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ABSTRACT

DesignandperformanceevaluationofPEMFC

system basedonchemicalhydrideforUAV

applications

byKim,Jincheol

Advisor:Prof.Kim,Taegyu,Ph.D.

DepartmentofAerospaceEngineering,

GraduateSchoolofChosunUniversity

본 논문에서는 무인항공기를 위한 연료전지 시스템을 설계하였다.대부분의 무인시

스템은 2차 전지를 기반으로 제작되어있는데,이들 2차 전지를 전력원으로 사용 할 경

우 낮은 에너지 밀도로 인해 작동시간이 제한된다.해서 본 논문에서는 에너지 밀도가

높은 고분자 전해질 막 연료전지를 통해서 상용의 무인항공기 시스템보다 높은 작동시

간을 가지는 시스템을 설계하였다.특히 본 시스템에서는 고분자 전해질 막 연료전지

를 활용하였다.PEMFC는 작동온도가 낮고 전해질이 고체이며 소형화하기에 용이하기

때문에 본 시스템에 적합하다고 판단하였다.

본 시스템을 활용하기 위해 두가지를 실험하였는데,먼저 과전류 제어기를 통해 고

분자 전해질 막 연료전지 (Polymerelectrolytemembranefuelcell;PEMFC)내부를

가습하는 연구를 수행하였다.대체적으로 연료전지는 별도의 외부 가습장치를 통해서

연료전지 내부가 건조해지는 것을 방지한다.게다가 무인항공기에서는 습도조절이 더

욱 더 중요한데,이는 비행고도에 따른 비등점의 변화로 인해 연료전지 내부가 쉽게

건조해질 수 있기 때문이다.

연료전지 내부 전해질 막의 가습을 위해서 과전류를 발생시키고 연료전지의 출력을
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향상시키는 것을 목표로 다음과 같은 실험을 수행하였다.과전류 제어를 위한 회로를

포함하여 연료전지 제어기가 제작되었고,추가적으로 배터리를 연결하여 과전류 제어

를 할 때 발생하는 전압강하를 보조하는 역할을 하게 된다.

과전류 발생기에서 알고리즘 수정을 통해 과전류 발생 주기와 간격을 조정하며 그

에 따른 연료전지 성능변화를 측정하였다.실험결과로 과전류 발생 제어를 통해서 출

력이 최대 16% 향상되는 것을 확인하였다.

두 번째로 무인 시스템을 위한 화학 수소화물 기반의 소형 연료전지 시스템을 제작

하였다.기본적으로 연료전지는 수소를 연료로 하여 전력을 생산한다.이를 위한 다양

한 수소공급방식이 있으나 그 대부분이 시스템의 복잡성과 무게가 증가하는 등 소형화

에 부적합하다고 판단하였다.따라서 화학 수소화물을 기반으로 한 수소 저장방식이

채택되었고,그 중에서 가격이 저렴하고 수소저장밀도가 10.8%인 수소화 붕소나트륨을

선정하였다.

이러한 화학 수소화물은 기본적으로 가수분해반응을 통해서 수소를 생성하게 된다.

하지만 가수분해반응 만으로는 안정적인 전력생산을 위한 수소유량공급에 부적합하다

고 판단하여 Co-B/Ni촉매를 활용하였다.안정작인 수소유량공급을 위해 일체형 수소

발생기를 제작하였다.그 외에도 펌프와 밸브를 통해서 연료를 공급하고 NaBO2를 배

출하게 된다.

본 시스템을 통해서 수소 발생기의 성능을 검증하고 나아가 100W급 연료전지를 통

해서 수소 공급 성능 및 수소 순도를 평가하였다.
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I.Introduction

A.ActivehumidificationofPEMFCusingshortcircuitcontrol

Unmannedaerialvehicles(UAVs)havebeenusedformeetingciviliandemands

and military purposes in diverse fields,particularly for reconnaissance and

surveillance.Forthesemissions,high enduranceofUAVsformaximizing their

capability ispreferredtoattributessuchasquietoperationsormaneuverability.

However,conventionalinternalcombustionenginesrunningongasolineanddiesel

arestillemployed asthemain sourceforpowering theUAVs.Although the

internalcombustionenginecangeneratepowerthroughcombustion,theexhaust

emissionsproducedduringtheprocesscauseseriousenvironmentalproblems.In

addition,fossilfuels(whicharetheenergysourcesforinternalcombustionengines)

areonthebrinkofexhaustion,necessitatinganew,next-generationpowersource

forUAVs.Recently,thefuelcell(FC)hasgainedattentionasanew powersource

becauseitpossesseshigherenergydensitythanfossilfuels.Moreover,theFC is

ecofriendlybecauseitsbyproductsareonlywaterandheat.

VarioustypesofFCsareavailable,includingmoltencarbonFC,solidoxide

FC,alkaline FC,phosphoric acid FC,and polymer electrolyte membrane FC

(PEMFC).Amongthese,thePEMFCissuitableforUAVsbecauseofthefollowing

advantages:1)highloadingcapabilityduetorelativelylighterweight,andeaseof

miniaturization;2)low operatingtemperatureatwhichionconductivityisadequate

to generate high power;3)use ofsolid-state electrolyte,thereby eliminating

sloshingproblemsduetovibrationsduringflight;and4)higherthermalefficiency

comparedtootherFCs.Owingtotheseadvantages,PEMFCsarebeingdeveloped

asportablepowersources,particularlyforUAVsinaeronauticalapplications[1].

