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1.0 Introduction and Executive Summary

This is the Phase i Final Report under contract XR-2-11175-1, "Advanced
Hydrogen/MethaneUtilizationDemonstration"between the National Renewable
EnergyLaboratory(NREL),AlternativeFuels UtilizationProgram,Golden,Colorado
and HydrogenConsultants,Inc,, Llttleton,Colorado, BrentBaileyand ChrisColucci
wereTechnicalMonitorsforNREL.

The overallobjectiveof the work was to seek homogeneousblendratiosof H2/CH4
thatprovide"leverage"withrespectto exhaustemissionsor engineperformance.The
"leverage"soughtwas a reductionin exhaustemissionsor improvedefficiencyin
propc'.ionsgreaterthanthe percentageof hydrogenenergyin the blendedfuel gas
mixture.

Thesteady-statestudywasconductedwitha 5.7 literGeneralMotors(GM)V-8 engine
equippedwitha manuallycontrolledImpcogas mixeranda secondarymixingdevice
to reducecylinder-to-cylindermixturevariations. Hydrogen/methaneblendswere
mixed,realtime,fromcommercialpuritycompressedgasessuppliedwithoutchargeto
theprojectbyAir ProductsandChemicals,Inc. A GM highenergyIgnitionsystemwas
manuallyadjustedto "minimumbest torque"spark advanceat each test point. A
catalyst,donatedby EnglehardCorp.,was seasonedby 18kmilesof gasoline,natural
gas and Hythane_' operationpriorto installationon the test engine. The catalyst,
speciallyformulatedfor methaneoxidation,was usedbothasan oxidationcatalystin
theleanrangeandas a three-waycatalystwithstoichiometricmixtures,

The scopeof the studyincludedthe rangeof air/fuelmixturesfromthe lean limitto
slightlyricherthanstoichiometric.Thisencompassestwoimportantmodesof engine
operationfor emissionscontrol;lean burnpre.catalyst(someNG engineshave no
catalyst)and post-catalyst,and stoichiometricwith three-wa_ycatalyst. A brief
discussionof eachof thesemodesispresentedbelow,

1.1 Lean Burn

Hydrogenhas strongeffectson the combustionpropertiesof methanein the lean
rangeof air/fuelratios. Nearthe leanlimitofcombustionwithmethane,theadditionof
hydrogenreducesincompletecombustionproducts(CO, HC) and increasesengine
torque. The catalystisvirtually100%efficientfor CO oxidationunderall leanburntest
conditions.For enginesequippedwith good oxidationcatalysts,the HC vs. NOx
tradeoffisthe mainissue. Hydrogenis effectivefor increasingthermalefficiencyand
reducingpost-catalystHC emissionsnearthe leanlimit.

Improvedengine efficiencyand power were observedwith increasinghydrogen
contentat ultra lean equivalenceratios. The improvementsare attributedto the
increasedcombustionefficiencythat is apparentin the emissionsdata. To a lesser
extent,leanhydrogen/airmixtureshavean energydensityadvantageoverlean

' R_-haneisa registeredtrademarkofHydrogenConsultants,Inc,
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Figure1-1. ComparisonbetweentheoreticalandactualBMEPimprovementwith30%
H2inCH4at 80kPaMAP.

methane/airmixtures(_ <0.7). Figure1-1 comparesthetheoreticalandactualpercent
differencein BMEP for pure methaneand 30% hydrogenin methaneat wide-open
throttle. The significantperformanceadvantagewith hydrogenin the lean range,
apparentin Figure1-1,maybe sacrificedfor a NOxadvantageoverpuremethane,as
discussedbelow.

In Figure 1-1,the slightdecreaseInBMEPat $ = 1 pertainsto the 30% hydrogendata
only. BMEPdata for 5% and 15% hydrogenare equal,withinlimitsof error,to pure
methane.

The sluggishcombustionprocessnear the lean limitwith pure methanedoes not
produceas much NOx as the more stablecombustionthat occurswith hydrogen
addition. However,tfthe excesstorque(BMEP),gainedthroughhydrogenadditionis
sacrificedby retardingthesparkand/orleaningthemixture,itis possibleto haveIt,wer
HC and NOxat thesameBMEP (e.g.,Figure1-2).

With puremethane,lean burnNOxemissionsbelow1 grarn/kW-hrare accompanied
by highHC emissions.With15-30%hydrogen,bothNOxandpost-catalystHCcan be
heldto 1 gram/kW-hror less. This effectis evenstrongerin pre-catalystemissions.
Gettingbelow1 gram/kW-hrof NOxwithpuremethanefuel comesat the expenseof
pre-catalystHC emissionsontheorderof 10grams/kW-hr.

-- : _ .... Ill _ .J. I Ill .

.... ='Thetorqueswere exactlyequalon the day ofthe retardtest,Averagingwithmethane datafrom

earliertestsresultedinthesmalldlfferenceInBlViEPshownInFigure1,2,
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Figure1-2, At comparableBMEP,NOxand HC are lesswith30% 112thanwithpure

OH4,

NOx increasewith hydrogencontentpertainsonlyto wide-openthrottleoperationat
equivalenceratiosapproaching1. Allothertest conditionsshowminor(:t:)variations
of NOxwithhydrogencontent. The effectof equivalenceratiois muchstrongerthan
thatof hydrogencontent.Sincehydrogenpermitsleaneroperationthanmethane,any
partloadconditioncanbeservedbyopeningthe throttle(higherMAP)and leaningthe
mixturetogetequalBMEPwithlowerNOx.

1.2 Stoichiometric with Three-way Catalyst

With near stoichiometricail,fuel mixtures,pre-catalystemissionsshowa downward
trend inHC emissionswithhydrogencontentregardlessof MAP. Surprisingly,the CO
emissionsare unaffectedby hydrogen,withinthe limitsof resolutionof the tests. NOx
increasedsteadilywith hydrogencontentat wide-openthrottle,but not at part load
conditions.Upto 15%hydrogenhasa small,perhapsbeneficial,effectonpre-c_taiyst
NOxdata underpartloadconditions.

Near stoichiometricpost-catalystemissionsdata are muchmore significantbecause
pre-cata!ystemissionsare toohighto meet modernemissionsstandards,regardless
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i of hydrogeneffects. Equivalenceratio had, by far, the strongesteffect on near
stoichiometricpost-catalystemissions.Figure1-3 showshowsuddenlythe emissions
changeneartheoptimumequivalenceratio, 1,005,

NOx headsrapidlytowardzeroon the approachto stoichiometricequivalenceratio
fromthe leanside. AlongthedownwardNOx trend,someof the CO measurements
are slightlynegative,challengingthe limitsof errorof the instruments.Just past
stoichiometric,as CO passes1g/kW-hr,NOx istoo lowto measureprecisely.Slightly
negativeNOxreadingsareoccasionallyobserved,dueto zerodriftof the instruments.

Attheoptimumequivalenceratio,post-catalystNOxandCO emissionsareso lowthat

test-to-testscattercloudsthe effectsofhydrogencontent,if any. Below$ = 1.005,CO
emissionsdataare sometimesnegative,indicatinginstrumentzerodrift, The sameis

trueofNOxemissionsdata above$= 1.005.

Figure1-3, NOx vs. CO characteristicof the three-way catalyst. The dominant
variable is equivalenceratio. Any difference between 0 and 30%
hydrogeniswithintest-to-testscatter.

As equivalenceratioapproachesthe optimum1.005 fromeitherdirection,differences
betweenpure methaneand 30% hydrogenon the orderof 50% are well withinthe
rangeof test-to-testscatter, Inclusionof data for 5 and 15% hydrogenwouldonly
confirmthescatter. The datain Figure1-3 are forMAP = 35 kPa, Includingdatafor
wide-openthrottlewouldnot be conspicuouson this plot. Figure1-3 is a catalyst

characteristicthathaslittletodo withengineoperatingparameters,otherthan$, atany
temperaturewellabove"light-off",
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The main conclusion to be drawn from Figure 1-3 is that very precise control of
equivalence ratio can limit post catalyst emissions of CO and NOx to such low levels
that measurement becomes difficult. Such precise control is possible in steady state
opt,ration with wide range oxygen sensors and electronic feedback control, precisely

at $ = 1.005. This is the automatic equivalent of the manual control applied in this
project. Hybrid electric vehicles or stationary engines may be controlled in this way.
Identification of hydrogen effects, if any, will require better instrumentation. Variations
of + 50% are within the scatter of the test equipment at such low emission levels.

It is apparent in Figure 1-3 that equivalence ratio variations are extremely important
during transient operation of motor vehicles. Any tendency of a control system to slew
to one side more rapidly than the to the other will have major influence on NOx and
CO emissions.

Typical zirconia oxygen sensors cannot control methane or Hythane engines at the

optimumequivalenceratiofor a three-way catalyst. They can come close if the control
system is adjusted near the saturation voltage of the sensor (ca. 800 mV). The
zirconia-based wide range oxygen sensor used in the test work was also
miscalibratedfor methaneor Hythaneby about 1.5% at stoichiometric. This is a huge
error that causes NOx to be an order of magnitude higher than it is at the optimum
mixture.

Figure 1-4 showsthe effectsof __.1% errors from the optimumequivalence ratio, 1.005.

,18J
 18J J

j
14

12=
on"

lo./
- /

_ 6-

17i 4-

m O-
CO NOx CO NOx CO NOx

$=o.99s =1.oo5 $= .ols
Figure 1-4. Emissions consequences of __.1%error from optimum equivalence ratio

for three-way catalysis.
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AppendixA on vehicle emissionstests should be read with this extreme sensitivityto
controlprecisionin mind. The results of this study support the hypothesisthat the

strong effects of hydrogen in light-duty vehicle Federal emissions tests3 may be
caused by the reaction of closed loopcontrol systems, especiallyoxygen sensors, to
the presenceof hydrogenin the fuel and/or in the exhaust.

Worst case HC emissions at the optimum equivalence ratio, $ = 1.005, observed at
light loads, were around 2.3 grams/kW-hr. By simple methane dilution, NMHC
emissionswith naturalgas will be an order of magnitude belowthis. Further reduction
in NMHC results from increased catalyst efficiency on heavier hydrocarbons. The
catalyst used in this study has repeatedly produced speciated NMHC emissionsof

0.01 grams/milein lightduty vehicle Federal emissionstests on Hythane and natural
gas. NMHC is therefore somewhat of a non-issue for stoichiometricnatural gas

vehicleswith goodthree-way catalysts,regardlessof hydrogencontent.

