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            Yong-Song Chen 1 Huei Peng Department of Mechanical Engineering, University of Michigan, 1231 Beal Avenue, Ann Arbor, MI 48109-2121 Studying the Water Transport in a Proton Exchange Membrane Fuel Cell by Neutron Radiography and Relative Humidity Sensors Water management in a fuel cell is essential to ensure cell performance and life. In this study, a special single cell was designed for the purpose of detecting liquid water and water vapor simultaneously. The major difference between our design and traditional ﬂow ﬁeld designs is the fact that the anode and cathode channels were shifted sideways, so that they do not overlap in the majority of the active areas. The liquid water is measured by using neutron radiography located at the National Institute of Standards and Technology. The water vapor is measured by the 20 relative humidity sensors em- bedded in the anode and cathode ﬂow ﬁeld plates. The effects of the relative humidity and stoichiometry of the cathode inlet on relative humidity distribution in the channels and on water accumulation in the gas diffusion layers (GDLs) were investigated in this study. The liquid water accumulation at steady-state was calculated by using imaging mask techniques and least-squares method. The transient behavior of water transport was detected and recorded when a step load change was applied on the cell. It is demon- strated that liquid water tends to accumulate in the gas diffusion layers under the rib. Moreover, the transient behavior of liquid water transport in the GDL and the relative humidity distribution in both the anode and cathode channels at different operating conditions are discussed. DOI: 10.1115/1.3006312 Keywords: fuel cell, water management, relative humidity, neutron radiography 1 Introduction Proton exchange membrane fuel cells PEMFCs are widely studied for mobile power applications because of their high efﬁ- ciency, low operating temperature, and benign exhaust byprod- ucts. A key challenge in PEMFC research was found to be the low membrane conductivity under adverse conditions, including high temperature and low water content. As membrane humidity in- creases, its protonic conductivity increases. However, too much water could cause ﬂooding in ﬂow channels or gas diffusion lay- ers GDLs, decreasing the performance of a fuel cell. Many fuel cell models have been published to investigate the effect of water content on cell performance. Bernardi and Verbrugge 1,2 developed one of the early math- ematical models. Their model was a steady-state one-dimensional model, which described reactant transports in GDLs and water balance in PEMFCs. The membrane in their model was assumed fully hydrated, which is not the real operation of PEMFCs. Springer et al. 3 developed a model with partially hydrated membrane. They empirically related the membrane conductivity to the water content of membrane. Wang et al. 4 and Um et al. 5 developed two-dimensional models based on computational ﬂuid dynamics CFD. All the models referred to above did not consider the inﬂuence of liquid water on cell performance. Fuller and Newman 6 developed a model that described the water and thermal management of a fuel cell. Baschuk and Li 7 developed a model that includes the effect of “degree of water ﬂooding” in the cathode catalyst layer and in the cathode GDL on the cell performance. Wang et al. 8 and Pasaogullari and Wang 9 con- sidered the liquid water transport in hydrophobic GDL and the effect of ﬂooding on the cell performance. Natarajan and Nguyen 10 and Lin and Nguyen 11 developed two-phase ﬂow models for the cathode of PEMFCs to describe the liquid saturation dis- tribution in the GDLs under the channels and under the ribs. The liquid saturation in the above studies was derived based on em- pirical equations, and the results were not validated by experi- ments. Thus, experimental results that can measure liquid water distribution in a PEMFC, and more importantly, results that pro- vide cathode/anode and under the channel/under the rib differen- tiation can be very helpful in the advancement of fuel cell models. Conducting experiments to measure water distribution inside an operating PEMFC is nontrivial because these experiments need special facilities. The water vapor in the ﬂow channels can be measured by relative humidity RH sensors. Nishikawa et al. 12 used a RH sensor to measure RH along the cathode ﬂow channels. However, RH sensors can measure water vapor but not liquid water. In addition, a major issue with relative humidity sensors is the fact that when they are exposed to a near-saturated gas, the reading saturates, and even when they are subsequently exposed to under-saturated gases, the sensor reading may stay saturated for up to several minutes. Since it is desirable to operate PEMFC near-saturated condition, RH sensor alone is not a good solution. Mench et al. 13 measured the in situ water vapor distribution in a working PEMFC by using gas chromatography. These methods can detect water vapor in the ﬂow channels only. However, in a working fuel cell, liquid water is generated in the cathode catalyst layer of the cell due to a chemical reaction. And it is mainly the liquid water in the GDL that affects cell performance through the catalyst and ﬂow blockage. Therefore, it is more important to measure liquid water accurately than to measure water vapor. Tüber et al. 14 designed a fuel cell with its cathode covered by transparent plexiglass to observe the liquid water in the ﬂow channels. They used a digital camera to record the images of 1 Corresponding author. Manuscript received June 17, 2007; ﬁnal manuscript received January 28, 2008; published online June 8, 2009. Review conducted by Nigel M. Sammes. Paper pre- sented at the 5th International Fuel Cell Science Engineering and Technology Con- ference FUELCELL2007, Brooklyn, NY, June 18–20, 2007. Journal of Fuel Cell Science and Technology AUGUST 2009, Vol. 6 / 031016-1 Copyright © 2009 by ASME Downloaded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm 
