
[논문]한국태양에너지학회 논문집

한국태양에너지학회 논문집 Vol. 31, No. 4, 2011 128

A Study on Water Balance in Stationary Load 

Proton Exchange Membrane(PEM) Fuel Cell  

Power Generator

AgungBakhtiar* Oh,Hoo-Kyu** Yoon,Jung-In** Kim,Young-Bok*** Choi,Kwang-Hwan**

*GraduateSchoolofRefrigerationandAirConditioningEngineering,PukyongNationalUniversity,

**Dept.ofRefrigerationandAirConditioningEngineering,PukyongNationalUniversity,

***Dept.ofMechanicalSystem Engineering,PukyongNationalUniversity(choikh@pknu.ac.kr)

고정 부하를 갖는 PEM 연료전지 발전기에 있어서의 수분 평형에 관한 연구

아궁 박타아르*,오후규**,윤정인**,김영복***,최광환**

*냉동공조공학과 대학원,부경대학교,

**냉동공조공학과,공과대학,부경대학교(choikh@pknu.ac.kr),

***기계시스템공학과,공과대학,부경대학교

Abstract

일반적으로 PEM 연료전지에서는 수분 균형이 시스템의 효율에 결정적으로 영향을 미치기 때문에,이에 대한 균형

(balance)을 잡는 것이 매우 중요하다.특히,촉매 층에서 물이 넘치는 익수현상(flooding)이나 건조현상(drying)이 발

생하게 되면 연료전지의 효율이 급격하게 저하하므로,항상 수분의 균형이 잡히도록 시스템을 제어하는 것이 일반적

이다.이 때,수분의 익수현상이나 건조현상은 PEM 연료전지의 용량과 주위의 환경,즉 온도와 습도에 많은 영향을

받게 된다.

금번 논문에서는 가정용 규모인 3kW급에서 10kW급까지의 PEM 연료전지를 설치하였을 때,주위의 환경(온도와

습도)이 수분 이동에 어떠한 영향을 미치는 지를 시간에 따라서 시뮬레이션(simulation)한 결과를 보여주고 있다.결과

에서 유입공기의 온도가 50℃ 이하일 경우,고정부하가 5kW급 이하이면 대부분이 건조현상이 발생하였으나,고정부하

가 6kW급 이상이 되면 익수현상이 운전시간이 20분 이내에서 발생하였다.또한 고정부하를 최고 10kW급까지 올린

경우,유입공기의 온도가 50℃까지는 익수현상이 발생하였으나 60℃ 이상인 경우에는 거의 건조현상이 발생함을 알

수 있었다.
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Nomenclature

 :Molarrate,[mol·s
-1
]

 :Electroosmoticdragcoefficient

ρ :density,[kg·cm-3]

 :Relativemolecularmass,

[kg·mol
-1
]

 :Permeability,[m2]

s :Liquidsaturationlevel,[-]

ε :Porosity

μ :Dynamicviscosity,[m
2
·s
-1
]

T :Temperature,[℃]

δ :Thickness,[m]

λ :Latentheat,[kJ·kg-1]

 :Heattransfercoefficient,

[W·m
-2
·K
-1
]

 :Currentdensity,[A·m
-2
]

 :Crosssectionarea,[m
2
]

 :Faradayconstant,[C·mol-1]

 :Humidityratio,[g·kg-1]

 :Mass,[kg]

 :Specificvolume,[m
3
·kg

-1
]

 :Volume,[m
3
]

 :Flow rate,[m
3
·s
-1
]

W :Power,[Watt]

Subscript

 :capillarity

 :evaporation

rct :reaction

sat :saturated

liq :liquid

vap :vapor

1.Introduction

AwatermanagementinPEMfuelcellhas

asignificantimpactontheoverallsystem

performance,thereforeitbecomesoneof

themostcriticalissuesandwidelystudied.

Properwatermanagementshouldprovide

anadequatemembranehydrationandavoidance

ofwaterfloodinginthecatalystlayer.Thus

watermanagementisacriticalconsideration

forbetterdesignofPEM fuelcellsystems.

Theamountofwaterandthedispositionof

waterwithinthePEM fuelcellstrongly

affectsefficiencyandreliability[1].

The oxidation reaction thatproduces

waterinPEM fuelcelloccursactuallyin

cathode.Thefloodingincathodereducesthe

activereactionareaandeventuallydecreases

theperformance[2].Thefloodingoccurs

whenthewaterproductionrateishigher

thanitsremovalrate.However,theflooding

canalsooccurevenatlowcurrentdensities

underacertainoperatingconditions,such

aslow temperaturesandhighhumidity.

This presentstudy proposes a water

transportationmodelofPEM fuelcelland

alsogivesasimulationresultsoccurredin

astationarypowergeneration.Withthismodel,

floodingonstationarypowergenerationcan

bepredictedanditwillbehelpfulonwater

managementsystemtogetthewaterbalance.

2.Proposedmodel

Basedontheprinciplesofwaterbalance,

ananalyticalmodelisdevelopedinthis

sectiontodescribePEMfuelcell.Thespecific

assumptionsforthepresentmodellingare

thefollowings.