1.3 Conclusions

The followingdetailed report, literaturecitationsand Appendix A supportthe following
conclusions about the effects of hydrogen on methane as a fuel for internal

combustionengine_operated with MBT spark timing;

• Hydrogen enables leaner operation. Between 15 and 30% H2 extends

the lean limitof CH4fuel by enoughto realize strongemissionsleverage.

• Hydrogenstronglydecreases pre-catalyst HC and CO emissions in the
lean range of operation.

• Post-catalystCO emissionsare extremely low, with or without hydrogen
additions,throughoutthe lean range of operation.

• Post-catalystHC emissionsare reduced significantlyby hydrogen near
the lean limit.

• Lean burn NOx increases with hydrogen content at wide open throttle
only.

• At lightloads, small_+.variationsof NOx with increasinghydrogencontent
are observed.

• Hydrogen increases BMEP in the lean burn range.

3Fourvehicleswiththree differentcatalystformulationsand three differentenginetypeshavebeen
variouslytested at CaliforniaAir ResourcesBoard,ColoradoDepartment of Health,U.S. Environmental
ProtectionAgency,Impco and NationalCenter for Vehicle EmissionsControland Safety. Alltestingto

date indicatesstronghydrogeninfluence,as discussedinAppendix A.
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• IncreasedBMEPcan be sacrificedto get lower NOxthan puremethane.

• Near stoichiometricpre-catalystHC emissionsdecreasewithhydrogen
contentbutno improvementinpost-catalystHC emissionsisapparent.

• The optimumequivalenceratiofor emissionscontrolwith a three-way
catalystis$= 1.005,regardlessofhydrogencontent.

• Zirconia based oxygen sensors read 1.5% rich, relative to true
stoichiometry,therebycausinglean operationand excessiveNOx with
methaneor Hythane.

• +_1%deviationfrom optimummixture (_ = 1.005) causes order of
magnitudeincreasesin NOx($= 0.995) or CO ($= 1.015).

• The latter observationmay be responsiblefor the stronginfluenceof
hydrogenintransientemissionstestsof naturalgasvehicles.

1-7



2.0 Terminology

The terminologyused to describethe test results is standard among automotive
engineers. However,sincethosewho are notspecialistsinenginetestingmay have
an interestintheresults,the followingsectionisofferedtoclarifytheterminology.

The abbreviationsused for "hydrocarbon","carbonmonoxide",and "nitrogenoxides"
are HC, CO and NOx respectively. All emissionsdata are expressedin "brake
specific"(BS) units,i.e., gramsperkilowatt-hour(g/kW-hr). For example,BSCO= 2
g/kW-hrmeansthatthe engineemits2 gramsof carbonmonoxidefor each kilowatt-
hourof workdissipatedintothe "brake"ordynamometer,The onlyhydrocarboninthe
fuel suppliedto the enginewas methane,CH4. However,sinceCH4has a very low
reactivityin ozone-producingreactionsin the atmosphere,occasionalreferencewill
be madeto nonmethanehydrocarbonemissions,NMHC.

Manifoldair pressure(MAP)indicatesthe absoluteair pressurein kPa. Mostof the
datawere takenwithMAP= 35 kPa. Thisindicatesthatthe enginewas throttledto a
vacuumof about 20 inchesof mercuryor 5.1 poundsper squareinch absolute.
Additionaldata were taken at MAP = 80 kPa. This indicateswide-open-throttle
operatingconditionsat the 1539meter(5050 ft) altitudeof ColoradoState University,
FortCollins,Colorado.

The conversionof fuel energyintowork outputby the engine is characterizedby
"brakethermalefficiency"or BTE. BTE= 0.25 meansthat25% of thelowerheatvalue
of the fuel was convertedto work,availableat the crankshaftof the engine. Engine

performanceis alsocharacterizedby "brakemeaneffectivepressure",BMEP. BMEP
is a fictiouspressurethat is presumedto act on the pistonthroughoutthe expansion
stroke. It isproportionaltoenginetorquebut,unliketorque,itis independentof engine
size. A 4-literengineproducestwicethetorqueof a2-literengineatthesameBMEP.

A "stoichiometric"mixturehas chemicallycorrect proportionsof fuel and air wherein
complete combustionoccurswith no excessoxygen. Stoichiometriccombustion
equationsforhydrogenandmethaneinairare as follows;

2H2+ 02+ 3.77N2-_ 2H20 + 3.77N2

OH4+ 202+ 7.54 N2_ CO2+ 2H20+ 7.54N2

where N2representsnitrogenplusotherinertgasesin air.

Equivalenceratio,0, indicatesthe relativeamountsof fuel and air. The definitionof0
is; stoichiometricair/fuelratio+ actualair/fuelratio. For example,0 = 0.7 meansthat
the engine is burningleanwith 70% of the fuel thatcouldtheoreticallybe burnedby
theair flowingintotheengine. With0= 1.03,theengineis burningrichat 103%of the
stoichiometricfuelflow.

" " 2-1



The O'sindicatedin the analysiswere read directlyfrom the AFRecorder. Oneof the
significantconclusionsof thiswork is that thiszirconia-basedair/fuelanalyzerreads
richerthan actualstoichiometryby 15%. The lessexpensivezlrconiaexhaustgas
oxygensensorsusedin gasolineautomobileshave also provento read richwhen
operatingon naturalgasor Hythane' Thisresultsin slightlylean closedloopengine
c_,ntrolandinefficientconversionof NOxonthree-waycatai_"ts.

"PercentH "2 tn the followingdiscussionmeans "percentby volume', definedas tile
ratioof "standard"2 volumeof H2 to the total "standard"volumeof CH4plusH2. This
definition ignores any non-idealconsequencesof mixingof the two gasesor super
compressibilityeffects, Figure2-1 showsthe relationshipbetweenhydrogencontent
byvolumeandbylowerheatvalue.

LU12 .....

-r- 8

2 8

4
:ff

Z

uJ
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PERCENTH2 BYVOLUME

Figure 2-1. Hydrogenenergycontentvs.volumepercentin methane.

.....iHansel,J,'etal,"Hythane:A StatusReport",NationalHydrogenAssn,4thAnnualMeetlng,
. Washington,D,C,(1993)

'ArnerlcanGasAssoclatlon"standard"condltionsare60°Fand14,3psla,

i- ,s
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3,0 Experimental

3.1 Emissions Analysis

Hotexhaustsamplesweredilutedwithfilteredroomair to avoidwater condensation
and potentialsolutionof emissionsin condensatewater. The dilutionratio was

calculatedfromCO2intherawexhaustandCO 2 in the diluted exhaust.

The exhaustemissionanalyzerbenchconsistsof instrumentsformeasuringemissions
of carbonmonoxide(CO), raw carbondioxide (CO2), dilute carbondioxide,total
hydrocarbons(THC),andoxidesof nitrogen(NO-NOx). Table 3-1liststhe instruments
intheanalyzerbench.

Table3-1. EmissionAnalysers

Gas M_el Type
CO HoribaAIA-21-AS,500 mm,Version3 infrared
CO2 HoribaAIA-21,200 mmVersion1 Infrared
THC HorlbaFIA-21 Flameionization
NOx ThermoElectron44.... Chemlluminescent

Anelevenpointcurvewasfit toeachanalyzerrangetomake accuratevoltagetoparts
permillion(ppm)conversionswiththedata acquisitionsystem. Eachcurvepointwas
foundby supplyingtheanalyzerwitha knownmixtureof spangasand zerogas.
Thesemixtureswerecreatedwitha gasdividerwhichwascapableof dilutingthe
spangasfrom0%to 100% by 10%steps. The voltageoutputfromthe analyzerat
each pointwasenteredintoa softwarepackagewhichgenerateda polynomialcurve
fit tothedata. Thesecurvefitswere thenusedbythedataacquisitionprogramto
interpretthe analyzeroutput.

Emissionsanalysisrequiresa regularrecalibrationprocessto reduceerrorscaused
by drift. The originalprocedurewas to check zero and span at each data point,
howeverthis became quite time consuming. Further observationshowedthat
recallbratingonce per hour was often enough that the analyzersstayed within
acceptablelimits.

To calibratethe instruments,a set of proceduresfor zeroingand spanningwith the
computersoftwarewas followed,checkingfor 1% of full scaletolerances. First, all
instrumentswere zeroedin all rangesand thenthe instrumentswere spannedin all
ranges. Followingspanadjustments,the zero'swere recheckedto verifythat span

'"oadjustmentsdidnotmovetheoriginalzeroposlun.

The calibrationgasesusedare traceableto NIST ClassS weightsand/orHIST Gas
. MixtureStandardReference Materials(SRM's)- ReferenceSGD FieldDirectiveBook

I PartA-3.
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Theflameionlzationdetector(FID)fuelforthehydrocarbonanalyzerwas hydrogenin

nitrogen,Methane,insteadofthenormalpropane,was usedasthecallbrationgasfor

thehydrocarbonanalyzertoensureaccuracywlththe measurementsofmethane
hydrocarbonemissions,The ozonerequiredfortheNO-NOxInstrument'soperatlonis

produceduslngoxygenInsteadofdryalrwhlchisnormal.Thlswas donetoachlevea

largerllnearrange;10,000ppm NO-NOx on thehlghendwithoxygencomparedto

2000ppm uslngair.Thecallbratlonzerogasesusedwerezerogradenltrogenforthe

CO andC02 analyzersandzerogradealrfortheHC andNO-NOxanalyzers,

3.2 Dynamometer

The enginewas placedon a SuperFIowwaterbraketest stand,model SF-1. The
absorberontheSF-1 hasthefollowingspecifications:

• Torque: 1000ft-lb maximum
• Speed: 10,000RPM,brief12,000RPMtspossible
o Power: 1000horsepowermaximum

The SF-1test standusesthe SF-730 asthe electronicbase for dynamometercontrol
and data acquisition.The SF-730 usesa Motorola MC6809 micro-processorfor Its
controller.The SF-1809 is the controllerfor the steppermotor/ servovalveon the
water outletof the absorberunit. The SF-1809 Is connected to the SF-730 and

controlsenginespeedortorquedependingonwhichmodeis selectedintheSF-730.