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 Yong-Song Chen1
 Huei Peng
 Department of Mechanical Engineering,University of Michigan,
 1231 Beal Avenue,Ann Arbor, MI 48109-2121
 Studying the Water Transport in aProton Exchange Membrane FuelCell by Neutron Radiography andRelative Humidity SensorsWater management in a fuel cell is essential to ensure cell performance and life. In thisstudy, a special single cell was designed for the purpose of detecting liquid water andwater vapor simultaneously. The major difference between our design and traditionalflow field designs is the fact that the anode and cathode channels were shifted sideways,so that they do not overlap in the majority of the active areas. The liquid water ismeasured by using neutron radiography located at the National Institute of Standardsand Technology. The water vapor is measured by the 20 relative humidity sensors em-bedded in the anode and cathode flow field plates. The effects of the relative humidity andstoichiometry of the cathode inlet on relative humidity distribution in the channels and onwater accumulation in the gas diffusion layers (GDLs) were investigated in this study.The liquid water accumulation at steady-state was calculated by using imaging masktechniques and least-squares method. The transient behavior of water transport wasdetected and recorded when a step load change was applied on the cell. It is demon-strated that liquid water tends to accumulate in the gas diffusion layers under the rib.Moreover, the transient behavior of liquid water transport in the GDL and the relativehumidity distribution in both the anode and cathode channels at different operatingconditions are discussed. �DOI: 10.1115/1.3006312�
 Keywords: fuel cell, water management, relative humidity, neutron radiography
 IntroductionProton exchange membrane fuel cells �PEMFCs� are widely
 tudied for mobile power applications because of their high effi-iency, low operating temperature, and benign exhaust byprod-cts. A key challenge in PEMFC research was found to be the lowembrane conductivity under adverse conditions, including high
 emperature and low water content. As membrane humidity in-reases, its protonic conductivity increases. However, too muchater could cause flooding in flow channels or gas diffusion lay-
 rs �GDLs�, decreasing the performance of a fuel cell. Many fuelell models have been published to investigate the effect of waterontent on cell performance.
 Bernardi and Verbrugge �1,2� developed one of the early math-matical models. Their model was a steady-state one-dimensionalodel, which described reactant transports in GDLs and water
 alance in PEMFCs. The membrane in their model was assumedully hydrated, which is not the real operation of PEMFCs.pringer et al. �3� developed a model with partially hydratedembrane. They empirically related the membrane conductivity
 o the water content of membrane. Wang et al. �4� and Um et al.5� developed two-dimensional models based on computationaluid dynamics �CFD�. All the models referred to above did notonsider the influence of liquid water on cell performance. Fullernd Newman �6� developed a model that described the water andhermal management of a fuel cell. Baschuk and Li �7� developed
 model that includes the effect of “degree of water flooding” inhe cathode catalyst layer and in the cathode GDL on the cellerformance. Wang et al. �8� and Pasaogullari and Wang �9� con-
 1Corresponding author.Manuscript received June 17, 2007; final manuscript received January 28, 2008;
 ublished online June 8, 2009. Review conducted by Nigel M. Sammes. Paper pre-ented at the 5th International Fuel Cell Science Engineering and Technology Con-
 erence �FUELCELL2007�, Brooklyn, NY, June 18–20, 2007. ournal of Fuel Cell Science and TechnologyCopyright © 20
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 sidered the liquid water transport in hydrophobic GDL and theeffect of flooding on the cell performance. Natarajan and Nguyen�10� and Lin and Nguyen �11� developed two-phase flow modelsfor the cathode of PEMFCs to describe the liquid saturation dis-tribution in the GDLs under the channels and under the ribs. Theliquid saturation in the above studies was derived based on em-pirical equations, and the results were not validated by experi-ments. Thus, experimental results that can measure liquid waterdistribution in a PEMFC, and more importantly, results that pro-vide cathode/anode and under the channel/under the rib differen-tiation can be very helpful in the advancement of fuel cell models.
 Conducting experiments to measure water distribution inside anoperating PEMFC is nontrivial because these experiments needspecial facilities. The water vapor in the flow channels can bemeasured by relative humidity �RH� sensors. Nishikawa et al. �12�used a RH sensor to measure RH along the cathode flow channels.However, RH sensors can measure water vapor but not liquidwater. In addition, a major issue with relative humidity sensors isthe fact that when they are exposed to a near-saturated gas, thereading saturates, and even when they are subsequently exposedto under-saturated gases, the sensor reading may stay saturated forup to several minutes. Since it is desirable to operate PEMFCnear-saturated condition, RH sensor alone is not a good solution.Mench et al. �13� measured the in situ water vapor distribution ina working PEMFC by using gas chromatography. These methodscan detect water vapor in the flow channels only. However, in aworking fuel cell, liquid water is generated in the cathode catalystlayer of the cell due to a chemical reaction. And it is mainly theliquid water in the GDL that affects cell performance through thecatalyst and flow blockage. Therefore, it is more important tomeasure liquid water accurately than to measure water vapor.
