical SpectroscopiesSpectroscopies

Raman spectroscopyRaman spectroscopy
Laser Doppler Anemometry (LDA)Laser Doppler Anemometry (LDA)
Particle Image Particle Image VelocimetryVelocimetry (PIV)(PIV)
FastFast--Fourier Infrared (FTIR)Fourier Infrared (FTIR)
Coherent AntiCoherent Anti--Stokes Raman Spectroscopy (CARS)Stokes Raman Spectroscopy (CARS)
Electronic Speckle Pattern Electronic Speckle Pattern InterferometryInterferometry (ESPI)(ESPI)

Digital CCD camera

Distance microscope
(resolution1 µm)

Quarz window

Transparent
flow field

Imaging
spectrograph

Lenses/filter

Pulsed Nd:YAG laser
(532 nm, 10 ns)

Open tube
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a) In situ microscopy b) In situ Raman laser diagnostics
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1D Laser Raman Scattering: Experimental Arrangement1D Laser Raman Scattering: Experimental Arrangement

Simultaneous detection of CH4, O2, N2, CO, H2, CO2, H2O

spectrograph for
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Raman Spectrum from FlameRaman Spectrum from Flame
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ChallengesChallenges whenwhen ApplyingApplying Laser Laser RamanRaman SpectroskopySpectroskopy
withwith SOFC SOFC CellsCells

••Coupling of highest possible laser pulse energy into the gas chaCoupling of highest possible laser pulse energy into the gas channelnnel
without damaging the flow field; beam has to be focused to a diwithout damaging the flow field; beam has to be focused to a diameter ofameter of
1 mm1 mm

••Exact adjustment of laser beam through the channel at high operaExact adjustment of laser beam through the channel at high operating ting 
temperature in a closed furnacetemperature in a closed furnace

••Suppression of scattering light through laser induced luminescenSuppression of scattering light through laser induced luminescencece



220th ECS Meeting, Electrochemical Processes for Fuels, Boston, MA, October 9-14, 2011

Setup Setup forfor 1D1D--Raman Raman SpectroscopySpectroscopy

3 double pulse 3 double pulse Nd:YAGNd:YAG PIV 400 PIV 400 laserlaser systemssystems
λλ = 532 nm= 532 nm
Repetition rate: 10 HzRepetition rate: 10 Hz
Single pulse: E Single pulse: E ≤≤ 350 mJ / 350 mJ / ~~7 ns7 ns
Pulse Pulse energyenergy: 6 x 300 mJ : 6 x 300 mJ 
Pulse Pulse lengthlength: : ~380 ns ~380 ns 

(temporal (temporal resolutionresolution))
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Transparent Transparent FlowfieldFlowfield forfor SOFCSOFC

Top view

Side view
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Experimental Setup Experimental Setup forfor RamanRaman SpectroscopySpectroscopy MeasurementsMeasurements
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CellCell HousingHousing withwith Transparent Transparent FlowfieldFlowfield in Hot in Hot FurnaceFurnace
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IV IV CharacteristicsCharacteristics of ESC of ESC CellCell

0,23 NL/min H0,23 NL/min H22 + 3 % H+ 3 % H22O / 1,06 NL/min O / 1,06 NL/min airair, 850 , 850 °°CC
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First First ResultsResults of of RamanRaman SpectraSpectra

Large scatter in detected signalLarge scatter in detected signal
Improvement of S/N ratio neededImprovement of S/N ratio needed

HH22+3%H+3%H22OO
850850°°CC
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RamanRaman Signals as a Signals as a FunctionFunction of Distance of Distance AlongAlong ChannelChannel

Tendencies of the species concentration profiles can be seenTendencies of the species concentration profiles can be seen

HH22+3%H+3%H22OO
850850°°CC
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RamanRaman SpectraSpectra of Hof H22 and Hand H22O O ConcentrationsConcentrations
AlongAlong thethe FlowFlow ChannelChannel

HH2 2 + 3% H+ 3% H22O; 0,112 NL/min H2, 1,06 NL/min air, 850 O; 0,112 NL/min H2, 1,06 NL/min air, 850 °°CC

2800 3000 3200 3400 3600 3800 4000 4200 4400 4600
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

 

 Signal
 Fit H2O
 Fit H2

S
ig

na
l [

w
.E

.]

Raman-Verschiebung [cm-1]



220th ECS Meeting, Electrochemical Processes for Fuels, Boston, MA, October 9-14, 2011

ImprovementsImprovements NeededNeeded forfor a a FollowingFollowing MeasuringMeasuring CampaignCampaign

••ImprovedImproved flowfieldflowfield withwith broaderbroader and and higherhigher gas gas channelschannels
(3 x 4 mm (3 x 4 mm insteadinstead of 2 x 2 mm)of 2 x 2 mm)

••Adaptation of Adaptation of cellcell housinghousing to to changedchanged geometriesgeometries

••Laser Laser detectiondetection withwith a CCD a CCD cameracamera withwith higherhigher sensitivitysensitivity

 MeasurementsMeasurements at different at different temperaturestemperatures, , withwith different gas different gas 
compositionscompositions and different and different waterwater contentscontents



220th ECS Meeting, Electrochemical Processes for Fuels, Boston, MA, October 9-14, 2011

IV IV CharacteristicsCharacteristics of ESC of ESC CellCell
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RamanRaman SpectraSpectra of an ESC of an ESC CellCell OperatedOperated at 5 Aat 5 A
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RamanRaman Signals of HSignals of H22 as a as a FunctionFunction of Distanceof Distance
AlongAlong thethe FlowFlow ChannelChannel
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RamanRaman Signals of HSignals of H22O as a O as a FunctionFunction of Distanceof Distance
AlongAlong thethe FlowFlow ChannelChannel
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Setup Setup forfor InIn--SituSitu OpticalOptical MicroscopyMicroscopy
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ConclusionConclusion

•• InIn--situsitu diagnosticdiagnostic techniquestechniques allowallow forfor a a largelylargely extendedextended insightinsight intointo fuelfuel
cellcell processesprocesses (fundamental (fundamental understandingunderstanding, , optimizationoptimization of of flowflow fieldfield))

•• TheThe potential of potential of spatiallyspatially resolvedresolved diagnosticsdiagnostics was was demonstrateddemonstrated withwith somesome
exemplaryexemplary resultsresults

•• TheThe obtainedobtained datadata cancan bebe usedused forfor modelingmodeling and and simulationsimulation forfor identificationidentification of of 
criticalcritical operatingoperating conditionsconditions

•• StrongStrong gradientsgradients of gas of gas concentrationsconcentrations and and currentcurrent densitydensity particularlyparticularly at at 
operationoperation withwith high high fuelfuel utilizationutilization maymay resultresult in in locallylocally criticalcritical operatingoperating
behaviorbehavior

•• Qualitative Qualitative resultsresults of Laser of Laser RamanRaman SpectroscopySpectroscopy measurementsmeasurements havehave beenbeen
shownshown, quantitative , quantitative measurementsmeasurements areare in in progressprogress..