ManyPEMFC-poweredUAVshavebeendevelopedworldwide,suchastheIon
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TigerbytheNavalResearchLaboratory[2],PUMA bytheAirForceResearch

Laboratory[3],Phantom EyebyBoeing[4]intheUnitedStates,Hyfishbythe

German Air & Space Center [5] in Germany,FAUCON H2 by EnergyOr

Technologies[6]inCanada,BirdEye-650byAerospaceIndustries[7]inIsrael,and

theKoreaAerospaceResearchInstituteinKorea.Moreover,theFC system for

UAVshas been widely studied atuniversitiessuch asthe Washington State

University[8]intheUnitedStates,NationalChengKungUniversity[9]inTaiwan,

NanyangTechnologicalUniversity[10]inSingapore,KoreaAdvancedInstituteof

ScienceandTechnology,andChosunUniversityinKorea[11–12].

TheFCisasimpledeviceinwhichhydrogenisreducedintoanionandtwo

electrons,andasthehydrogenionpassesthroughanelectrolyteandcombineswith

oxygen,itgenerateselectricityalongwithwaterandheat.Inthisprocess,humidity

controlinthepolymerelectrolytemembraneisveryimportantbecausewaterplays

theroleofanion-conductingcarrier[13].Whenthemembranehasthecorrect

watercontent,thepoweroutputoftheFCismaximized.Highcontent(indicating

highhumidity)causeswaterflooding,whichblockstheporesofthegasdiffusion

layer(GDL)andinhibitsthepassageofoxygen.WhentheFC isdry(indicating

low humidity),the electric resistance in the membrane increases,causing the

voltage to drop with increase in current[14–18].Therefore,FC performance

dependsstronglyonitsinternalhumidityandgenerallydeteriorateswhenthelatter

ismuchhigherorlowerthandesired.

Owingtothisdependence,atypicalFCsystem usesanexternalhumidifierto

controlitsinternalhumidity.However,thismakesitheavyandbulkyandhence

unsuitableforUAV applications.Inparticular,theFC system shouldbeofsmall

sizeandlessweightforsmallUAVsbecausetheirpayloadcapacityislimited.

Therefore,eliminatingtheexternalhumidifierintheFCreleasesadditionalpayload

capacityintheUAVforothermissions.

In thepresentstudy,theshortcircuittechniquewasused to controlthe

internalhumidityoftheFC.Momentaryshort-circuitinggeneratedovercurrentin

theFC,causinghydrogentoreactconsiderablywithoxygentogeneratewater,
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thushumidifyingtheelectrolytemembrane.A fuel-cellshortcircuitcontrollerwas

developed and thehumidification performancewasexamined fordifferentshort

circuitintervalsanddurations.Inaddition,theperformancecharacteristicsofthe

FCwereevaluatedwithandwithouttheshortcircuitcontroller.
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PEMFC AFC PAFC MCFC SOFC

Electrolyte

Hydrated

PolymericIon

Exchange

Membranes

Mobilizedor

Immobilized

Potassium

Hydroxidein

asbestosmatrix

Immobilized

Liquid

PhosphoricAcid

inSiC

Immobilized

LiquidMolten

Carbonatein

LiAlO2

Perovskites

(Ceramics)

Electrodes Carbon
Transition

metals
Carbon

Nickeland

NickelOxide

Perovskiteand

perovskite/

metalcermet

Catalyst Platinum Platinum Platinum
Electrode

material

Electrode

material

Interconnect Carbonormetal Metal Graphite
Stainlesssteel

orNickel

Nickelceramic

orsteel

Operating

Temperature
40-80℃ 65-220℃ 205℃ 650℃ 600-1000℃

ChargeCarrier H
+

OH
-

H
+

CO3
2-

O
2-

External

Reformerfor

Hydrocaron

Fuels

Yes Yes Yes
No.

Forsomefuels

No.

Forsomefuels

andcelldesigns

Externalshift

conversionof

COto

hydrogen

Yes.

Pluspurification

toremovetrace

CO

Yes.

Pluspurification

toremovetrace

COandCO2

Yes No No

PrimeCell

Components
Carbon-based Carbon-based Graphite-based Stainless-based Ceramic

ProductWater

Management
Evaporative Evaporative Evaporative Gaseousproduct Gaseousproduct

ProductHeat

Management

Processgas+

Liquidcooling

medium

Processgas+

Electrolyte

circulation

Processgas+

Liquidcooling

medium or

steam

generation

Internal

reforming+

Processgas

Internal

reforming+

Processgas

Table.1ClassificationoftheFCaccordingtoelectrolyte
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B.ChemicalhydridehydrogenstorageforcompactPEMFCsystem

Uptonow,apolymerelectrolytemembranefuelcell(PEMFC)hasbeenadopted

fortheUAVsbutthehydrogenstoragedensitywastoolow torealizethehigh

energydensityofthefuelcellsystem using thehydrogenasafuel.Basically,

hydrogen hasgravimetricenergy density (120MJ/kg)threetimeshigherthan

gasoline(44MJ/kg).However,thevolumetricenergydensity(0.01MJ/LatSTP)

ismuchlowerthangasoline(32MJ/L).Thus,thehigh-densityhydrogenstorage

isimportantfordetermining theenergy density ofPEMFC systemsforUAV

applications.Inaddition,thehydrogenstoragemethodwouldhavehighstorability

andgoodmobility[19–21].