3.3 Air Fuel Ratio Meter

The ECM (EngineControland Monitoring)Air Fuel RatioMeter(AFRecorder2400A)
providedthemeansformeasuringequivalenceratio,spark timing,enginespeedand
manifoldabsolutepressure(MAP). The specificationsandlimitsare listedinTable 3-
IIbelow.

. - Table 3-11.AirFuelRatioMeterSpecifications

Un_s....... Range
A/F Ratio AFR 10.0- 30.0*

PHI 0.50 -1.45
LAMBDA 0.70 - 2.0

Spark Degrees 60 BTDC-
Timing 30ATDC

Speed RPM 100- 9999

MAP kPa ..........0- 172 ....
" * Rangesgivenforgasoline.

_o

3-2



Thesensorformeasuringtheairtofuelratioisa zirconia-basedNTK oxygensensor.

SparkTlmingissensedthroughan induct!veplck-upplacedon a sparkplugwire.

EngineSpeed andposltionIsm_asuredbyamagnetlcplck-up,locatedon thecrank

dampener.Manlfoldabsolutepressurewas sensedby a vacuum porton theGM

throttle_y housing,

3.4 Data Acqulsltion

Dataacqulsltlonwas doneuslnga DOS personalcomputerwltha dataa_ulsltlon

card,A customsoftwarepackagewas writtentomonltoralltestlngparametersand

dlsplaytheminrealtlmeonthePC screen.Thissoftwarehastheabllltytocontrolall

necessaryfunctlonsoftheanalyzerbenchthroughmouse commands, The data

acquisitionsystemconsistsof thefollowing;

• 486-DX PersonalComputer

• 200 Mbharddrive

• 8 MbRAM

• SVGAMonitor

• 2 NationalInstrumentsLab-PCcards

• 8multiplexedanalogInputs(12 bit successive-approximation)

• 24 linesofTTL-compatibledigitalI/O

• 6ea. 16-bitcounter/timerchannels

The softwareincluded;

• NationalInstrumentsLabWindowsdevelopmentsystem

• GraphicalUser Interface,Controlpanels,Displaypanels

o DataAcquisitionCardsubroutinesforsetupandI/O

• Compilerfor subsetsof QutckBASICandC languages

The dataacclulsitionsoftwareallowedthe usertomonitorrecordeddata andadjustthe
emissionsanalyzers.Ascreendisplaysgroupsofdata ina clearlyorganizedformat.
Thisdataincluded:

• engine:speed,torque,power,manifoldabsolutepressure,timing
• ambient:airtemperature,airpressure,relativehumidity
• fuel: hydrogentocarbonratio

" ° equivalenceratio: measured,calculated
° background,raw,dilute:CO, CO2,HC, NOxppm

All _fthe abovedataweredisplayedin real time. The screenupdateratewas limited
tO aboutonce per second. The slow step in the update was an algorithmfor

" communicatingseriallywiththeAirFuelRatioMeter.
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The dataa_uisltlonprogramwas alsorequiredtochangeanalyzersettings.To
operatetheanalyzersaccurately,theymustbe monltoredand adjustedoften.To

speedthisprocess,theacqulsltlonprogramuserhas theabllltytochangethe

analyzersourcefrombackgroundtoexhaustorswltchanyoftheanalyzerranges

fromthesoftwaredlsplayscreen.Thlsdeslgnalloweda slngleusertocontrolall
necessaryfunctlonsof theanalyzerswltha mouse whlletestdataIsconcurrently

vlslbleInthesamedlsplayscreen.

The exhaustanalyzersneedperiodlcspanandzerochecks,The softwareprogram

contalnedacallbratloninterfacewhlchwouldallowtheusertoroutezeroorspangas

throughtheanalyzersand automatlc_llycheckforoutofrangeinstruments.

35 Preparation of Standard Hydrogen/Methane Mixtures

Known methane/hydrogengas mixtures were requlred to callbratethe thermal
conductlvltycomparatorusedfor real-tlmeindicationof the Hythaneblendfed to the
engine. The "recipe"for these span gas mlxtures requlres only simple pressure
measurementsand a constanttemperatureenvironment.Generatingthe recipeItself
requiredthefollowing:

I) a lightweighthighpressurevesselforwhichthe internalvolumeis knownas
a functionofpressure

2) thermophysicaldatatablesforhydrogen

3)thestandarddensityformethane(CGAuses14.7psia,70°F= 0,0416Ibs/scf)

4) a preclsescale

5) a preciseabsolutepressuregauge

6) a constanttemperaturelaboratory.

The methodis as follows:
i

I) weigh the evacuatedvesselwithallfittingsrequiredto coupleitto high
pressuregas sourcesandgauges(emptymass)

2) chargethe vesselwitha mee_suredpressureofH2andwaitforthermal

equilibrium,repeatif necessaryto achievedesiredinitialHzpressure

3) determinethevolumeof thevesselfromthe equilibriumpressure,and
determinethemassofHzfromthevolume,pressure,temperature,andNIST
hydrogentables

" 4)weighthevesselto roughlyconfirmthe NISTmassdetermination
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5)determinethe volumeof hydrogenat standardconditionsfromNIST tables
(scfH2)

6) addmethane,waitforthermalequilibrium,andrecordpressure

7) weighthevessel(totalmass)

8) calculatethemassofmethaneadded:

CH4mass,, totalmass- emptymass- H2mass

9) calculatethestandardvolumeofmethaneinvesselfrommassanddensity
(_ CH4)

10)calculatevolume%hydrogeninmixture:

volumeO/oH2- [scfH2+ (scfOH4+ sc'fH2)]x 100

11)calculateenergy%hydrogeninmlx',ure:

energy%H2 -

{268.9Btu/scfxscfH2+[(895.2Btu/scfxscfCH4)+(268.9Btu/scfx scfH2)]}xlO0

The entireprocedurewas repeatedforeachdata pointto prevent anyone errorfrom
affectingseveral measurements. The experimentswere begunwith an initial H2
pressure.,f 400 psla. The rangeofgasesobservedat reasonablemixturepressures
was 12 to 60 volume%H2 as shownin Figure 3-I. Lowerhydrogencontentspan
gasesweredesired,so a set of experimentswas alsorunat anInitialH=pressureof
200 psla. This data coversa range of 7 to 16 volume%H2 (Figure 3-2). The
correspondingplotsof energy%H2arealsoshownin Figures3-3 and3-4.

Sixspangases inthe rangefromfrom6.4 to 50 volume%H=were usedto calibrate

the thermalconductivitycomparator,The calibrationcurveis showninFigure3-5.

With the thermal conductivitycomparatorattachedto the blendingunit shown in
Figure3-6,it was possibleto blendand controlthe Hythanemixturesuppliedto the
engineat anyratiofrom0 to50% H;zInCH4.
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Figure3-5. Gow-Mac thermalcondu_lvi_ _mparator response vs. volume%H2for
sixpreparedspangases.

3.6 Hythane Span Gas Error Analysis

Theaccumulationoferrorsinthedeterminationofhydrogenpercentagesbythe
abovemethodis derivedbelow. NIST densitiesare regardedas absolutelyaccurate
witha precisionof :I:the leastsignificantdigitpublished.Calculationsare regardedas
absolutelyprecise. Thesetwoassumptionsmakevolumefraction,weightfractionand
energyfractionof equal certaintybecause, to convertfrom one to the other, only
calculationsand publisheddensitiesare required. The uncertaintyin weightfraction
hydrogenis calculatedas follows:

let R= weightfractionHz = ................WH2 :
WH2 + WCH4

¢_R WCH4 ¢}R WH2

¢}WH2 (WH2 + WCH4)2 ' _WCH4 (WH2 + WCH4) 2

_R = ---¢_R _,W H2 + _¢} R _W CH4
_WH2 _WCH4

"' L tvv ?vvGH4FFWCH, _ :(WH2-+- WCH4)2wH2........ 4]
,'",.',H2  WH2+  WOH

(a)
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Figure3-6. Diagramof methane/hydrogenfuel blendingequipmentusingtheGow-
MacModel20-260thermalconductivitycomparator.

The uncertaintyin H2weight is linearlyrelatedto the uncertaintiesin pressure
vesselvolume,absolutepressuregaugereadingandabsolutetemperaturereading.

WH-WH
The uncertaintyin pressurevesselvolume,V, resultsfromscaleuncertaintyduring

welghingsemptyand filled with water at variouspressures. Water pressurewas
measuredwitha 5000 psla transducerwhoseuncertaintyis ±0.1%of full scaleor ±5
psi(34 kPa). Waterpressureuncertaintyis a secondordereffectnotincludedinthis
erroranalysis. An Ohaustriple-beambalancewas calibratedwithstandardweights
preparedvia Metierelectronicbalanceweighlngs. The volumeof thepressurevessel
wasfoundto increaselinearlywithpressureduetostrainaccordingto;

V incc= (767.2282+ 0.00058 x kPagauge)± 0.2.

wherethe± 0.2 ccerrorresultsfromtwo0.1 gramuncertaintiesintankweight.

Forexample,at 500 pslg(3448kPag);

V incc= [767.2282+ (0.00058x 3348kPag)]
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V incc= 769.2+ 0.2

AV _ 0.0003
V

Hydrogenpressurewas measuredwith an 800 psig Wekslerbourdontubegauge
whoseuncertaintyis__.0.25% of full scale. A medianhydrogenpressureof 300 psig
carriesan uncertaintyof+ 2 psig;

AP _ 0.007
P

HCI's temperaturecontrolledSievertslaboratoryis monitoredto + 0.1°C on certified
mercurythermometers.Ata laboratorytemperatureof 23.0°Cor296.15 K;

n__L= 0.0003
T

The uncertaintyinhydrogenweightinthecylinderat 300 psigistherefore;

hWH2=2.18 (0.0003+ 0.007+ 0.0003)= _+0.013grams.

The uncertaintyin methaneweightresultsfromtwo_.+0.1 gramweighings,beforeand
afteraddingmethane.Therefore,

AWCH4= 0.2 grams

A typicalweight differencebetweenthe two readingsis about 100 grams in the
pressurerangeof interest(up to 10 weight%hydrogenin 3000 psimethane)so, the
methaneweightuncertaintyrangesaround__0.2%.