 Tüber et al. �14� designed a fuel cell with its cathode coveredby transparent plexiglass to observe the liquid water in the flow
 channels. They used a digital camera to record the images of AUGUST 2009, Vol. 6 / 031016-109 by ASME
 E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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 iquid water generated in the cathode side of flow channels. How-ver, this optical method cannot observe the liquid water in theDL, and quantifying liquid water accurately is also a challenge.Neutron radiography technique has been used for an in situ and
 ondestructive visualization and measurement technique for liquidater in a working fuel cell �15–23� because neutron transmissi-ility is sensitive to hydrogen, which is an element of a waterolecule. Pekula et al. �15� used neutron radiography to observe
 he distribution of liquid water and measure the liquid drop veloc-ty at various operating conditions. Chuang et al. �16� quantifiediquid water in the GDLs and flow channels of PEMFCs underoth flooded and nonflooded conditions. Their results show thatell performance was affected by a few tenths of a milligram ofiquid water in the fuel cell. Turhan et al. �17� conducted neutronmaging experiments to study the influence of operating param-ters on the liquid water distribution and accumulation. Their re-ults indicated that liquid water accumulation in the fuel cell de-reases with increasing gas flow rate of inlet.
 Geiger et al. �18� used neutron radiography to observe liquidater distribution in a PEMFC after it was shut down and cooled
 o ambient temperature. The liquid water was observed to accu-ulate in the bottom part of flow field. Kramer et al. �19� applied
 tatistical methods to neutron radiography experiments to quantifyiquid water within a working PEMFC to compare serpentine andnterdigitated flow field designs. Zhang et al. �20� studied the im-act of GDL materials on liquid water accumulation inside aEMFC.Many researchers used the neutron imaging facility in the Na-
 ional Institute of Standards and Technology �NIST� to investigatehe water content in an operating fuel cell. Trabold et al. �21�iscussed the water accumulation in a serpentine flow field andhe effects of current density and cathode stoichiometry on waterccumulation. Owejan et al. �22� used a fuel cell with an inter-igitated cathode flow field to study the effect of cathode inlet RHn water accumulation. Hickner et al. �23� focused on the tran-ient behavior of liquid water transport inside a PEMFC and theffect of local heating on the accumulation and distribution ofiquid water.
 References �15–23� captured neutron images when fuel cellsere at steady-state conditions, and they used fuel cells that haveverlapped and identical anode and cathode flow fields, making itifficult to differentiate liquid water between the anode and cath-de in neutron imaging. It is known that the reaction in the cath-de side is considered the rate determining step because of thelow kinetics of oxygen reduction. Liquid water in the channeloes not influence cell performance unless the channel is filledith liquid water. It is the liquid water accumulation in the cath-de catalyst layer or in the cathode GDL that could cause theass-transfer limitation of oxygen. Pasaogullari and Wang �9� andjilali �24� proposed different mechanisms of liquid water trans-ort in the GDL. However, their hypotheses described the GDLnder the channel without considering the GDL under the rib. Thetudies of Turhan et al. �17� and Zhang et al. �20� showed thatore liquid water accumulates in the GDL under the rib than in
 he GDL under the channel. Thus, the influence of liquid water inhe GDL under the rib cannot be neglected.
 Recently we developed a PEMFC model capable of predictingiquid saturation precisely. In our hypothesis, due to the gas flown the channel, liquid water has a tendency to accumulate in theDL under the rib. When the GDL under the ribs cannot holdore liquid water, the liquid water emerges from the corner of the
 ibs and GDL to the channels. The mechanism is depicted in Fig.. In order to understand the influence of operating conditions onathode liquid saturation in the GDL, we need to conduct experi-ents that can help differentiate liquid water in the cathode GDL.In the present study, a specially designed fuel cell was used, and
 he water distribution at both saturated and undersaturated condi-ions were investigated. The liquid water distribution and accumu-
 ation inside the fuel cell were studied by using neutron radiogra- 31016-2 / Vol. 6, AUGUST 2009
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 phy and image masking technique. The water vapor was detectedby 20 RH sensors embedded in the single cell. The effect of cath-ode inlet RH and stoichiometry were discussed. The transient be-haviors of liquid water and water vapor were also studied in thisstudy. The sensor data will be used to validate our model in thefuture.
 2 Experimental Method
 2.1 Fuel Cell Design. In order to differentiate liquid waterbetween different locations, a specially designed single cell em-bedded with 20 miniature RH sensors was manufactured for thisstudy. The membrane electrode assembly �MEA� with an activearea of 100 cm2 was made by Umicore �http://www.umicore.com/�. The MEA consists of a 25 �m thick mem-brane, 0.4 mg Pt cm−2 in both anode and cathode catalyst layers,and 230 �m thick GDLs that were made of carbon papers.