Currently-available hydrogen storage method includes compressed hydrogen,

liquid and cryo-compressed hydrogen,sorbents,metalhydrides,metal-organic

frameworks (MOF),and carbon-based material[20,28,29,32–36].However,

conventionalhydrogenstoragemethodsarestillproblematicbecausethehydrogen

storagedensityislow andthedeviceisbulkyandcomplex.Recently,itisreported

that MOF and carbon-based hydrogen storages have realized the desirable

hydrogenstoragedensitybuttheyrequirehighmanufacturingtechnologies[19].As

a result,these hydrogen storage methods sufferfrom technicaldifficulties in

manufacture,theincreasedexpenseforthemaintenance,andproblemsthatmake

thesystem bulkyandheavy.Thus,weneedanalternativemethodforhydrogen

storage to complementthe above problems.Recently,chemicalhydrides have

attracted a great interest as an alternative of hydrogen storage for UAV

applications.

Inthepresentstudy,afuelcellsystem usingthehydrogenstoragebasedon

thechemicalhydridewasdeveloped forportableapplications.Therearemany

chemicalhydridesavailableincludingNaBH4,ZnBH4,CaBH4,LiAlH4,NaBH(OCH3)3

and so on.Chemicalhydrides are stored stably as itis atthe atmospheric

condition,whilehydrogencanbeextractedreadilybychemicaldecompositionwhen

needed.Thechemicalhydridehasadvantageoustoportablefuelcellsbecauseofits
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high hydrogen capacity and possibility of hydrogen storage/supply at the

atmosphericcondition.Particularly,chemicalhydridescanbestoredandcarriedin

thestateofanalkalisolution,andhydrogencanbeextractedfrom thesolutionas

wellasdirectlyinthesolidstate[23].Thechemicalhydridesmainlyconsistof

alanatehydrides,alkalimetalhydrides,andmetalhydro-borates[22].Amongthem,

sodium borohydride(NaBH4)metalthatisakindofhydro-borateshasbeenwidely

studiedasthechemicalhydride-basedhydrogenstoragebecauseitischeaperand

theenergydensityperunitvolume/massishigherthanothertypesofchemical

hydrides[19,22,24–28].Thus,theNaBH4wasselectedasahydrogensourcefor

thePEMFCsystem inthepresentstudy.

Hydrogen can be generated by the hydrolysis reaction of NaBH4 The

hydrolysisreactionshouldbeacceleratedandstabilizedtosupplyhydrogenstably

andcontinuously.Therearetwowaysthathavebeenwidelyused;oneistousea

catalystandtheotheristocontrolpH valuebyacids[19,21,25].Whenacidsare

used,thehydrogengenerationisreliablebutthehydrogengenerationratewasnot

controllablewithoutcontrolmechanismsandtheacidisdifficulttohandleand

store.Considering theaspectofsafety,thecatalytichydrolysisofNaBH4 was

selectedforportableapplications.Uptonow,noblecatalystssuchasRu,Rh,and

Pt,andnon-noblecatalystssuchasNi,Co,andCuhavebeenstudiedforthe

catalytichydrolysisofNaBH4.Inthepresentstudy,Co-B/Nifoam wasusedasa

catalystbecauseofitsrelativelylow costandhighperformance[22,24,25,28].

However,therearestillproblem inthecatalytichydrolysis.First,thecatalystcan

bedeactivatedbythedepositionofNaBO2thatisabyproductofthehydrolysisof

NaBH4[38–40].Inaddition,thedeviceforgeneratingpurehydrogenfrom NaBH4

shouldequipthecatalyticreactor,hydrogenseparator,andNaBO2chamber,which

areverycomplexandmakesthesystem bulkyandheavy[29,31,40].

Inthepresentstudy,theall-in-onereactorwasdesignedinwhichthecatalytic

reactor,hydrogenseparator,andNaBO2chamberwerecombinedinasinglespace.

Inaddition,allofbalance-of-plant(BOP)suchasapump,valve,coolingfan,and

controller were integrated to develop the complete hydrogen generator.The
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developedhydrogengeneratorwasconnectedtoa100W PEMFC stackandthe

performancewasevaluatedaccordingtotheelectronicload.
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II.Experiments

A.FCcontrolsystem

TheschematicoftheFC controllerispresentedinFig.1.Itconsistsof(i)

DC/DC convertortoregulatethevoltagetothemicroprocessorandsensors,(ii)

current sensor to measure the FC stack current, (iii) power-metal oxide

semiconductorfield effecttransistor(power-MOSFET)(IRFP4110PbF)to short

circuittheFCstack,(iv)transistorstooperatethepurgingvalveandcoolingfans,

and (v) 128-bit microprocessor (Atmega 128) to controlthe components as

programmed.When the FC stack is short-circuited,the power should be

compensatedtoprovideastableoutputtotheelectricload.Toachievethis,theFC

stack wasconnected parallelwith an auxiliary lithium-polymerbattery (24V,

3-cells)inthisexperiment.Furthermore,thebatteryandFC stacksimultaneously

suppliedpowerwhenasuddenloadwasapplied.

A controlalgorithm wasprogrammedtocontrolthecomponentsoftheFC

stackincluding thecooling fansandanodepurging valve,whichwereoperated

using a pulse width modulation signalatthe intervaland for the duration

previously determined.TheFC controllerwasprogrammed to directtheshort

circuitcurrenttotheFC stack atvariousintervals(periods)and fordifferent

durations.Figure2showstheperiodsanddurationsofshortcircuitintheFC

stack.Shortcircuitperiodreferstothefrequency(interval)ofshort-circuitingor

thetimebetweenthenandn+1shortsignalsinaperiodicshortcircuitoperation.