Th_ accumulationof errors for the set of 6 span gases varies somewhat,
dependingontheparticularvaluesof pressureandweight. ApplyingequationI above
withintherangeofthe6 spangasesshowed;

AR/R= 1-2%.

Thisdoes notmean an uncertaintyof 1-2% hydrogen. It means 1-2% of the stated
concentration,e.g., 10.00%_+0.15%byweight,volume,energy,etc.

3.7 Test Engine Setup

Thetest enginesetupwasbuiltarounda GeneralMotorsGoodwrenchlongblock,part
number10147954. Thisis a stockassemblyfor 1991 GMC 3/4 ton Sierra Pick-up
Trucks. The longblockhasthe followingspecifications:
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• displacement:350 cubicinch
• bore: 4.00 inch
• stroke:3.48inch

• compressionratio:9.1:1
• crank:stock
• camshaft:stock

• intakelobelift: 0.2565inches
• exhaustlobelift: 0.2690inches

• cylinderheads: stock
• intakevalves: 1.94 inches
• exhaustvalves: 1.50 inches

The intakemanifoldusedisfor a 1991 GMC3/4 tonSierra Pick-upTruck,throttlebody
injected,partnumber14102183. A throttle bodyhousingwas alsoused,partnumber
17112516.

The gaseousfuelcontrolsystemconsistedofthefollowingitems;

• 2 MecoTypePID PrimaryPressureRegulatorswithEngineCoolantHeated
MecoEnvirocaps(1 for H2, 1 forCH4).

• FuelBlending/CompositionControlSystem(Figure3-6)

• ImpcoModelPEVFinalPressureRegulator

• ImpcoModel200DGasMixer("carburetor")

• KenicsModel 001-04962StaticGasMixer

• GeneralMotorsThrottleBody(sansexhaustrecycle,idle speedcontroller
andgasolineinjector).

As illustratedin Figure3-7, air and fuel cometogetherin the Impco200D gasmixer,
analogousto a gasolinecarburetor. The 200D is equippedwith an air-bleedidle
mixturecontrolscrewand a powervalvethat restrictsthe fuel inlettube. Additional
controlof air/fuelratiowas appliedby varyingspringtensionand domeairpressurein
the ImpcoPEVfinalpressureregulator(notshown).

The Kenicsstaticmixercontainstwo vanesin series,eachof whichdividetheflowin
halfand swirlit in oppositedirections.The purposeof the staticmixeris to minimize
cylinder-to-cylindervariationsinair/fuelratio. The effectivenessof the staticmixerhas

beenverifiedinpreviousworkwithpure hydrogenandduringthiswork byplacingtwo
identicalNTK sensorsbeforeand after theY thatjoinsthe two exhaustheadersof the
V-8 engine. Nodifferenceinequivalenceratiowasobserved.

A standardGM throttlebodywas usedto controlmanifoldair pressure(MAP)via the
SuperFlowcontrollever. The exhaustgasrecycleandidleaircontrolsweredisabled
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Figure3-7. Testsetup.

in the test engine. The gasolineinjectorswere removed, Manifoldair temperature
(MAT)was monitoredwitha LM335temperaturesensorintegratedcircuitepoxiedinto
a metaltube.

A GeneralMotorsHighEnergyIgnition(HEI)distributorand coilwas equippedwith a
manualadjustmentscrew,linkageand cable that allowedthe test operatorto rotate
the distributorwhilemonitoringthe sparktimlr_gon the AFRecorder,outsidethe test
cell.

The NTKwiderangeoxygensensor,suppliedwiththeAFRecorder,waslocatedinthe
standardlocationin the exhaustmanifoldon the 1,3,5,7-sideof the engine. In this
locationthe sensoris unableto indicateanyside-to-sideair/fuelratiovariationsinthe
V-8 engine. However,asdiscussedaboveinthissection,the combinedmixingeffects
of the Impco "carburetor"and the Kenics static mixer rendered such variations
insignificant.

The exhaustfromthe two sidesof the engineare joinedin a Y-pipeand fed intoan
Englehardmonolithiccatalyst.The catalysthasa Pd-Rhformulationdesignedto have
a methane"light-off"'temperatureofabout400°C. The catalystwasremovedfroman
HCI test vehiclethat had accumulated18,000 milesof combineduse on gasoline,
naturalgas and Hythane. The catalyst,at the 7000 mile point, producedULEV
emissionslevelson Hythaneand naturalgas at the CaliforniaAir ResourcesBoard
Laboratoryin El Monte,CA

' "Light-off"temperaturefor a catalystIsthetemperaturewhereits efficiency of conversionfor a

particularspecies,methaneinthis case,reaches50%. This informationwas suppliedbyJohnMooneyof
Englehard.
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The inletandoutletof thecatalystarefittedwiththermocouplesandemissionssample
tubesthatcommunicatewiththeanalyzerBenchviathedilutioncontroller.

3.8 Engine Test Procedure

For all testing,an engineoperatingspeed of 2500 rpm was held constantby the
dynamometercontrols. This speedis nearthe torquepeak but is not an unusually
highoperatingspeed. The ignitiontimingwas set by generatinga torquevs. timing
curveandfindingthe minimumadvanceatwhich1%of the peaktorqueis lost. In this
way, a real-worldoperatingconditionwasmaintained.Thesetimingcurvesareshown
inFigures3-8 thru3-14. The testmatrixincludedequivalenceratiosfrom0.6 to 1.1for
four differentfuel compositions(0, 5, 15, and 30% H2) at two differentmanifold
absolutepressures(MAP'sof 35 and80 kPa).

The initialtest procedurewas decidedupon in order to take data as quicklyas
possible.Changesinfueldeliveryfor differentequivalenceratioscouldbe made very
quickly with the carburetor adjustments;however, different fuel hydrogen
concentrationadjustmentswere relativelyslowdueto the responsetimeandprecision
of the thermalconductivityinstrument.Therefore,the procedurefor our first sets of
dataat 35 kPa MAPhelda constantfuelcompositionandvariedthe equivalenceratio.
Althoughthiswasthequickestpossibletechnique,the numberofdifferentequivalence
ratiosand the responsedelayof the samplingsystemwhenswitchingbetweenpre-
andpost-catalystexhaustmadeanygivencurverequirealmostadayof testing.

MAP= 35 kPa,Methane
180.

Figure3-8. BMEP vs. ignitiontiming for various equivalenceratios with engine
conditionsof 2500 rpm,35kPa MAP,andpuremethanefuel.

3-13



MAP= 35kPa,5% H2
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Figure3-9. BMEP vs. ignitiontiming for various equivalence ratios with engine
conditionsof 2500 rpm,35 kPa MAP,and 5% hydrogeninmethanefuel.

MAP= 35 kPa,15%H2
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Figure3-10. BMEP vs. ignitiontiming for various equivalenceratios with engine
conditionsof 2500 rpm,35kPa MAP,and 15%hydrogeninmethanefuel.
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Figure3-11. BMEP vs. Ignitiontiming for various equivalenceratios with engine
conditionsof 2500 rpm,35 kPa MAP, and 30%hydrogeninmethanefuel,
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Figure3-12. BMEP vs. ignitiontiming for various equivalenceratios with engine
conditionsof 2500 rpm,80 kPa MAP,andpuremethanefuel,
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MAP= 80 kP=,5% H2
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Figure3-13, BMEP vs. ignitiontiming for various equivalenceratios with engine
conditionsof2500 rpm,80 kPa MAP,and 5% hydrogeninmethanefuel,
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Figure3-14 BMEP vs ignition timing for various equivalence ratios with engine
conditionsof 2500 rpm,80 kPaMAP,and 15%hydrogeninmethanefuel
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Figure3-15. BMEP vs. Ignitiontimingfor variousequivalenceratios with engine
conditionsof2500 _, 80 kPa MAP,and30%hydrogeninmethanefuel.

!

Upon analysis of this data, day-to-dayvariationsin air intake temperatureand
humiditymade majoreffectson NOxdata. Therefore,we modifiedthe testprocedure
to tryto minimizetheeffectsof ambientvariationsonthedata. Equivalenceratiowas
thereafterheldconstant,andthefuelcompostJonvariedwithina setofdata. Thisnew
procedureinvolvedtakingdata,on puremethane,thenaddinghydrogeninthe 5, 15,
and30% compositionswhilemaintaininga constantequivalenceratio,thenrepeating
thosecompositionsbackdownto puremethane. Whenthe datagoingupto 30%H2

matchedthe data comingback down to pure methane,it was assumedthat any
changein ambientconditionswsastoosmallto affectthe emissionsdata. Although
this was not the fastestway to take data, the resultsrepresentonly the effect of
hydrogenadditionontheengine--notambientvariables.

Beforeanyset ofdatawastaken,theemissioninstrumentswerezeroedand spanned

withreferencegases,andthe thermalconductivityanalyzerwas calibratedwithpure
methane,50%H2,and an intermediatemixtureto verifythecalibrationcurve. At least
everyweek, the dynamometerwas calibratedwitha torquearm and knownweights.
Enginespeedwas heldconstantbythedynamometerandverifiedby theAFRecorder.
The ignitiontimingwas changedby a cablemechanismattachedto the distrubutor,
measuredby the AFRecorder,and verifiedoccasionallywith an automotivetiming
light.
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4.0 EmissionsTest Results

The discussionof testresultswillbedividedintotwomajorsubsectlonJ--leanburnand
near stolchlometrlc--becausethey representtwo distinctapproachesto emissions
control. On the lean side, NOx emissionsare reducedby burningat relativelylow
peaktemperatures.The usefulrangeof lean-burnequivalenceratiosis boundedon
thelean sideby erraticcombustionnearthe leanlimitwhereHC beginsto risebeyond
a_eptable levels. An oxidationcatalystextendstheusableleanburnrange,buthigh
HC emlsslonsandpoorthermalefficiencystillputboundsonthe leanburnrange.