 Most published neutron radiography experiments used identicalanode and cathode flow fields for which it was not easy to differ-entiate liquid water between the anode and cathode. In this study,the flow fields of the anode and cathode were shifted to minimizeoverlap. Both anode and cathode flow field plates are made ofgraphite. Before being machined with flow channels, these graph-ite plates were densified with resign to reduce the porosity, whichcould trap liquid water and affect the accuracy of experimentaldata. The anode flow field is a six-channel serpentine pattern witha channel width and a channel depth of 1.6 mm and 1.0 mm,respectively. The rib width is 1.7 mm. The cathode flow field has12 straight parallel channels from the inlet and 6 channels to theoutlet. The idea is to increase the gas flow rate by reducing thecross-section area of the overall flow area. The dimensions of flowchannels and ribs are the same with those in the anode. The flowfields of the anode and cathode are shown in Fig. 2. The rectan-gular holes in those flow fields indicate RH sensor locations.
 The RH sensors used in this study are type SHT75 made bySensirion, one of the smallest RH sensors we could find on themarket. Its cross-section dimension is 3.7�2.2 mm2. Each sensorpenetrated through the flow field plate such that the sensor headwas inside the fuel cell and leads were outside the fuel cell, asshown in Fig. 3.
 Fig. 1 Schematic of the mechanism for liquid water transportin the GDL
 Fig. 2 Flow field design used in this study: „a… cathode and „b…anode. The rectangular holes are the positions of relative hu-
 midity sensors. Transactions of the ASME
 E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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 The current collectors are made of gold-plated copper plates,nd the end plates are made of aluminum alloy. All current col-ectors and end plates have circular holes corresponding to the RHensor positions. The cell assembly is compressed by using 12olts with nuts.
 2.2 Experimental Setup and Procedures. The experimentsere conducted at the NIST Center for Neutron Research
 NCNR�. The experimental setup in this study was for the purposef measuring liquid water and water vapor simultaneously. Thexperimental setup is depicted in Fig. 4�a�. Figure 4�b� shows theingle cell embedded with RH sensors. Thin wires were solderedn the sensor leads to connect signal cables with the signal pro-essing unit �EK-H3�. The RH and temperature were measurednd recorded for each of the 20 sensors.
 The neutron radiography experiments were conducted by usingthermal neutron beam at Beam Tube 2 �BT-2� at the NCNR.
 his facility was discussed in Ref. �25�. Neutron images wereaptured by a Li6-doped ZnS scintillator placed directly in contactith an amorphous silicon flat panel detector that has a pixel pitchf 0.127 mm and spatial resolutions of about 0.250 mm at a frameate of 1 Hz and about 0.125 mm at a frame rate of 15 Hz. Theollowing will illustrate the experimental procedure for steady-tate and transient images.
 ig. 3 A flow field plate embedded with ten relative humidityensors
 ig. 4 „a… Schematic of the experimental setup. „b… The single
 ell. ournal of Fuel Cell Science and Technology
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 The steady-state images are used to study the effect of stoichi-ometry values and RH values of the cathode inlet on the watercontent. The cell temperature was controlled at 70°C. A referenceimage was obtained by averaging a series of 1000 images thatwere taken when the cell was purged with dry nitrogen and dry airon the anode and cathode sides, respectively. The water content inthe cell is calculated by comparing the difference between thereference image and test images. The test images were taken whenthe cell was working at selected conditions. The operating currentdensities were selected at 0 A cm−2, 0.1 A cm−2, 0.4 A cm−2,0.5 A cm−2, and 0.6 A cm−2 �or 0.7 A cm−2�. For each currentdensity, the cell was operated at two relative humidity values,50% and 100%, and three stoichiometric values, 2, 3, and 4, ofinflow air. The hydrogen was not humidified, and the anode sto-ichiometry was 1.2 for all experiments with a minimum flow rateset at levels corresponding to 0.2 A cm−2.
 The purpose of transient images is to study the variation ofwater content in the fuel cell during step load changes. The ex-perimental setup for transient images was the same as that forsteady-state images except that the frame rate was set at 15 fps.The anode gas was not humidified, and the RH of the cathodeinlet gas was selected at 50% and 100%. The stoichiometric val-ues of the anode and cathode were 1.2 and 3, respectively, for allexperiments except that a minimum flow rate for both the cathodeand anode was set at levels corresponding to 0.2 A cm−2. Fourdifferent changes in current density were selected in this experi-ment: from 0 A cm−2 to 0.1 A cm−2, from 0.1 A cm−2 to0.4 A cm−2, from 0.4 A cm−2 to 0.6 A cm−2 �0.7 A cm−2�, andfrom 0.6 A cm−2 �0.7 A cm−2� to 0 A cm−2.