ShortcircuitdurationreferstothetimeforwhichtheFCstackisshort-circuited.

Inthisstudy,shortcircuitperiodsof2,10,and60swereusedandtheshort

circuitduration was fixed at100 ms because long shortcircuittime causes

excessivewaterflooding atthe cathodeand damagesthemembraneelectrode
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assembly(MEA)oftheFCstack.

TheperformanceoftheFCcanbealteredbyvaryingtheshortcircuitperiod

and duration.When theFC is short-circuited,thevoltage dropssuddenly,as

showninFig.2.However,inthepresentstudy,ahybridsystem oftheFC and

battery wasused toavoid avoltagedrop below thebattery voltage(~24V).

Therefore,astablepoweroutputcouldbeprovidedtotheload(suchasanelectric

motor)by maintaining a very short(~100 ms)duration ofshortcircuitand

ensuringthatthevoltagewasalwayshigherthanthemotor’sratedvoltageeven

whentheFCwasshort-circuited.



- 10 -

Fig.1SchematicofFCcontroller
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Fig.2PeriodanddurationofshortcircuitinFCstack
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B.CompactPEMFCsystem design

ThedevelopedcompactPEMFC system usingthehydrogengeneratorbasedon

theNaBH4 chemicalhydrideisshowninFig.3.Thesystem consistsofthree

parts;thePEMFC stack,hydrogengenerator,andNaBH4 fueltank.First,100W

lightweightPEMFCstackwasused.Particularly,bipolarplatesweremanufactured

bymetalformingsothattheweightandvolumeofthestackcouldbereduced

considerably.Next,thehydrogengeneratorhasanall-in-onereactorinwhichthe

NaBH4hydrolysistakesplaceandthegeneratedhydrogenispressurizedtemporally.

Theexploded view oftheall-in-onereactorisshown in Fig.4.Thereactor

consistsofthreeparts;thecatalyticreactor,byproductseparator,andhydrogen

chamber.TheCo-B/Nifoam catalystwaspackedinthecatalyticreactorasshown

inFig.5.TheCo-B isanactivematerialfortheNaBH4 hydrolysisandtheNi

foam isthesupportofCo-B.Thecatalystwaspreparedbyelectrolessplating.The

foam catalystwasveryeasytobeshapedandthereplacementwasverysimple.

TheNaBH4 solutionwassuppliedintothecatalyticreactorbythepumpand

then thehydrolysisreaction took placeon thecatalyst,immediately generating

hydrogen.Thegeneratedhydrogenwasstoredtemporallyinthehydrogenchamber

maintainingthepressureof5bar.Hydrogenwassuppliedtothefuelcellafterthe

pressurewasadjustedto0.6barthroughthepressureregulator.TheNaBO2was

collected in thebyproductseparatorand dischargedthrough thevalveintothe

outsideaccordingtotheamountofNaBH4suppliedbythepump.Thecoolingfins

wereattachedonthereactortocooltheheatofreactionoftheNaBH4hydrolysis

thatisexothermic.Coolingfanswereinstalledonthecaseofthefuelcellsystem

to maintain theconstanttemperaturein thereactor.TheNaBH4 solution was

storedin thefueltank thatiseasy tobedetachablefrom thesystem,which

facilitatedthesafestorageandporterage.
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Fig.3DevelopedcompactPEMFCsystem usingthehydrogengeneratorbasedon
theNaBH4chemicalhydride
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Fig.4Schematicoftheall-in-onereactorinwhichtheNaBH4 hydrolysistakes

placeandthegeneratedhydrogenispressurizedtemporally
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Fig.5Co-B/Nifoam catalystfortheNaBH4hydrolysis
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C.Operatingmechanism

Theschematicofthecontrolmechanism ofthefuelcellsystem isshowninFig.

6.Basically,allofdriving partsincluding thepump,cooling fans,andpurging

valves,werecontrolledbythecontrollerofthefuelcellsystem.Theoperating

algorithm consistsofthreemodes;thestart-up,normaloperation,andshutdown

mode.First,whenthesystem wasinitiatedtobeoperated,thestart-upmodewas

activatedandtheNaBH4solutionthatisstoredinthefueltankwassuppliedby

thepumpintothereactor.Thefuelwasinjectedcontinuouslywhenthepressurein

thereactorwaslowerthan3Bar,whileatthepressurehigherthan3bar,thefuel

injectionwasstopped,goingontothenormaloperationmode.

Thehydrogengeneratorwascontrolledaccordingtothereactorpressureunder

thenormaloperationmode.Atthepressurelowerthan4bar,theNaBH4solution

wassupplied by thepump,whilethefuelsupply stopped when thepressure

reached4bar.Ontheotherhand,whenthepressuresuddenlyexceededthesafety

limit,thehydrogenwasdischargedthroughthepurgingvalvethatisconnectedto

thereactor.Thesafetylimitwassetto5barinthiscasebutitischangeable

accordingtoapplications.Ifthereactorkeptthepressureof4–5bar,thepump

andpurgingvalvewerestoppedandthereactorwasreadytosupplyhydrogento

thefuelcell.