The altematlveto lean-bumIs to burnricher,morepowerfulmixturesand relyon an
advancedemissionscontrolsystemtomeetemissionsstandards.Nearthechemically
correct equivalenceratio for completecombustionwith no excess oxygen, i.e.,
"stolchlornetric',emissionsare simultaneouslyreducedby three-way(HC, CO, NOx)
catalysis.

A secondreasonfor separatinglean burnand nearstolchi_etrlc resultsIsthat the
rangeof equivalenceratiosof interestfor lean burnIs muchwiderthanthatfor three-

waycatalysis.The discussionof lean burnInvolvesequivalenceratiosfromthe NOx
peak,near0 = 0.9, to the lean limit,abouto =0.7 withpuremethaneand lowerwith
l-lythane. The focusfor three-waycatalysisis fromstoichlometrlc,0 = I, to a few
percentrich. In graphicsthatshowthewholerangeofequivalenceratios,it Is difficult
to seethe interestingeffectsobservedinpostcatalystemissionsoversmallrangesof
equivalencerationearstolchiornetrlc.

Withineach majorsubsection,the resultsare brokendown into "Pre-catalyst"and
"Post-catalyst"emissions. The EnglehardcatalystIs designedto work with near
stoichlometricmixturesas a three-waycatalyst,butit is alsoeffectiveas an oxidation
catalystinthe leanrange. Insomecases,pre-andpo_t-catalysfemissionscannotbe
shownclearlyon the samescale, i.e., variationsin post-catalystemissionsare too
smalltoseeclearlyon a pre-catalystscale.

i

4. I Methodology

Earlytestsshowedsignificantscatter.The scatterwastracedto a numberofproblems
discussedinSection2.8, includingchangesInambienttemperatureand humidity.To
get accurateinformationdespitesuchscatterrequiredan unusualapproachto data
acquisitionand analysis.The methodadoptedconsistsof takingdata setsovershort
periodsof ttme at constantequivalenceratio, scanningup and down in hydrogen
content(i.e., 0%, 5%, !5% and30%,30%, 15%,5% and0% byvolume).Duringthese
shortperiodsof timethe uncontrolledlaboratoryenvironmentchangedverylittle. The
effectsof changesthat did occurare mitigatedby averagingdata from the up and
downH2scan' to Isolatetheeffectof the I-I2 fromindeterminateerrors.

........_Thisepp'r0i'ch"wu'b0rrowedfromRonRagazzioftheColoradoDepartmentof Healthwhouses
similartnethodsinto confirmrepeatabilityoftrendsinFederalurbandrivingcycletest=.

4-1



inthisway, emissionstrendsversus_ contentwere establishedovershortperiodsof
timewithrelativelysmallIndetermlnantand ambientinducederrors.

4.2 Lean Burn BSHC Emissions

4.._. ! Pro-catalyat B..gHc E'm/sa/ona

The linesin Figure4-I aresetsofdatatakenat 35kPa MAPandconstantequivalence
with variableHz content(i.e,, 0%, 6%, 16% and 30%, 30%, 15%, 6% and 0% by
volume),Eachsetofdatawascollectedovera periodofabout30 minutestominimize
ambientvariations,With 0% or 5% hydrogen,the enginewas not stable enoughto
obtaindatawith0 below0,7. ThereIs a cleardownwardtrendin CH4emissionswith
increasingH2content, However,evenwith 15%and 30% hydrogencontent,highpre*
catalysthydrocarbonemissionssignalthe approachof the lean limitof combustion
below0= 0.85 undertheselightloadconditions,

48
35 kPa,Pre.catalyst

40 4)=

35

25 ,= O,85
20

15 $-0,70

0 10 $=
-0,80

5
,=0.gO
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0 5 10 15 20 25 30

PercentI-_InCI-_

Figure4-I, Varlatlonofpre-catalystCI-I,=emissionsinthe leanrange vs. H2% and $ at
35 kPaofMAP,

Figure4-2 showsthe pre-catalystCH4emissionsat wideopenthrottlewith 80 kPa of
MAP. TheC_ emissionsaregenerallylowerat highermanifoldpressures,The same
downwardtrendvs. Hz contentis observedatwideopenthrottle, It Is noteworthythat
the percent reductionin CH4 emissionsis significantlygreater than the percent
increaseinhydrogenenergycontent.At 30 volumepercentH2, about10%ofthefuel
energyis comingfromH;z,At0=0,7 the unburnedCH4emissionsare cutto lessthan
halfof the emissionsobservedwithpure CH4, A 50% reductionwith 10% Hz energy
showsa "leverage"factorof 5 relativeto burning100% hydrogenwith zero CH4
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emlsslons, SlmllarleverageIs expectedwlthnonmethanehydrocarbons(NMHC)In
naturalgas.

ForpurposesofNOxcontrol,0< 0,7 is a particularlyusefulrangeofoperation.It is
noteworthythatmostof the ImprovementIn CH4emissionsat o= 0,7 was obtained
withjust 15volume% H2or 5% byenergycontent. A 35% reductioninBSHCwith5%
Hz energygivesa leveragefactorof7.

I I I Ill I[I IIII1|H ....... __ I1111Jl I ii [ iIIfll II I i lirlr _ .............................
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0 , ................I......................I ......I ....... I,,
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Percent_ inCI._

Figure4-2. Variationofpre-cata!ystCH4emissionsInthe lean rangevs. 1"t2%and ¢at
sokPaofMAP.

i

4._.2 Po$/,caMlyst BSHC Emissions

The catalystusedin the tests has demonstrateda high efficiencyfor oxidizingnon
methane hydrocarbons(NMHC)in speclated vehicle emissions tests. As a
stoichiometrlc,three-way catalyst in transient vehicle tests, total hydrocarbon
emissionsare typically50 timesgreaterthan non methanehydrocarbonswhen the
testvehicleburnsnaturalgas or Hythane. Sincethe fuel burnedin thefollowingtests
is composedofhydrogenand puremethane,NMHC emissionsare thoughttobe truly
negligible.

Figure4-3 showsthattheunburnedCH4observedin Figure4-1 has beenreducedby
roughlyan orderof magnitudeby the catalystfor o > 0.7. At the lower exhaust
temperaturescorrespondingto 35 kPa and 0 = 0,65 or less,the conversionefficiency
falls off rapidly. ComparingFigures4-1 and 4-3 Indicatesa conversionefficiency
below40% at 0= 0.65 andabout12%at 0,,0.6, AlthoughNMHC conversionefficiency
shouldbe considerablyhigher,It appearsthatlightloadsare bestmetwith0> 0.7.
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Figure4-4 showsthatunburnedCH4remainslowate> 0.85forallH2concentrations
at wide-openthrottle. Addinghydrogenupto about15% by volumeat 0 = 0.65
reducespostcatalystBSHCbyabout40%. Recallingthat15%byvolumeisabout5%
byenergycontent,the leveragefactoris40 . 5 =8.

With0 = 0,8, CH+emissionsbeginto riserapidly.The data_stter Is attributedto
combustionInstabilityat this ultraleanequivalenceratio. However,NMHC with
ordinarynaturalgaswillbeconsiderablylower,partlybysimplemethanedilutionand
partlybecausecatalystefficiencyis higheronNMHC. Theengineranwellat0 = 0.8
with 15 or 30 volume% hydrogen(highBTE)so thisu_-aleanoperatingregime,
enabledbyH2,maybeaccessibleforNOxcontroldespitethehighCH4emissions.
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Figure4-4.Varlatlonofpost-catalystC_ emissionsintheleanrangevs.H2% andO
at80kPaofMAP. Thedataforpuremethaneat O=0.65ande=0,70may
bereversed.

t

4.3 Lean Burn BSCO Emissions

4.3. / Pre.catalyst 8SC0 Emissions

Figure4-5 showsthatCO increaseswlththeonsetofcombustlonInstabllltynearthe
leanlimit.Thetrendsare s!mllarto Flgure4-I becausebothCO andHCemissions
resultfromIncompletecombustion.Wlth_)= 0.8 or 0.9, the effectof H2 on CO
emlss!onsis approximatelythatofdllutlon,l.e.;pureH2canmakenoCO,so 10%H2
byenergycontent(30%byvolumeIn Figure4-5) glvesabout10%reductionInCO,
TheeffectofI"12asa combustlonstlmulantis apparentwithe <0,8. Forexample,wlth
Q= 0.70,supplying10%ofthefuelenergyintheformofH2(30%byvolume)reduces
COemlsslonsbyabout40%,relativetopureCH4--aleveragefactorof4.

AtO= 0.65theCO emlsslonswith30 volumepercentH2are simllartoCOemlsslons
wlthpureCH4at0=0.9. ThlsIndicatesgoodcombustionstabilitythatisreflectedinthe
thermalefflclencydatadiscussedbelow.However,atQ= 0.6 and30%H2byvolume,
combustionInstabllltyisapparentat35kPaofMAP,
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Figure4-5, Variationof pre-catalystCO emissionsin the lean range vs, H2% and $ at
35 kPa of MAP,
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Figure4-6, Variationof pre.catalyst CO emissionsin the lean range vs, !"12% and $ at
80 kPa of MAP,
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Figure4-6 showsthe precatalystCO emissionsat wide open throttle. Withinthe
limitedrangeof equivalenceratiosinvestigated,CO remainsat acceptablylowlevels.
The influenceof H2 as a combustionstimulant is none-the-less apparent as each
constantequivalenceratiodatasetslopesdownwardwithincreasingH2content.

4. 3.2 Post-catalyst BSCO Emissions

PostcatalystCO emissionsareverylow. The entiredata setconsistsof smallpositive
and negativenumbers,indicatinginstrumentdrift aroundzero. Evenat ¢ = 0.6 where
precatalystCO emissionswere highestand the catalysttemperatureis lowest,the
catalystconversionefficiencyisvirtually100%.

4.4 Lean-Burn BSNOx Emissions

In the lean rangeof equivalenceratios,the catalysthas little,it any, effecton NOx
emissions.The distinctionbetweenpre- andpost-catalystNOxemissionsis therefore
largelyjusta formality,indicatingwherethedatawere taken. Figures4-7 and 4-8 may
be thoughtof ascompaniondatasetsat35 kPa,eachconfirmingthe other.