 2.3 Image Processing. Steady-state images and transient im-ages were analyzed by different procedures due to the trade-off intime and spatial accuracy. Ten captured images were averaged toobtain a final steady-state image. The liquid water amount wascalculated by using neutron beam calibration codes developed atthe NIST. In this study, due to the shift in anode and cathodechannels, there are four types of data, depending on the geometriclocations, as shown in Fig. 5. These combinations are called “Ch-Ch,” “Rib-Rib,” “Ca_rib,” and “An_rib” in this study. These fourareas can be distinguished by image masking techniques. Fourmasks were created to block unwanted areas, as shown in Fig. 6.In processing transient images, ten images were averaged to ob-tain moving average images. The same four masks shown in Fig.6 were also applied to differentiate the water content in four areas.In addition, the active area of this single cell is too large to beregarded as a single uniform cell, so in the image analysis theactive area was divided into 15 segments along the anode flowchannels, as shown in Fig. 7. The average liquid water thicknesswas then calculated in each of the 15 segments.
 3 Results and DiscussionThe calculated liquid water thickness can be visualized by col-
 orizing the neutron density images, as shown in Fig. 8. As can be
 Fig. 5 Schematic of water accumulation in six areas
 seen, much water accumulates in the bottom half of the cell. How-
 AUGUST 2009, Vol. 6 / 031016-3
 E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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 ver, these images only provide information about the water dis-ribution in the X-Y direction but not in the Z �into the paper�irection. The measured liquid water could be in the anode/athode GDLs or anode/cathode channels. As explained before,ifferentiating the liquid water location more precisely is neces-ary because water in the flow channel does not influence cellerformance nearly as much as water in the GDL. Therefore, aethod is introduced in the next section to differentiate liquidater along the Z direction.
 3.1 Differentiating Liquid Water at Six Locations. Liquidater within a PEMFC could accumulate in six types of locations,
 s shown in Fig. 5: anode channel �Ac�, anode GDL under thehannel �Agc�, anode GDL under the rib �Agr�, cathode channelCc�, cathode GDL under the channel �Cgc�, and cathode GDLnder the rib �Cgr�. We can express the relationship between waterhicknesses in those six locations and measured data rib-rib �RR�,hannel-channel �CC�, cathode_rib �CR�, and anode_rib �AR� as
 Agr + Cgr = RR
 Ac + Agc + Cgc + Cc = CC
 Ac + Agc + Cgr = CR
 Agr + Cc + Cgc = AR �1�r in a matrix form
 ig. 6 Four masks used to quantify liquid water in „a… Ch-Ch,b… Rib-Rib, „c… Ca_rib, and „d… An_rib areas
 ig. 7 The active area is divided into 15 segments. Segments
 re numbered successively along the anode flow channels. 31016-4 / Vol. 6, AUGUST 2009
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 Ax = b �2�where
 A = �0 0 1 0 0 1
 1 1 0 1 1 0
 0 0 1 1 1 0
 1 1 0 0 0 1�, x = �
 Cc
 Cgc
 Cgr
 Ac
 Agc
 Agr
 �, b = �RR
 CC
 CR
 AR� �3�
 There are six unknowns and four equations for each of the 15segments. Overall, there are 90 unknowns and 60 equations. Wecan solve the water content in 15 segments at the same time. Therelationship between water content in 90 locations and 60 mea-sured data is expressed in an augmented matrix form,
 �A O O O ¯ O
 O A O O ¯ O
 O O A O ¯ O
 O O O A ¯ O
 ] ] ] ] � ]
 O O O O ¯ A
 ��x1
 x2
 x3
 x4
 ]
 x15
 � = �b1
 b2
 b3
 b4
 ]
 b15
 � �4�
 where A, xi, and bi are defined in Eq. �3� for the ith segment. O isa zero matrix with the same size as A.
 Equation �4� is an underdeterminant problem, and a unique so-lution does not exist. In addition, matrix A is not a full rankbecause Agc and Ac always co-exist, and Cgc and Cc always co-exist. Since Agc and Ac are not differentiable, they are consideredas a single unknown, and so are Cgc and Cc. Then there are fourunknowns and four measurements in each segment; Agr and Cgrcan be solved exactly.