In theoperation processofthehydrogen generator,theNaBH4 solution was

reactedonCo-B/Nifoam catalyst,generatinghydrogenandNaBO2.TheNaBO2

wasdischarged through thepurging valveatan intervalofthepredetermined

periodaccordingtothecontrolalgorithm.Thegeneratedhydrogenpassedthrough

thewashingtanktoremovesodium ionsinhydrogenandwassuppliedtothefuel

cell.Whenthefuelwasexhaustedorthesystem wasterminatedcompulsorily,the

shutdown modewasinitiated;thefuelinjection stopped and thecatalystwas

washedwiththewaterinthewashingtankthatwaspressurizedbythehydrogen

pressure.
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Fig.6Schematicofthecontrolmechanism oftheFCsystem



- 18 -

D.FCsystem performanceandsuitabilityevaluation

Figure7showstheexperimentalsetupforevaluatingtheperformanceofthe

FCstackwithashortcircuitcontroller.Weselecteda200WeFCstackfeaturing

open-cathodeanddead-endedanodeoperationstoevaluatetheFC controller.The

oxidizer was supplied from ambientair using air-fans installed on the FC

stack(open-cathode).TheFC stackwaspressurizedbyhydrogengas(dead-ended

anode),which was purged periodically to preventwaterflooding.High-purity

hydrogenwasusedwithoutanadditionalhumidifierforexaminingtheeffectof

short-circuitingontheperformanceoftheFC stack.Thehydrogenpressurewas

regulated to60kPaforallexperiments.Thehydrogen flow ratewasmeasured

using a flow meter(TSM-120)to calculate theamountofhydrogen consumed

duringtheFCstackoperation.

Anelectronicload(ESL-600)wasusedtoobtaintheI–V characteristicsof

theFCstack.Thetemperature,voltage,andcurrentintheFCstackwererecorded

usingaDAQ board(NICorp.)andmonitoredviaLabView softwareduringthe

entireoperation.Beforeevaluatingtheshortcircuitcontrol,thecoolingfansand

purgingvalvecontrolswereoptimizedtoremovetheheatgeneratedbyFCreaction

andpreventwaterflooding,respectively.TwocoolingfanswereinstalledattheFC

stack and the solenoid-type purging valve was connected to the end ofits

H2-outport.Theairfluxofthecoolingfanswas1.2773m
3
/min.Theperformance

oftheFCstackwasevaluatedatvariousconditionsof(a)rpm ofthecoolingfans

and(b)openingfrequencyofthepurgingvalue,andtheresultsinthescenarios

withandwithouttheapplicationofshortcircuitcontrolwerecompared.

Thesuitabilityofthedevelopedfuelcellsystem withchemicalhydridehydrogen

generatortotheUAV applicationswasevaluatedinthepresentstudy.First,the

performanceofhydrogengeneratorbasedontheselectedcatalystwasevaluated.

Then,thepossibilitytoberestartedafterstoppedforseveralhourswastested.In

addition,theoperation stability ofhydrogen generatoraccording tothereactor

pressure was evaluated.The possibility of the stable hydrogen supply was
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examinedbythelong-term test.Thehydrogengeneratorwasintegratedwiththe

100 W PEMFC stack and the poweroutputwas measured according to the

electronicload.Inaddition,itwasevaluatedthatthehydrogengeneratorstably

suppliedhydrogentothefuelcellatvariouspowerdemands.Finally,thehydrogen

generatorwascomparedwiththecompressedhydrogenthathashighpurityof

99.999% andwasverifiedtobesuitableasahydrogenstoragemethodforUAV

applications.
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Fig.7ExperimentalsetupforevaluatingperformanceofFC stacksithshort

circuitcontroller
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III.Resultsanddiscussion

A.Effectofcontrollingcoolingfansandanodepurgingvalve

Beforeapplying humidificationbyshortcircuitcontrol,thecooling fansand

anodepurgingvalvewereoptimized.Figure8showstheresponsecharacteristicof

theFC stack according tothecooling fan control.Therotating speedsofthe

coolingfanswerevariedintherangeof10–80% oftheirmaximum rpm,andthe

speedofresponseoftheFC stacktotheappliedpowerloadwasdifferentat

differentspeedsofthecoolingfans.At10%,30%,50%,and80% ofthemaximum

rpm,thetimestakenbytheFCstacktogenerate70W ofpowerwereobserved

tobe5.2,3.3,2.2,and1.5s,respectively,indicatingthattheresponsetimereduced

asthespeedofthecoolingfanincreased,becausemoreoxygenwassuppliedto

theFCinproportiontothefanspeed.

Figure9showsthevoltagedropintheFCstackasafunctionofthepurging

period(25–100s)ataloadof3A.TheFCstackwasalsoevaluatedatdifferent

purging durations in the range of100–500 ms.Voltage drop refers to the

difference between the voltages atthe startand end ofthe purging period.

Generally,thevoltageintheFCstackdecreaseswithtimeuntilthepurgingvalve

isreopened.Atthispoint,thevoltageisrecovered,causingthespoutingofwater

intheFC stack.AsseeninFig.10,thevoltagedropincreasedwithincreasein

thepurgingperiod.Forexample,thevoltagedropsatpurgingperiodsof25and

100swere0.26–0.36V and1.19–1.60V,respectively.Incontrast,increaseinthe

purging duration at a longer purging period reversed the voltage drop

characteristics.Whenthepurgingperiodwasfixedat25s,thevoltagedropsat

purgingdurationsof100and500mswere0.26and0.36V,respectively,indicating

a slightincrease in the voltage drop with increase in the purging duration.
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However,forapurgingperiodof100s,thevoltagedropatpurgingdurationsof

100and500mswere1.60and1.19V,respectively,indicatingadecreaseinthe

voltagedrop.

Theaboveresultsindicatethatthevoltagedropcanbereducedbyshortening

thepurgingperiodorextendingthepurgingdurationatalongerpurgingperiod.