Bothtemperatureandtimeaffecttheformationof NOxincombustionprocesses.This
is apparentin Figures4-7 and4-8. Adiabaticflametemperaturecalculationsindicate
that increasingH2 concentrationin CH4increasesthe flametemperatureand, based
on that alone,an increasein NOx is anticipated. However,1-12also increasesthe
flame speed and,therefore,requireslesssparkadvance. The time-at-temperature
relationshipmay be responsiblefor the minor,sometimesnegative,changesin NOx
withH2contentat35 kPaofMAP.

A muchstrongertrendis observedin NOxversus¢. The regionofgreatestinterestfor
lean-burnemissionscontrolis _< 0.8. In thisrange,Figures4-7 and4-8 showrapid
decreasein NOxwith equivalenceratio. The coarsescaleemployedin Figures4-7
and4-8 shouldnotobscurethefact that NOxiscutapproximatelyinhalfas _)fallsfrom
0.70 to 0.65, with15%H2, or to 0.60, with 30%hydrogen.Pure CH4combustionwas
too unstableto allowoperationbelow0 = 0.70 at 35 kPa of MAP. The hydrogen
additionsmay,therefore,be regardedas enab//'ngwithrespectto theNOx reductions.
CuttingNOx emissionsinhalfwith5% of the fuelenergysuppliedas hydrogen(15%
byvolume)resultsina leveragefactorof about10.

Figures4-9 and4-10 are pre- and post-catalystNOx data at wide openthrottle. NOx
increasessteadilywithH2contentat higherequivalenceratios(0 z 0.75). However,at
0 = 0.70 and less the trendsare weak versus H2 contentand strong versus _).
Operationwaspossibleat 0= 0.65withpureCH4. As littleas5% H2 by volume (<2%
by energycontent)enabledoperationat 0 = 0.60 (see Figure4-10). Goingfrom0 =
0.65 to 0= 0.60 cuts NOx approximatelyin half,so the leverageis about 50%+2%=
25.
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Figure4-7. Variationof pre-catalystNOxemissionsinthe lean rangevs.1-12% and $at
35 kPa of MAP.
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Figure4-8. Variationof post-catalystNOxemissionsinthe lean rangevs. 1-12% and (_
at35 kPaof MAP.
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Figure4-9.Variationofpre-catalystNOxemissionsintheleanrangevs.H2% and$at
80kPaofMAP.
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Figure4-10.Variationofpost-catalystNOxemissionsintheleanrangevs.H2%and0
at80kPaofMAP.
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4.5 Lean Burn NOx, HC and Performance Tradeoffs

Figure4-1i showsbrake-specificNOx vs, THC withvaryingamountsof hydrogenin
methaneat lightload, As the mixtureis leaned from¢ = 0,9 to 0 = 0,7, NOx falls
rapidlyat the expenseof increasedTHC. Leaning out the mixtureto reduceNOx
emissionsto 1 gram/kW-hwithmethanecorrespondsto THC emissionsof about 15
grams/kW-h, As hydrogencontentincreases,the THC emissionsfall. At the 1
grarn/kW-hNOxlevel,the THC emissionsare cut in halfsomewherebetween15 and
30 volume% hydrogen(5 and 10energy%).

i i i,, i

2500 rpm,35 kPaMAP

i _l ,., = ,_ Min.BestTorqueSpark

_ 5 Q_'" _H-- Pre-ast,lystEmissions

ff ,,,, $=

1 ..-. _ --"

0 ..... I t I I I I t ' I

0 2 4 6 8 10 12 14 16 18

THC,Grams/kW-h

Figure4-11. At any given NOx level, THC emissionsare significantlyless with
Hythane. The dashedlinesindicatethe equivalenceratiocorresponding
toeachsetofpoints.

Comparinglightloaddata of Figure4-11 with wide openthrottledata of Figure4-12
showsgenerallylowerTHC emissions.It is nonethelessapparentthatthe hydrogen
additiveenableslowerTHC emissionsat any given NOx levelor, conversely,lower
NOxemissionsat anygivenTHC level.

Somethingthat isnotapparentin Figures4-11 or 4-12 isthat,below_)= 0.7, addingH2

increases BMEP. This is discussedfurther in Section5.1. This advantagewas
sacrificedby retardingthe sparkuntilthe enginetorquewith30% H2was thesameas
withpureCH4. The resultsareshownin Figure4-12. Atthe sametorque,NOxisless
with30%H2thanwithpureCH4.
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Figure4-12. At wideopenthrottle(MAP= 80 kPa), the torqueadvantageof Hythane
may be sacrificed to reduce NOx with minor THC emissions
consequences.

4.6 Lean-burn Emissions Conclusions

The additionof H2to CH4as fuelfor a sparkignitionenginereducesemissionsof HC
andCO. Thiseffectisespeciallystrongasthe equivalenceratioapproachesthe lean
limit. The relationshipbetweenH2 content and NOx is complicated. With 35 kPa of
manifold air pressure (MAP), there is no definitive relationship betweenH2content
and NOx. Both smalldecreasesand increasesare observed. The lean limitis

extendedby H2,therebyallowinglowerpartloadNOxvia lower$ andincreasedMAP.
Post-catalystCO emissionswere always in the noise level of the instruments.
ThereforeHC andNOxarethemainissuesforleanburnengineswithgoodcatalysts.

Atwide-openthrottle,NOxincreaseswith H2 content. At $ s 0.7 this effectis relatively
weak. Enginetorquewith minimumbesttorquesparkadvanceincreaseswith H2
content. H2enableslower NOx emissionsat wide-openthrottleby sacrificingthis
torqueadvantage. Thismaybe done by runningleaner,retardingthe sparkor both.
in eithercase, HC emissionsincrease,so care must be taken in applyingthese
strategies. No tests were performedwith exhaustgas recycle(EGR), however,
sacrificingtheextratorquetoEGR shouldalsobeeffectivefor NOxreduction.

4.7 Stoichiometric BSHC Emissions

Inthe followingdiscussion,"stoichiometric"meansthe optimaloperatingconditionfor
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the three-waycatalystusedin this project. The analysisdiscussedin Section4.9,
showsthattheequivalenceratiofor optimalperformanceis O= 1.005.

4. Z ! Pra.cataly$t BSHC Emissions

The effect of H2 on unburned CH4 emissionsis much less pronouncedat
stolchlometricoperatingconditionsthanit isnearthe leanlimit, Figure4-13 showsa
lineardecrease In BSHC with H2content. The effectgoesbeyondsimpledilution,
Only10,2%of thetotalfuelenergyis suppliedby H2at30 % byvolume.Thedecrease
inBSHCis 18%,indicatinga leveragefactorof 1.8. Figure4-14 showsthesametrend
at80 kPa of MAP. The leveragefactorat thiswide-openthrottleconditionis 2.3,

°-=-- i rl ii. i ......... I
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J
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0 5 lO 15 ;to 25 3o
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Figure4-13. Pre-catalystBSHCemissionsvs. H2contentat35 kPaMAP.
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Figure4-14. Pre-catalystBSHCemissionsvs.H2contentat80kPaMAP.

4.7._ Post-cata/ys/ #SHe _m/$$/on$

At 35 kPa of MAP,postcatalystBSHCemissionswereunaffectedby H2, Allofthe

data, regardlessof H2 content,groupedaround2.3 grams/kW-hr.No trendwu
observedat 80 kPa of MAPeither,butthe emissionswere muchlower,grouping
around0.33 g/kW-hr.Thisindicateshighercatalystefficiency.Thecatalystusedin
thisstudywaspreviouslyinstalledona 2.5 liter,4-cylinderengineina ChevroletS-10
pickuptruck. SeveralFederallightdutyvehicletests (FTP=),conductedby the
CaliforniaAirResourcesBoardin 1991(seeAppendixA),non-methanehydrocarbon
emissionswereapproximately0.01gramspermile,withorwithoutaddinghydrogen.
Atsuchlowlevels,hydrocarbonemissionsarenota majorissuewiththiscatalyst.

4.8 STOICHIOMETRIC BSCO EMISSIONS

4.8. 1 Pro-cata/y$/ BSCO Em/ss/on$

Thereappearsto be a slightdownwardtrendin pre-catalystBSCOemissionswtth
increasingH2content,However,anysuchtrendiswithinthe rangeofscatterofthe
dataandhenceinsignificant.Thepre-catalystBSCOdataaveraged15.1grams/kW-hr
at35kPaofMAPand8.2grams/kW-hrat80kPaofMAP.

4.8.=o Pos/-ca/a/ys/ BSCO Em/ss/ons

Thereappearsto be a slightdownwardtrendinpost-catalystBSCOemissionswith
increasingH2content.However,anysuchtrendiswithintherangeofscatterofthe
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dataandhenceinsignificant.The post-catalystBSCOdataaveraged1.1 grams/kW-hr
at 35kPaofMAPand0.59 grams/kW-hrat80 kPaofMAP,

4.9 STOICHIOMETRIC BSNOx EMISSIONS

4.9. ! Pro.catalyslBSNOx Emis$1ons

The 35 and 80 kPa pre-catalystBSNOx data are comblnedIn Figure 4-15. The
apparenttrends are only sllghtlygreater than the test-to-testuncertainty. It is
interestingthat,at 35 kPa, precatalystBSNOxemissionsshowno Increasebetween0
and 15% H=. This particulardata set groupedso tightlythatthe apparentdecrease
with 5% H2may be worthyof furtherstudy, At 80 kPa, pre-catalystNOx increased
continuouslywith increasingH= content, At 30% H2 both data sets Indicatean
IncreaseInBSNOxofabout10%,

Figure4-15. Pre-catalystNOxemissionsvs. H2contentat 35 and80 kPa MAP.

4.9._ Po$1-oalalystBSNOx Emissions

Post-catalystNOxemlsslonswereso lowthat the zerodrlftof the Instrumentatlonwas
a problem. Occasionally,negativevalueswere observed--wlthor withoutaddlng I"12.
The 35 and 80 kPa MAPdata maybe interpretedto indicatealeut 0.2 gramsperkW-
hr of NOx. The variationwith H2contentcouldnot be resolved. A muchmore
importantvariableiscarbonmonoxide,as showninthe followingsection.
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4.10 NOx/CO Tradeoff on the Three-way Catalyst

One of the mostremarkableobservationsof this studyts howlowpost-catalystNOx
and CO can be whenthe enginetscontrolledpreciselyat the optimumequivalence
ratio. Largechangesin emissions_ur oververysmallchangesinequivalenceratio,
Therefore,beforediscussingthisfurther,it I=necessaryto examinethe measurement
ofequivalenceratiomoreclosely.