 After the above procedure, 30 unknowns are solved, and 60unknowns remain; however, there are only 45 equations left. Theproblem is still “too underdeterminant” to yield accurate data. Toreduce the number of unknowns, we need to make an assumption.According to Turhan et al. �17�, liquid water inside a fuel cellsignificantly decreases with increasing gas flow rate. This is be-cause the GDL is made of hydrophobic and porous materials, anda large gas flow rate helps push liquid water out from the GDL,resulting in less liquid water accumulation in the GDL. To sim-plify the problem, the water thicknesses in the GDL under thechannel are assumed to be inversely proportional to the gas flowrate,
 Cgc =�
 Nca
 �5�
 Agc =�
 Nan
 Under these assumptions, the remaining unknowns and equations
 Fig. 8 A colorized neutron image „current density: 0.4 A cm−2;anode/cathode stoichiometry: 1.2/3; cathode inlet RH: 100%…
 are expressed as
 Transactions of the ASME
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 Fig. 9 Average liquid water thicknesses in the „a… cathode channel, „b… anode channel, „c… cathode GDL under the channel,„d… anode GDL under the channel, „e… cathode GDL under the rib, and „f… anode GDL under the rib when the cathode inlet RH
 is 50% ournal of Fuel Cell Science and Technology AUGUST 2009, Vol. 6 / 031016-5
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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 Fig. 10 Average liquid water thicknesses in the „a… cathode channel, „b… anode channel, „c… cathode GDL under thechannel, „d… anode GDL under the channel, „e… cathode GDL under the rib, and „f… anode GDL under the rib when thecathode inlet RH is 100%
 31016-6 / Vol. 6, AUGUST 2009 Transactions of the ASME
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 �S O O O ¯ O a1 b1
 O S O O O a2 b2
 O O S O O a3 b3
 O O O S O a4 b4
 ] ] ] ] � ] ] ]
 O O O O ¯ S a15 b15
 ��y1
 y2
 y3
 y4
 ]
 y15
 �
 �
 � = �T1
 T2
 T3
 T4
 ]
 T15
 � �6�
 here
 S = �1 1
 0 1
 1 0�, O = �0 0
 0 0
 0 0�, ai = �
 1
 Nca,i
 0
 1
 Nca,i
 �, bi = �1
 Nan,i
 1
 Nan,i
 0�
 Fig. 11 Average liquid saturation in „a… the GD
 Fig. 12 Liquid saturation in the GDL. „a… The study of Pasaunder the channel. „b… The study of Natarajan and Nguyen †
 and under the rib.
 ournal of Fuel Cell Science and Technology
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 yi = �Cc,i
 Ac,i�, Ti = �NewCCi
 NewCRi
 NewARi� �7�
 In the vector Ti,
 NewCCi = CCi − Cgr,i − Agr,i
 NewCRi = CRi − Cgr,i �8�
 NewARi = ARi − Agr,i
 By using least-squares method �LSM� �26�, we can solve Eq.�6� to find out Cc,i, Ac,i, �, and �. From Eq. �5�, Cgc and Agc canthen be solved. However, due to the shifted flow field design inthis study, not every segment always has measured data in fourareas. Thus, only segments 3–13 can be calculated by using thismethod. If a nonshifted cell design was used, i.e., if anode andcathode flow fields overlap, there will only be two measured data,
 nder the rib and „b… the GDL under the channel
 ullari and Wang †9‡ models the liquid saturation in the GDLmodels the liquid saturation in the GDL under the channel
 L u
 og10‡
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 C and RR, from neutron imaging. This will result in two fewerquations for each segment, which increases the degree of free-om of the solution and thus the inferior solution from the under-eterminant problem.
 3.2 Steady-State Conditions. Figures 9 and 10 show the re-ults of using LSM to differentiate water accumulation in the sixocations when the cathode inlet RH values are 50% and 100%,espectively. Figures 9�d� and 9�f� suggest that water thickness inhe anode GDLs decreases when current density is high. Thishenomenon becomes more pronounced when the cathode inletH is 100%, as shown in Figs. 10�d� and 10�f�. The decrease inater content at high current density is likely due to the water
 ransport by electro-osmotic drag from anode to cathode. Anotherossible reason is the high gas flow rate at high current density.igher flow rate gas takes more liquid water out from the GDLs.Both Figs. 9�c� and 10�c� show little liquid water in the cathode
 DL under the channel. This trend was also observed in the studyf Zhang et al. �20� when the reactants were fully humidified. Aossible reason is that due to the high stoichiometric value in theathode side, the flow rate in the cathode is higher than that in thenode. Figures 9 and 10 also show that water content at a lowtoichiometry value is slightly more than that at a high stoichiom-try value. This is because when the gas flow rate is low, less
 Fig. 13 Relative humidity distribution in the „a… cathode chacathode channel and „b… anode channel when the cathode i
 ater in the GDLs is carried away by the gas flow, resulting in
 31016-8 / Vol. 6, AUGUST 2009
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 more water accumulation in the GDLs.In Fig. 9, it can be seen that when the cathode inlet RH is 50%,
 water content in the GDLs does not change with current densities.Because of the low RH of the inlet cathode gas, the generatedliquid water is quickly taken from GDLs by unsaturated gas flow.When the cathode inlet is fully humidified, more liquid wateraccumulates in the cathode GDL under the rib. Figures 10�e� and10�f� show that the maximum water thickness in the GDLs underthe cathode rib and under the anode rib is around 50 �m, whichcould be the maximum amount of water that can accumulate inthe GDLs under those operating conditions. Once water is gener-ated in the cathode catalyst layer, it has the tendency to movefrom the hydrophobic GDL into the channels. If the GDL cannotexpel liquid water effectively, liquid saturation in the GDL andcatalyst layer will be large, which is commonly referred to asflooding.