ThiscanbeexplainedbythereactionofhydrogenwithwaterinsidetheGDL.The

waterinsidetheFC stackwasdispelledbythehydrogenpressuresuppliedwhen

thepurgingvalvewasopened.Inthissituation,theinnerconditionoftheFCstack

isdeterminedbytheperiodanddurationofthepurgingvalveoperation.Atshort

purgingperiods,thehydrogengasispurgedbeforebeingconsumedwhilepassing

through theGDL.Thus,theFC stack doesnothavesufficienttimetoreact,

causing its performance to degrade because hydrogen is frequently purged.

Conversely,whenthepurgingperiodislongenoughtogeneratepowersmoothly,

waterfloodingiscaused,againresultinginperformancedegradation.Oneofthe

solutionstothisproblem isincreasing thepurging duration,asseen from the

reductioninthevoltagedropwhenthedurationwasincreasedfrom 100to500ms

atapurgingperiodof100s.
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Fig.8ResponsecharacteristicofFCstackaccordingtocoolingfancontrol
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Fig.9VoltagedropinFCstackasfunctionofpurgingperiodat3A load
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B.Performanceimprovementusingshortcircuittechnique

Figure10illustratestheimprovementachievedintheFC stackperformance

usingshortcircuitcontrol.Inthisexperiment,shortcircuitcurrentwasappliedat

2stotheFC stack,anditsperformancewascomparedtothatwithoutshort

circuitcontrol.Itwasseenthatperformancewasbetterathighloadthanatlow

load.At3A load,thepoweroutputoftheFCstackwithshortcircuitcontrol(98

W)didnotshow agreatimprovementoverthatwithout(107W),butat9A load,

theimprovementwasmuchgreater,withtheoutputincreasingfrom 218to252W

whenshortcircuitcontrolwasapplied,a16% improvementovertheperformance

withoutshortcircuitcontrol.

Figure11showsthehydrogenflow rateuponoperatingtheFCstackat3A

load,duringwhichhydrogengaswaspurgedatdifferentperiodsofshort-circuiting

usingthepurgingvalve.Comparedtooperationwithoutshortcircuitcontrol,as

muchas0.5L/minmorehydrogenwasconsumedduringoperationat2s.The

measurementofhydrogenconsumptionacrossshortcircuitperiodsrevealed8.9%

moreconsumptionwithshortcircuitcontrol(3.54L/min)thanwithout(3.25L/min).

Furthermore,waterwasobservedtobedispelledthroughthepurgingvalveathigh

loads,indicatingthatsufficientwaterwasgeneratedusingshortcircuitcontrol.

Figure12showstheI–Vperformancecurvesfortheshortcircuitperiodsof2,

10,and60s.Theopen-circuitvoltage(inthecasewithoutshortcircuitcontrol)

waslower(38.6V)thanthoseinthecaseswithshortcircuitcontrol(> 42.0V)

because dry hydrogen gas was directly supplied in the formercase,causing

inadequatehumidificationintheFCstack.Thus,activationlossisexpectedtobe

greaterwhenshortcircuitcontrolisnotapplied.Whenloadswereapplied,the

voltagedecreasedwithincreasingload,buttheohmicloss(aslopeoftheI-V

curve)wasslightlylowerincaseswithshortcircuitcontrolthaninthosewithout.

Forexample,foraloadof2–4A,theohmiclosswas0.90Ω whenshortcircuit

controlwasappliedat2sand1.64Ω withoutshortcircuitcontrol,implyingthat

theinnerresistanceoftheFCstackwasreducedbythewatergeneratedbyshort



- 26 -

circuitcontrol.Athighloads(> 4A),theeffectofshortcircuitcontrolincreased

withdecreaseintheperiodofshortcircuit.Whenaloadof8A wasapplied,the

poweroutputatshortcircuitperiodsof2,10,and60swere218.8,225.9,and232.3

W,respectively.Thus,thepoweroutputwasseentoimprovewithareductionin

theshortcircuitfrequencyfrom thelevelwithoutshortcircuitcontrol(207.8W).

Figure13showshydrogenconsumptionasafunctionofcurrentatdifferent

shortcircuitperiods.Atlow loads(0–4A),hydrogenconsumptionincreasedwith

anincreaseintheshortcircuitperiod.Atloadsof0–2A,hydrogenconsumption

doubled(0.49–1.09L/min)atashortcircuitintervalof2sfrom thatwhenno

shortcircuitcontrolwasapplied,whereasathighloads(>6A),itwasnearlythe

sameregardlessofshortcircuitcontrol,exceptwhenappliedat2s.Ataloadof8

A,3.26L/minofhydrogenwasconsumedwithoutshortcircuitcontrol,andduring

short-circuitingat10and60s,3.26and3.24L/minwereconsumed,respectively,

which are almostequalto the case withoutshortcircuitcontrol.However,

hydrogenconsumptionwasslightlyhigheratashortcircuitperiodof2s,implying

thataverysmallshortcircuitintervalresultsinexcessivehydrogenconsumption,

althoughitimprovestheperformanceoftheFCstack.