The post-catalystCO=peak shouldcorrespondto the true stolchlometrlcequivalence
ratio becausethe total of NOx, CO and unburnedCH4 Is on the orderof 0.1% by
volumewhenthis peak Is observed,i.e., very completecombustion. Figure4-16
showsthe relationshipbetweenpeak CO2concentrationand AFRecorderindication.
A medianH2concentrationof 15%is characterizedin the chart. Similareffectswere
observed0, 5 and 30% H=. The CO2data fallslightlyshortof thetheoreticalcurvefor
completecombustionbut the peak Is none-the less valid as an Indicationof
stoichiometrlcequivalenceratio, The AFRecorderreadsabout1.015atpeakCO2,

CO2,
0.5 0.6 0.7 0.8 0.9 I 1.1

10 -.,,........,.,,_,,._ ....... ,' - , .........A......................................._............ 5 ...... ........,'.............

9 12=ExperimentalDatum,15vol%H2 _=--__

6. - , Tr,t,c,,cu

_" I ActuatCH4Din'

S

4 TheoreticalCurve3 CompleteCombustion t

o_ 2 ActuallyStoichlometrlc I

1 , whenAFR'1'015X_, 'I0

0.5 0.8 0.7 0.8 0.9 1 1.1 1.2

AFRecorder,(I)

Figure4-16, Stoichiometricequivalenceratio determination by CO2vs.AFRecorder.

Further evidence of this slightmtscalibrationis apparenttn exam!nationof CO
emissions,Thereisa discontinuitynearan AFRecorderreadingof 1,015,asShownin
Figure4-17, Roughconfirmationof theAFRecordererrorisalsoapparentinFigure4-
18, The average peak exhaust temperatureIs at 0 = 1,01, accordingto the
AFRecorder.
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Figure4-17. Stolchiometrlcequivalenceratio determinationby CO vs. AFRecorder
reading,
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Figure4-18. Averageexhausttemperaturevs. AFRecorderequivalenceratio.

Figure4-19 showsthat dataforpureCH4and 30% H2are virtuallyindistinguishable.
This$uggem thatthe NOxvs. CO relationshipIs morea characteristicofthe catalyst
than of the fuel composition. Clearly,the best equivalenceratio for simultaneous
minimizationofNOxand CO isnear(_= 1.005.
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Figure4-19, NOxvs.COcharacterlstlcof thethree-waycatalyst,

NOxheadsrapidlytowardzero on the approachto stolchlometrlcequlvllenceratio.
AlongthedownwardNOxtrend,somoof the CO mouurements are slightlynogatJve,
challengingthe limitsof errorof the instruments. Just past 8toichiometric,U CO
pines 1 g/kW-hr, NOx is too low to measure precisely. SlightlynegativeNOx
readingsareoccasionallyobserved,duetozerodriftof the instruments.

Mostof the NOxdateat 0 " 1,005 or greatergrouparound0.2 grams/kW-hrwithno
observabletrendwithrespectto H2concentrltion. In Figure4-19, the NOxemissions
tppear slightlyhigherwithpure CH4thin with30% Ha. Thisis thoughttobe caused
by an ambientchange betweenthe two expeflmentsbecause no such trend i8
observedinthedatasetasa whole,

4.11 Stoichiometri(: Emissions Conclusions

Hydrogeneffectsare most apparentIn pre-cstalystomissions, There is 8 general
downwardtrend In pre-catalystCH4 that exceedsthe eff_ of simpleH2 dilution,
Therewas no slgnifica,_tchangein pre-catalystCO with H2 addition,notevenwhat
mightbe expectedfromdilution. This ts a puzzlingresultthat Is contraryto recent
findingsin anotherstudy_, Pre-catalystNOx emissions,In general,go up with H2
content.An exceptionto thisisat 35 kPa whereup to 15%hydrogencouldbe added
withnoIncreaseinNOx. Theremaybe a smalldecreaseIn NOxwith5% H2.

......'' Swlln,M.R.i'tii.i "1'hie1t_-11ofHydrogenAdditiononNaturalGilmEngineOperitlon",SAEPaper
No.932775(1993)
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The post_atalystemissionsresultsaremoresignificantbeoauseatolchiometrlcnatural
gas or Hythaneenginesmustbe equippedwiththree-waycatalyststomeet smlulons
standards,DIr_ eff_s of hydrogenonpoet-catalystemissionsarenotapparent, It is
none-the-is= Intere_lngto lookat the extremelylowemissionsthatcan be attained
via predse mixturecontrolwith an eye towardhow hydrogen_n have the sffsots
_only observedtndynamictestswith¢losecl-I_ controlsystems=,

Worstwee polt._talyst CH4 emissionswere observedat 38 kPa of MAP. The 2,3
grams/kW.hrel;servedcorrespondscloselytoTHC emlselonsdatafromFecleralurban
drivingcycle tests with the same catalyston HCI's ChevroletS-10 pickup (eee
AppendixA). Auumlng that the $-10 requiresabout 0.2 kW-hr per mile, the
calculatsclCH4 emissionswouldbe 0.46 gramspermlle. ActualTHC datefor the $.
10 rangearound0,5 gramspermlle, NMHC,however,hasbeenrepeatedlysp_lated
It about0,01 tramsper mlie wtththiscatalyst,wtthand without15% hydrogenby
volumeInnaturGalgas,

With NMHC at suchlow levels,NOxand CO becomethe most=lgntftcsntsmlulon=
_lteda, Given a control system capable of holdingthe mixtureat the optimum
oqulvalonQeratio,0 - 1,005, Figure4-19 InclicatosthatNOxandCO omissionscan be
eo low that measurementis cliffic=ult.Poe.catalystNOx eminion_ for $ ==1.015
average0.2 grartVkW-hrover all data, Post-catalystCO emissionsfor 0,980 =_$ =.
1.000 average0.85 grlrn_W-hr over all data, A lightdutyvehiclethat requiresin
averageof 0,g kW-hrper mile in a Fodoraiurbandrivingcyclewoulaomitabout0,2
gramspermileofCO and0.04 gramspermileofNOxattheateadystatelevels.

Figure4-20 shows 'Hot 505" to_ resultsfor the S-10 withthis namecatalyst, The
NOxomJuionsdropto 0,04 gramsper rnJlointhe richrangeto the rightof the figure,
CO omissionsfall to0.3 gramspermile towardthe loftof the figure, Runningslightly
loaner at the CaliforniaAir ResourcesBolrd, this vehicleand catalystran the full
Focleraitestrepeatedlywith0,14gramspermileofCO and0.2 gramspermileofNOx,
The factthat the $. 10 cannotgive simultaneousCO and NOxomissionscomparable
to the stoldy eel|totom is attributableto imporfo_onsof the controlsystem, The
=toadystate engine tom in the presentstudy wore manuallynot at the optimum
oquivalonaoratio,o- 1.005,within:1:0,002.

From Figure4-19, it is apparentthat the deviationsof a comrolsystemaroundthe
optimumequivalenceratiooln havemajor effoc_ on NOx and CO omissions, The
consequencesof a :1:1%deviationfromthe optimumequivalenceratio,0" !.005, are
showninFigure4-21.

......=SeeAPpiindixA

' A"Hot505"testIsthelast_ NcondsofaFederalurbandrivingayole,performedwlthathoroughly
warmedupenglneandcatalyst,
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Figure4-20. Transientvehicletestswlththe samecatalystusedInthe presentstudy
have demonstratedNOx emlsslons,runnlngslightlyrich, and CO
emlssions,runnlngsllghtlylean,thatagreewellwlththe steadystate
englnetestsreportedabove. The vehicleIs unableto demonstrate
mlnlmumNOxandCO at thesamesettingsbecausethecontrolsystem
cannotmaintainoptimummixture.

ThetransientvehlcleemlsslonstestdataInAppendixA showstronghydrogeneffects
thatarenotapparentInthestolchlometrlcsteadystatestatetestsreportedabove.The
vehicletestsshowrepeatabletrendswith4 differenttestvehiclesat 4 differentEPA-
approvedlaboratories,
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5.0 Engine Performance

The effectsof altitudeon the engineperformancedata presentedhereare significant.
The altitude of Colorado State University,Ft. Collins, Colorado is 1539 m (5050 ft).
Atmosphericpressure, lesspressuredrop through the intake air system includinga
laminar air flow element, air ducts,elbows, gas mixer and static mixer (see Section
2.7), gives a typicalmanifold air pressure(MAP) of 80 kPa at wide-open throttle. At
low altitude without the instrumentation,the MAP would be 20-25% greater and
engine torque and power would increase significantly. This should be taken into
accountin interpretingthe performancedata reportedbelow.

Figure5-1 isthe BMEPvs. rpmcurvefo_"the engineoperatingon natural gas in closed
loopcontrolat anequivalenceratio, 0= 1with besttorque sparkadvance.

350 CID CHEVROLETV-8 AT HIGHALTITUDE WITH FT. COLLINS NATURALGAS
IMPCO MODEL 200D WITH PEV REGULATOR AND FOP-1 FUEL CONTROL PROCESSOR

250

200 LB-FT TORQUE

150

100

5O

0 , _ ! I" T T 1 '

1000 2000 3000 4000 5000 6000

RPM

Figure5-1. Baselinepower and torque curves for the test engine on local naturalgas
before beginningthe test programwith pure methaneand hydrogen.
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5.1 Effects of H2 on Brake Mean Effective Pressure

Figure 5-2 shows that the influenceof H2 on BMEP is negligiblefor $ > 0.75. The

apparent upwardslope with increasing H2contentat 0 =1.00 iswithinlimitsof error. It
may be the resultof an interestingeffec_that H2has on throttledflow. At constantrpm

and throttleangle, a slightincrease in MAP with H2contentwas observed. Since the
speed of sound in hydrogen is much greater than in air or CH4, an increase in flow
underchoked conditions(Mach 1 past the throttle) is to be expected as the speed of
sound of the mixture increases. The effect is within limitsof experimentalerror and,
once discovered,the throttle angle was adjusted to maintain exactly 35 kPa at each
test point.