 Liquid saturation can be precisely quantified by the ratio of theliquid volume to the pore volume in the GDL. This ratio directlyrelates to how much of the available volume for reactant flow hasbeen occupied by liquid water and thus reflects the extent of GDL“flow blockage.” Pasaogullari and Wang �9� and Natarajan andNguyen �10� developed different empirical models to study thedistribution of liquid saturation along the thickness of GDLs. The
 el and „b… anode channel. Temperature distribution in the „a…t RH is 50%.
 nn
 liquid saturation in GDL is not easy to measure by using a mono-
 Transactions of the ASME
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 eutron beam—it will be possible, in theory, to obtain that infor-ation by using accurate stereo imaging. Unfortunately, such ca-
 ability was not available when we conducted the experiment.herefore, from the test data we can only calculate the average
 iquid saturation, which can be calculated by
 s =tw · A
 tGDL · A · �=
 tw
 tGDL · ��9�
 here tw is the average water thickness in the GDLs, tGDL is theDL thickness, A is the segment area, and � is the porosity ofDLs.The cathode of the PEMFC is the performance-constraint com-
 onent due to the slower kinetics of oxygen reduction and theass-transfer limitations caused by liquid water generation and
 he existence of a large quantity of nitrogen. Thus, in the follow-ng only cathode liquid saturation is calculated and compared withther groups’ studies. Figure 11 shows the result of using Eq. �9�o calculate average liquid saturation in the cathode GDLs. Figure1�a� shows that average liquid saturation in the GDL under theibs varies from 0.05 to 0.5, whereas that in the GDL under thehannels is below 0.02, as shown in Fig. 11�b�. Figure 12 showshe modeling results from the studies of Pasaogullari and Wang9� and Natarajan and Nguyen �10�. The model of Pasaogullari
 Fig. 14 Relative humidity distribution in the „a… cathode chcathode channel and „b… anode channel when the cathode i
 nd Wang describes the distribution of liquid saturation in the
 ournal of Fuel Cell Science and Technology
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 GDL under the channels only, and the average value is close to0.07. The model of Natarajan and Nguyen shows three-dimensional liquid saturation distribution in the GDLs both underthe channels and under the ribs. The liquid saturation in the GDLunder the ribs is higher than 0.9, whereas that in the GDL underthe channel varies between 0 and 0.88.
 Figures 13�a� and 13�b� show relative humidity distribution inthe cathode and anode when the cathode inlet RH is 50%. The RHin each segment increases with increasing current density. This isbecause water generation increases with increasing current den-sity. However, at high current density �0.6 A cm−2�, RH valuesdecrease slightly. It could be due to the high flow rate of unsatur-ated gas at high current density. Moreover, Fig. 13�a� shows thatRH in the cathode channel at a stoichiometry of 2 is slightlyhigher than those at stoichiometry of 3 and 4. These phenomenasuggest small flow rate results in higher RH values in the chan-nels. On the other hand, when the cathode inlet RH is 100%,stoichiometry values do not influence RH in the channels, asshown in Fig. 14�a�. Figures 13�c�, 13�d�, 14�c�, and 14�d� showthat segment temperatures increase slightly with current density,but the temperature difference between segments can be neglectedregardless of the stoichiometric values and the cathode inlet RH.
 The experimental results in this study suggest that liquid water
 nel and „b… anode channel. Temperature distribution in „a…t RH is 100%.
 an
 in the GDL under the ribs varies with current load and operating
 AUGUST 2009, Vol. 6 / 031016-9
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 onditions, whereas that in the GDL under the channels is notignificantly influenced by operating conditions. In addition, theseistributed data also provide us useful information to develop auel cell model.
 Fig. 15 Step response of average liquid water thickness inunder the channel, „d… anode GDL under the channel, „e… catthe cathode inlet RH is 100%
 3.3 Transient Behavior of Water Transport. The transient
 31016-10 / Vol. 6, AUGUST 2009
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 behavior of water transport was studied by plotting water thick-ness and measured RH values in the anode and cathode channelsversus time. To save space, four operating conditions were plottedin a figure. The moment when a load change was applied wasmarked by vertical dashed lines in the figures, and the test data
 e „a… cathode channel, „b… anode channel, „c… cathode GDLe GDL under the rib, and „f… anode GDL under the rib when
 thhod
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 hown in Fig. 15 include 1 min before the step change and 2 minfter. Figure 15 shows that the water thickness changes with re-pect to time when the cathode inlet gas is 100%. These plotsuggest that water contents in those six locations do not changemmediately with load change. In other words, after current den-ity is changed, it takes time for the water content in the fuel cello reach steady-state.