1)Thefuelcellistreatedasalumped

system withauniform temperature.

2)Thegasmixtureisanincompressible

andideal.

3)Gasdiffusionlayer(GDL),CCL,and

membraneareisotropicandhomogeneous.
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4)Thevoltagelossduetoelectronic

resistancesisnegligible.

Waterbalanceincathodecatalystlayer

(CCL)shouldbebasedon thedifferent

amountbetweenrateofwaterinputand

outputasshowninFig.1.

Fig.1SchematicofwaterbalanceinCCL

ThewatergenerationrateintheCCLcan

besimplifiedandexpressedastheamount

ofthewaterproductionratefrom oxygen

reductionreaction(ORR)anddraggedfrom

theanodesideasshowninEq.1[2-5].

   


(1)

BasedontheASHRAEstandardformula

tocalculatetheairproperties[6],theinput

waterfromhumidaircanbethencalculated

byusingEq.2toEq.6.Whenthewater

additionislessthanthesaturatedcondition,

theavailablemolarspaceforwateraddition

isgivenbyEq.4.Theexceedwaterover

thesaturatedamountturnedintoliquid.As

longasthewaterinputisnotsaturated,the

wateroutputinthevaporphasewillbe

givenbyEq.5andalsotheliquidphase

givenbyEq.6.

  

 
(2)

   


(3)

 
  

  (4)

  

(5)
 

  
  

  (6)

Theliquidsaturationratioofthewaterin

CCListhengivenbyEq.8.

∆ 

 
(7)

 ∆ (8)

Manystudiesarerelatedtothesteady

statewatertransportationinGDLofPEM

fuelcell[2,5,7,8].Intheirworks,itwasseen

thatcapillaritytransportisthedominant

transportprocesstoremovewaterfrom

floodedGDLs.Molarflowrateofthewater

transportedbycapillarityprocessisgiven

byEq.9.Furthermore,theliquidsaturation

changebycapillarityprocessisgivenbyEq.10.

  
     ×



cos


(9)

∆ 

  
(10)

Andtheliquidsaturationbecomesthe

following.

 ∆∆  (11)

Thecontinuum modelofthesaturation
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usedinthispapercanbedescribedascubic

asshowninFig.2.Thetotalvolumeofthe

cubeisx3withtotalsurfaceareaof6x2.If

a liquid phase is presented with liquid

saturationlevels,thesurfaceareaofliquid

becomes(4s+2)x2.Hencethewaterevaporation

ratecanbedefinedasacertainratiobetween

theheattransferandthelatentheatas

giveninEq.12[9].

 



  

(12)

Fig.2Modelofsaturationcube

Theliquidsaturationchangevariedby

evaporationprocesswillbedescribedas

nextequation.

∆  

 
(13)

Thefinalliquidsaturationcanbealso

expressedasfollowing.

 ∆ ∆ ∆  (14)

3.Simulationparameters

Table1showstheparameterusedinthis

simulation with thecurrentmodel.The

valuesoftheseparametersissufficientto

producethedesiredpowerdemand.Among

differentconditions,theparticularinputair

conditions,suchastemperature,humidity,

andfuelcellpowerload,havebeenchanged

forcomparisonwiththeamountofwater

transportation.

Parameter Value

Q 0.08m
3
s
-1

A 0.02m2

 3.10
-4
m

N 448

 0.5

κ 1.810
-18
m
2

ε 0.6

σ 0.0625N/m

 120

h 105.28W/m
2
K

λ 2417.44kJ/kg

Table1.Simulationparameters

4.Resultanddiscussion

Thepowerdemandofthefuelcelleffects

toitscurrentdensity.Whenthepowerdemand

washigh,thecurrentdensitybecamehigh,

thereforethewatergeneratedbyfuelcell

reactionwasalsohigh.Thesimulationin

thisstudywasconductedbyusingdifferent

variationsofstationarypowerdemandand

theliquidsaturationlevelsarecomparedas

itsresults.Firstly,wehavesimulatedthe

modelingusinglowtemperatureair.Atthis

timetheairpropertiesof40°C and38%

R.H.(relativehumidity)wasrecognizedas

therepresentative.Theresultswereshown

inFig.3andthefloodingoccurredonhigh

powerdemandcondition.
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Fig.3Simulationresultsatlowtemperatureandlowhumidity

Theearliestfloodingamongthesimulated

hasarousedatthepowerdemandof6kW.

Incaseof6kW,itbegantofloodsharply

withstartingandthenfloodedalmostwith

1,100seconds.Thereasonfortheflooding

isbecausethecurrentdensity wasthe

mosthighandsotheamountofwater

generatedbyfuelcellreactiongiveninEq.

1washigh.Toavoidtheflooding,theinput

airtemperatureshouldbeincreased.Increasing

thetemperaturewithoutaddinganywater

willincreasetheevaporationoftheaccumulated

waterinsidethegasdiffusionlayer.