Athighcurrentloads,hydrogenconsumptionwassimilarincaseswithand

withoutshortcircuitcontrol.Thus,atlow loads,shortcircuitcontrolshouldbe

appliedinlongintervalsornotatall,becausetheimprovementinperformance

relativeto hydrogen consumption isnotsignificantoverdifferentshortcircuit

periods.Incontrast,athighloads,theshortcircuitperiodshouldbereducedto

maximizethepoweroutputevenifitresultsingreaterhydrogenconsumption.
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Fig.10ImprovementinFCstackperformanceusingshortcircuitcontrol
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Fig.11HydrogenconsumptioninFCstackwithandwithoutshortcircuitat

3A load
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Fig.12I-Vperformancecurvesfordifferentshortcircuitperiods
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Fig.13Hydrogenconsumptionasfunctionofcurrentatdifferentshortcircuit

periods
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C.Performanceofhydrogengenerator

Theexperimentalresultonreactivityandreusabilityoftheusedcatalystis

showninFig.14.The15wt.% NaBH4 solutionof80mL wasinjectedfor400

secondsandthenafterwashingthecatalystitremainedasitisfor1hour.Next,

thesystem wasrestartedandtheperformanceofhydrogengenerationbetweenthe

firstandthesecondtimewascompared.Thestart-uptimeforthepressureto

reach3baratthesecondtimebecamelongerthanthatatthefirsttime.However,

thereactorpressurestablymaintained4baratthenormaloperationmode.The

fuelwasinjectedagaintothereactorwhenthereactorpressuredecreaseddownto

4bar.TheNaBH4solutionof0.13mLwasinjectedwhenthepumpwasoperated

oncefor50milliseconds.Iftheoperatingtimeatthepressurelowerthan4bar

became long,the numberofthe fuelinjection also increased to recoverthe

pressure.Ifthepressurewashigherthan5bar,hydrogenwasdischargedthrough

thepurgingvalve.Therefore,thereactormaintainedthepressurerangeof4–5

bar.

Thefrequency ofthefuelinjection and theboratepurging torecoverthe

pressureinthereactorisshowninFig.15.Thedurationwhenthepressurekept

lowerthan4barbecamelongfrom (a)to(d).Thenumberofthefuelinjection

increasedwithincreasingthedurationtorecoverthepressureinthereactor.When

thepressureexceeded5barduetotheexcessivefuelsupply,thenumberofthe

boratepurgingalsoincreasedtomaintainthepressuretobelowerthan5baras

thenumberofthefuelinjectionincreasedfrom (a)to(d).Althoughthepressure

variedsharply,itcouldbecontrolledwithinthedeterminedrangebycontrollingthe

operationfrequencyofthepumpandthevalve.
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Fig.14Reactivityandreusabilityofthepreparedcatalyst
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Fig.15Frequencyofthefuelinjectionandtheboratepurgingtorecoverthe

pressureinthereactor.Thedurationwhenthepressurekeptlower

than4barbecamelongfrom (a)to(d)



- 34 -

D.Operatingcharacteristicsduringthelong-term test

Operatingcharacteristicsofthehydrogengeneratorduringthelong-term test

atthedifferenthydrogensupplyrateisshowninFig.16.Theresultsweredivided

intothesection(a)and(b)accordingtothehydrogensupplyrateof1.2L/minand

1.7L/min,respectively.Thehydrogengeneratedinthereactorwasdischargedat

thecontrolledflow ratethroughtheregulatorandorifice.Lookingatthestart-up

timeofthesection(a),theresponsetimewasrequiredtofillthereactorwith

hydrogenuntilthepressurereached3bar.Afterthestart-uptimepassed,the

system modechangedfrom thestart-uptothenormaloperationmode.Forthe

start-uptime,thefuelmorethandesiredwassupplied,whichcausedthereactorto

beover-pressurizedintothepressurehigherthan5barat50secondsinFig.15(a).

Immediately,thepressurewascontrolled to 5 barthrough thepurging valve,

resultingthatthehydrogensupplyratewasmaintainedto1.2L/min.Inaddition,

thereactortemperatureincreased by 90°C duetotheheatofreaction ofthe

excessivefuelwiththecatalyst.

Afterthe system was stopped for30 minutes,the hydrogen supply rate

increasedto1.7L/minatthesection(b).Thus,thepressureinthereactorwas

droppedmoresharplybecausehydrogenmorethanthesection(a)wasdischarged.

Thus,thenumberofthefuelinjectionincreasedmorecomparedtothesection(a)

andthepurgingvalvewasalsoopenedmorefrequently.Thereactormaintained

thetemperaturenearto70°Cwhichwasrelativelylow comparedtothesection(a).

Thecooling fansofthereactorwerefully operated dueto therapid riseof

temperatureandtheNaBO2 undertheelevatedtemperaturewasdischargedmore

frequentlythroughthepurgingvalve.Thus,thetemperatureatthesection(b)was

lowerthanthatatthesection(a).Althoughthereactorwasoperatedforalong

time,thetemperaturewasmaintainedtobesuitabletosustainthehydrolysisof

NaBH4 and to prevent the fuel from evaporating that caused hydrogen

contaminated.Inaddition,itcanbeseenthatthehydrogengenerationwasstable

whentherequiredhydrogensupplyratechangedduringtheoperation.
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Fig.16Operatingcharacteristicsofthehydrogengeneratorduringthelong-term

testatthedifferenthydrogensupplyrate:(a)1.3L/minand(b)1.7L/min
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E.Integratedperformancewith100W PEMFC

TheperformanceofthePEMFCoperatedbythehydrogengeneratorisshown

inFig.17.TheoutputpowerofthePEMFC astheelectronicloadincreasedis

showninFig.17(a).Thereactorpressureandhydrogensupplyrateduringthe

PEMFC operation isshown in Fig.17(b).Theelectronicload wasincreased

sequentiallyfrom 0to100W andmaintained100W after180seconds.Periodic

peaksofhydrogensupplyratewereobserved,whichwastopreventthefuelcell

from waterflooding by operating the purging valve thatisconnected to the

hydrogen venting port.Thefuelinjectionfrequency increasedasincreasing the

electronic load because the required hydrogen supply rate also increased.The

PEMFC consumedapproximately1.2L/minofhydrogentogeneratetheelectric

powerof100W.Astheincreaseoftheelectronicload,thehydrogensupplyrate

increased and thusthehydrogen pressurein thereactorwasdropped sharply.