 Figure 15�a� shows that liquid water in segment 13 graduallyncreases when current density changes from 0.4 A cm−2 to.7 A cm−2, whereas liquid water in other segments decreases oremains constant. It is possible that due to the channel-reductionesign �from 12 channels to 6 channels� in the cathode, moreiquid water is carried to the outlet, which encountered a bottle-eck at segment 13. The liquid water in the GDL under the riboes not increase with time, as shown in segment 13 in Fig. 15�e�.his result suggests that the channel-reduction design reducesooding in the GDLs.Figures 16�a� and 16�b� show the RH values and temperature in
 he cathode and anode channels. When the cell is operated at lowurrent densities, the RH in the anode channel increases with the
 Fig. 16 Step response of relative humidity in the „a… cathod100%
 Fig. 17 Step response of relative humidity in the „a… cathod
 50% ournal of Fuel Cell Science and Technology
 ded 23 Nov 2009 to 141.213.106.117. Redistribution subject to ASM
 flow distance quickly and typically reaches saturation after one-third of the flow distance. However, when the current densitychanges from 0.4 A cm−2 to 0.7 A cm−2, RH in the anode chan-nel decreases to approximately 50% due to the electro-osmoticdrag. Figure 15�b� shows that there is some liquid water in theanode channel, but RH sensors in Fig. 16�b� do not report 100%.The possible reason is that the mass-transfer rate due to liquidwater evaporation is lower than that due to anode gas flow at highcurrent density.
 Figures 17�a� and 17�b� show a RH difference between thecathode and anode channels when the cathode inlet RH is 50%. Atthe current density of 0 A cm−2, i.e., no liquid water generatedinside the fuel cell, RH in the anode channel increases along thechannel to 50%. When the current density increases to0.1 A cm−2, the RH values in the anode channel increase approxi-mately to 75%, which is higher than that in the cathode channel.When the current density changes from 0.1 cm−2 to 0.4 cm−2, theRH values in the anode channel reports 100%. Since the anodeinlet gas is not humidified, the only way for the anode gas to
 hannel and „b… anode channel when the cathode inlet RH is
 hannel and „b… anode channel when the cathode inlet RH is
 e c
 e c
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 cquire water is through backdiffusion from the cathode to thenode. Moreover, the cathode stoichiometry is higher than thenode stoichiometry; i.e., the cathode gas flow rate is higher thanhe anode gas flow rate. Therefore, water in the anode channel islowly removed, resulting in the increase of RH in the anodehannels.
 Figures 16 and 17 also show the temperature distribution mea-ured by RH sensors within the fuel cell. Since we only have tenH sensors for each of the anode/cathode side, some of the seg-ents have no temperature data reported. Subplots are arranged
 orresponding to RH sensor positions. Regardless of the cathodenlet RH values, temperatures at each segment change slowly afterudden current changes. In addition, there is no significant tem-erature variation throughout the active area. There is little spatialariation of temperature at all current density levels. High thermalonductivity of graphite �140 W m−1 K−1� and reactant flow bothontribute to the uniform temperature. This result implies thatemperature distribution can be considered to be uniform in aingle cell, which helps to reduce the complexity of a segmentedingle cell model in our future study.
 The specially designed single cell, together with image process-ng techniques and LSM, provides a new way to investigate liquidater accumulation in an operating fuel cell. These results show
 he influence of stoichiometry and RH values of the cathode inletn water distribution within a fuel cell. These experimental resultsre useful to validate our fuel cell model, which is in progress.
 ConclusionsNeutron radiography provides a nondestructive and valuableeasurement technique to quantify and visualize liquid water in aorking PEMFC. A single cell with shifted flow field design asell as imaging mask techniques was used to differentiate liquidater in four types of channel/rib combinations: anode channel/
 athode channel, anode rib/cathode rib, anode channel/cathodeib, and cathode channel/anode rib. By applying the LSM, theverage liquid water thicknesses in the GDL under the channel, inhe GDL under the ribs, and in the channels were able to bealculated. In this study, both steady-state and transient behaviorsf water accumulation were studied at different cathode inlet con-itions.
 The influence of the cathode inlet RH and stoichiometry valuesn liquid water accumulation and distribution was studied in thisaper. The RH of the cathode inlet was shown to have a substan-ial effect on liquid water accumulation in the GDLs. The steady-tate experimental results showed that liquid water has a tendencyo accumulate in the GDL under the rib and varies with currentensities. The average liquid saturation in the GDL under the ribas found to vary from 0.05 to 0.5 and that in the GDL under the
 hannel is about 0.02, which is lower than modeling results in theiterature. The RH in each segment increases with increasing cur-ent density due to water generation. At high current density, alight decrease in RH values could be due to the high flow rate ofnsaturated gas. Moreover, temperature difference between seg-ents can be neglected regardless of the stoichiometric values and
 athode inlet RH.The transient behavior of water transport was studied by cap-
 uring neutron images and RH in the flow channels. The channel-educed design in the cathode helps gas flow to carry liquid watero the outlet without causing flooding in the GDLs. In addition,H in the anode channel quickly increases with flow distance and
 eaches saturation even when the cathode RH is unsaturated. Atigh current density, RH in the anode channel decreases due to theigher dry anode gas flow rate. The temperature distributes uni-ormly within the active area and has large response time withespect to load change.
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