Fig.4Simulationresultsathightemperatureandlowhumidity

Therefore,the second simulation was

focusedontheinfluenceonincreasingthe

inputairtemperaturefrom 40°C to50°C

withoutanyhumidifyingprocess.Through

thesimulation,itwasclearthattheliquid

saturationleveldecreasedtheflooding,but

thisalsocausedthedryinginallconditions

asshowninFig.4.

Thereasonthisdryinghappenedisbecause

thewatergenerationandthewaterremoval

failedtostrikethebalance.Thewaterremoval

causedbyevaporationasgiveninEq.12

becamehigherthanthewatergeneration

producedbyfuelcellreaction.Therefore,in

thiscasethetotalamountofwateraddition

shouldbeincreasedtoavoidthedrying.The

incrementofthewateradditionisusuallydone

byaddingthewaterintotheinputair.Another

simulationwasperformedtoinvestigateeffects

onincreasingthehumidityoftheinputair.

Fig.5hasshownthesimulatedresults

afterincreasingonlytheairhumidityfrom

22.7%(R.H.)to50%(R.H.)atairtemperature

of50°C.Underthisconditionthedrying

andthefloodingappearedatthesametime.

Thepowerdemandof6kW hastheflooding,

butbelowof6kW hasresultedinalldrying.

Fig.5Simulationresultsathightemperatureandhighhumidity
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From theseresults,itwasknownthat

thewaterbalancewillbeexistedinthe

rangeofthepowerdemandbetween4.2kW

and6kW.However,therewaslittlechanges

nearthepowerdemandof3kW to4.2kW.

Ontheotherhand,the6kW hasshowna

steadychangeuptothedrying.Soitwas

worthinvestigatingtheaffectstocloseto

therangeof6kW andmoresimulations

wereexecutedbyfocusingontherange

5kW to6kW.Fig.6showstheresultsof

this simulation and itbore clearly the

differentfloodingslopes.

Fig.6Simulationresultsatpowerdemandof5kW to

6kW

Onassumingthatthewaterbalanceis

obtainedfromaroundthepowerdemandof

5.6kW,wealsoperformedthesimulation

byapplyingthehigherpowerdemandthan

itsbalancedpoint.Inthissimulation,the

focus was on the variations with the

temperaturechanges,40℃ to60℃,asthe

powerdemandandthehumidityratioare

fixed.Thesimulationresultswereshown

inFig.7.

Fig.7Simulationresultsat5kWwithtemperaturevariation

Fig.8Simulationresultsat10kWwithtemperaturevariation

Theseresults,however,haveshownthat

thefloodingstillarosefrom thelow inlet

airtemperature,eventheinletairishumid.

Thehigherairtemperatureis,thesteeperthe

dryingslopeis.Soweneededtoanalyze

theinfluencespecificallybetween40℃ and

50℃ byraisingthepowerdemandupto

10kW afterfixingtheinletairproperties

sameasthecaseof5.5kW.Thesimulation

resultsforthiswereshowninFig.8andit

revealedthatethefloodinghasevenoccurred

notonlyatthe50℃,but40℃.Itwasalso

clearthatthedifferenceofthepowerdemand
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canchangethesensitivityofthetemperature

totheliquidsaturationlevelinFig.7and

Fig.8.Thismeanstheslopesoftheliquid

saturation levelwith differentinletair

propertieshavenotlinearrelationshipwith

differentstationarypowerdemand.

Ontheotherhand,wealsohadtolook

intothetendencyofliquidsaturationto

provethisconclusiveresultbeforereaching

floodinginFig.8.Thus,Fig.9showsthe

liquidsaturationcausedbythedifferentinlet

airtemperature.

Fig.9Simulationresultswithcapillaritytransportinflooding

Fig.10Simulationresultsofevaporationrate

Theevaporationrateinthelow inletair

temperatureisverysmallcomparedwith

thehighinletairtemperature,thereforethe

liquidwaterproductionincreasesrapidly.

Thelargerevaporationratewasacquired

from higherinletairtemperatureandthis

phenomenawasdescribedinFig.10.

Inaddition,theevaporationratesincase

of40°Cand50°Careverysmaller.Thisis

causednotonlybythelow temperature,

butalsothehighhumidityoftheinletair.

5.Conclusion

Theliquidwaterin CCL isproduced

whenthewatervaporiscondensedafter

saturation.Iftheliquidwaterremovalis

lowerthanliquidwateradding,andthen

liquidwaterwillbeaccumulatedintothe

poreofCCLandalsoincathodeGDL.Thus,

theliquidwateraccumulationisavector

thathasaplusvaluewhentheaddingrate

ofliquidwaterisgreaterthantheremoval

rateofliquidwater.Hence,iftheaccumulated

waterratehasaplusvalueandremainsfor

longperiod,thiswillproduceaflooding.

Theconclusionsofthesimulationresults

aredescribedasthefollowing:

1.Thefloodingstillcanbehappenedin

caseofthelow temperatureofinletair,

eventheinletairishumidified.

2.Theslopesoftheliquidsaturationlevel

withdifferentinletairpropertieshave

not linear relationship with different

stationarypowerdemand.

3.Thelow evaporationrateiscausednot

onlybythelow temperatureonly,but
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alsothehighhumidityoftheinletair.
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