Therefore,thefuelinjectionfrequencyalsoincreased.Thepurgingvalvewasopen

morefrequentlyaccordingtotherapidriseofthepressureandthentheborate

wasdischarged.Theminimum operatingpressurewasdroppedfrom 3.0barto2.75

barastheincreaseoftheelectronicloadexceptforthepressuredropcausedby

openingthepurgingvalvefortheNaBO2disposal.Thatwasbecausethehydrogen

supply rate increased, however, the reactor was still buffering the rapid

consumptionofhydrogenaccordingtotheelectronicload.Therefore,thesystem

wasoperatedstablyaccordingtotheelectronicload.

Compressedhydrogenwithahighpurityof99.999% wasusedforcomparison

withthehydrogengenerator.TheperformanceofPEMFCwasmeasuredusingthe

hydrogengeneratorandthecompressedhydrogen,respectively.Theperformance

comparisonofthehydrogengeneratorwiththepurehydrogenisshowninFig.18.

Itcanbeseenthattherewerenoconsiderabledifferencesinvoltageandoutput

powerbetweentwocases.Form theresult,itwasverifiedthatthePEMFCsystem

usingthechemicalhydride-basedhydrogengeneratormakesitpossiblethatthe

stablehydrogensupplyforthefuelcell-poweredUAV.
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Fig.17PerformanceofthePEMFCsystem usingthehydrogengenerator:(a)the

outputpowerofthePEMFC astheelectronicloadincreasedand(b)the

reactorpressureandhydrogensupplyrateduringthefuelcelloperation
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Fig.18Performancecomparisonofthehydrogengeneratorwiththepurehydrogen
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IV.Conclusion

Inthisstudy,fuelcellsystem forUAVsaredesigned.First,thePEMFCstack

was short-circuited to humidify the electrolyte membrane and improve power

outputforUAV applications.A PEMFC ofdead-endedanode/open-cathodetype

with dry hydrogen and nothumidified externally was used.A shortcircuit

controllerusingapower-MOSFET wasdevelopedfortheexperiment.From the

results,thefollowingconclusionsweredrawn:

1)Voltagedropvariedwiththecontrolofthepurgingvalve.Atshortpurge

periods(0–25s),thevoltagedropreducedasthepurgedurationdecreased.Onthe

contrary,atlong purge periods (75–100 s),itreduced with increase in the

duration.

2)Poweroutputwasimprovedbyshort-circuitingtheFC.Atlow loads(0–3

A),theimprovementinthepoweroutputwasnotsignificantbutathighloads

(7–10A),itwasquitenoticeable,demonstratinga16% increasefrom thatatno

loadornoshortcircuit.

3)WhentheFC wasshort-circuited,hydrogenconsumptiondoubledatlow

loads(0–2A)butremainedapproximatelythesameaswhentheFC wasnot

short-circuitedathighloads(6–8A).

4)FCperformancewasimprovedfurtherbyreducingtheshortcircuitperiod.

WhentheFCwasshort-circuitedat2s,hydrogenconsumptionwas8% morebut

thepoweroutputincreasedby16% ataloadof8A.Toenhancethepoweroutput

withoutusingashortcircuitcontroller,moreFCsmustbestacked,makingtheFC

system heavy,bulky,andtherebyunsuitableforUAV applications.Therefore,using

ashortcircuitcontrollerincreasesthespecificpowerdensityoftheFCstackand

resultsinacompactFCsystem.
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Andsecond,thecompactPEMFC system using thechemicalhydrideasa

hydrogen sourcewasdeveloped.Thefuelcellsystem consistsofthreeparts;

PEMFCstack,hydrogengenerator,andfueltank.Thehydrogengeneratorhadan

all-in-onereactorinwhichtheNaBH4 hydrolysistookplaceandthegenerated

hydrogenwasstoredtemporally.TheNaBH4solutionwasstoredinthefueltank

thatiseasytobedetachablefrom thesystem,whichfacilitatesthesafestorage

and porterage.The performance ofthe hydrogen generatorwas evaluated at

variousoperation conditions.TheNaBH4 solution wasinjected intothereactor

when thereactorpressurewaslessthan4bar.Ontheotherhand,whenthe

pressurewashigherthan5bar,hydrogenwasdischargedthroughthepurging

valve.Therefore,thereactormaintainedthepressurerangeof4-5bar.Thefuel

injectionfrequencyandhydrogensupplyrateincreasedasincreasingtheelectronic

load.ThePEMFCconsumedapproximately1.2L/minofhydrogentogeneratethe

electricpowerof100W.Astheincreaseoftheelectronicload,thehydrogen

supply rate increased and thus the reactor pressure was dropped sharply.

Therefore,the fuelinjection frequency also increased.Thepurging valve was

operatedmorefrequentlyaccordingtotherapidincreaseofthepressure.Basedon

thiscontrolmechanism,thehydrogensupplytothefuelcellwasstabilizedtobe

suitableforUAVapplications.
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