MAP = 35 kPa

0.160=1

t . I0.120_ 13 =$= 0.90 u

,_ .... $ ,, , • ,, =

_ 0.100_ ,= $=0.80 ^" I_
Q.- $=0.75
uJ 0.080 _ "---

0=0.70

m 0.060. _
$=o._

Q

0.O40- $ = 0.601

/
0.020-

O I I ! I I

0 5 10 15 20 25 30

Percent I-I2 in CH4

Figure5-2. Effect of H2 on BMEP at 35 kPa MAP at various constant equivalence
ratios.

The area of greatest interestfor lean burn NOx controlis _ s 0.7. Lean burn NOx data
at 35 kPa showa strong downward trend with decreasing0 in the range of ¢)= 0.7 but
H2content,per se, has littleeffect. The BMEP advantage, indicatedin Figure5-2 with
increasing H2 contentat 0 < 0.7, can be converted into lower NOx emissionsat the
sameBMEP as pure methane.

In throttledmodes of operationwith pure CH4, BMEP (torque) is a constant, set by
operatingcircumstances. A balance is struck by the engine designer between MAP
and 0 to get the desired BMEP. Design trade-offs occur between emissionsand fuel

consumption,but not with respect to BMEP--constant by definitionunder part load
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conditions. Therefore, if BMEP increases with H2 content,there are severalways to
decrease BSNOxwhile reducingBMEP to equal the CH4 basecase.

The excess BMEP may be sacrificedfor lower NOx emissionsby retardingthe spark
untilHythaneBMEP = methane BMEP. Since NOx varieslittlewith i-i2contentat lean

part load conditions and strongly with spark advance, this approach will succeed.
Other possibiUtiesare to reduce 0 to a weaker mixtureat the same MAP or to simply
reduce MAP at the same 0. The former will be more effectivebecause BSNOx falls
fasterwith0 thanwithMAP.

Another possibility, not explored in this project, is exhaust gas recycle (EGR).
Increasing H2 content allows greater amounts of EGR for the same reason that H2
permitsleaner operation. "Dilutiontolerance" increaseswith H2content. Dilutingthe
air/fuelmixturewith EGR at constant MAP will reduceBMEP and NOx.

Similareffectscan be seen at wide-open throttlein Figure5-3. The effectof H2is nil or
negativewith 0 > 0.7. In the range of greatest interestfor lean bum NOx control,0 <
0.7, the effect of hydrogen is beneficial. As before, H2 provides a BMEP (torque)
advantagethat can be parlayed into a NOx advantage.

0.6 M AP =80kPa ..............

0 = 1.00 ,,,

°'i i,,,0.80 13 N Jb,

)= 0.75-' + v
0.4 P,

Q. $ =0.70
A , , JL I

:E _ -
$=o._ _ --

o." 0.3. &..
w $=o._
5:
rn

0.2

0.1

0 I I t I I

0 5 10 15 20 25 30

Percent _2 in C1-14

Figure5-3. Effect of H2 on BMEP at 80 kPa MAP at various constant equivalence
ratios.

One explanationfor a slightpower losswith near stoichiometricmixtures isthat H2has
less energy per unit volume of stoichiometricair/fuelmixture than CH4. The opposite
is true near the lean limit. Figure 5-4 showstwo counteractingeffects that nullifyone
anotherat e = 0.7.
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Figure5-4. Molarenergydensitiesfor H2-airvs. CH4-airat varying_.

The twoeffectsthatareresponsibleforthecross-overinFigure5-4 are:

° H2 deliversmore lowerheat valueper unitof oxygenconsumed

thandoesCH4,

• H2displacesmoreairthandoesCH4.

Near stoichiometric,the latter effect dominates. At lean mixtures where the

displacementof airbythe fuelgasesis less,the formereffectdominates. In allcases
the differencesare small,especiallyfor Hythane--atmost 30% H2 by volumein this
project.

The actual Increasein BMEP in the lean range is significantlygreater than the
increaseindicatedby Figure5-4. Figure5-5 comparesthe actualincreasein BMEP
with 30% H2as a percentageof theCH4baseline.The 7% improvementat e =0.65 is
attributedmainlyto improvedcombustionstability.
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Figure5-5. ComparisonbetweentheoreticalandactualBMEPimprovementwith30%
H2inCH4at 80kPa MAP.

5,2. Effects of H2 on Brake Thermal Efficiency

The sacrificeof excessperformancefor emissionsreductionis notan "allor nothing"
proposition. It is possibleto reduceemissions,to some extent,whilemaintaining
some of the performanceadvantageof H2, Assumingthat the basecasewith CH4
providesadequateBMEPunderallcircumstances,performanceimprovementswithH2
canbe usedto increaseefficiency.

Justas withBMEP,BTE improvementswith1-12are onlyobservednearthe lean limit.
Figures5-6 and 5-7 showzero or slightlynegativechangesin BTE withH2additions
for(I)> 0.7. However,with0= 0.65 and 0.60, thereis a significantimprovementinBTE
withincreasingH2content.At 35 kPa the enginecouldnotbeoperatedbelow$= 0.7
withoutaddinghydrogen.At wide openthrottle,0 = 0.65 was accessiblewithpure
CH4. However,the BSHC emissionswere reducedby 60% with as littleas 5%
hydrogenby energycontent(15% byvolume).
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Figure5-7. Effectof H2 on BTEat 80kPa MAPatvariousconstantequivalenceratios.

5-6



5.3 Performance Conclusions

The additionof H2to CH4witho :_0.7 ImprovesBMEPand BTE. The Improvementin
BMEPts,to asmallextent,attributabletogreaterchargeenergydensitywith$ < 0.7. A
more potenteffectresultsfrom Improvedcombustionstability.These Improvements
comewithsignifican_reductionsinBSHCandpre-catalystCO butlittlechangein NOx.
The performanceimprovementsmaybe sacrificedto reduceNOxby retardingspark,
operatingleaneror perhapswithEGR.
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6.0 Project Conclusions

Conclusions about emissionsand performanceare presentedIn greater detail in
Sections4.6, 4.11 and 5.3. Strongly"leveraged"benefitswere observedin termsof
emissionsreductionsand performanceimprovementsrelativeto percenthydrogen
energysubstitutioninmethane.

6.1 Lean Burn Emissions

• H2enablesleaneroperation.

• NOxdecreasesrapidlywithequivalenceratio.

• H2enablesNOxreductionvia leaneroperationatpartloadconditions.

• H=IncreasesNOxandtorqueatwideopenthrottlenearthe leanlimit.

• H2enablesNOxreductionat_ full loadconditionsvta leaneroperation,

sparkretard,or exhaustgasrecycle(the laternottested).

• H=decreasesHC andCO emissions.

• Post-catalystCO emissionsare negligible,withorwithoutH2,

6.2 Stoichiometric Emissions

• Emissionsareextremelysensitiveto equivalenceratio,_):
Optimum_ = 1.005,withorwithoutH2,

• :I:I% deviationfrom_ = 1,005causes10-foldchangesinCO andNOx,

• At_ = 1.005,post-catalystCO andNOxwereso lowthat± 50%change
wasbelowinstrumentresolution.

• H2effects,ifany,werewithintherangeofscatterfor COat I, I grams/kW-hr
andNOxat0,2 gramsperkW-hr

• 1.5%leanerroris causedbyzirconia-basedoxygensensorswithCH4or
Hythane:Thiscontributesto thepopularmisconceptionthatnaturalgas
enginesarehighNOxemltters-.itsjusta calibrationproblem,

• THCaveragedabout2.3 gramsperkW-hwiththiscatalyst.

• NMHC,withorwithoutH2,is negligiblewiththiscatalystinFTPtests.
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6.3 Performance

. H=improvestorquewith_ =;0,7

• Theaboveis mainlyduetogreaterthermalefficiencywithH=

• AsmalltorqueImprovementIsduetogreaterchargeenergydensitywlthH2

6.4 Exploitation of Hydrogen Advantages

Thereare twofundamentaladvantagesof addlngi8 to 30 volume% hydrogento
naturalgasIntheleanbumrange;

I) at anypartloadcondltlon,Hythanewlllprovidethe sameperformance
andfueleconomywltha leanermlxtureanda highermanlfo!dalrpressure,
henceleu NOx(uptoa !ImltImposedbyIncompletecombustion).

2) atwlde-openthrottle,Hythaneprovidesefflclen_andtorqueadvantages
nearthe leanllmltthatmaybe eacrlflcedto get a NOxreductlonat _ual
performanceandfuelconsumptlon.

AdvantageI) maybe exploredbyburningthe leanestmixtureandhlghestmanlfold
pressurepossibleat all part load conditionswlthoutexceedlngthe naturalgas
basellnefuelconsumptionorHCemlsslons.

Advantage2) maybe exploltedat anywide-openconditionbya)leanlngthe mlxture
untileitherHC or fuelconsumptionrisesor torquefallsto equalthe naturalgas
baseline(whicheveroccursfirst)andbyb) retardingthesparkuntileitherHCorfuel
consumptlonrisesortorquefallstoequalthe naturalgasbaseline(whlcheveroccurs
flrst).Acombinationofa)andb)mayalsobeeffective.i

6,5 Reoommendatlonsfor Future R&D

Forthe samereasonsthathydrogenextendstheleanlimltofmethanecombusUon,it
shouldextendthetoleranceforexhaustgas recycle(EGR). It Is commonknowledge
that EGR has strongeffectson NOx emlsslons. A futurestudyto explorethe
synerglstlceffectsof hydrogenand EGR on naturalgas engineperformanceand
emissionsIswarranted.

The ultralowemissionslevelsthatwere observedwhenthe test enginewas held
preciselyon the optimumalr/fuelratiofor three-waycatalysisare trulyremarkable.
Highlyprecisemixturecontrolsystemsandadvancedoxygensensorsshouldbehigh
priorityobjectivesforfuturedevelopment.
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AppendixA:
TransientVehicle Tests

A.1 Possible Effeot= of Hydrogen on Control System Stability

The =toadystatetestresult8forstolchlomotrtcoperationwith a throe-waycatalyst(see
S_on 4,7 through4,11) were iry'..onciusivoregardinghydrogeneff_. The post-
catalyst omissionswore so low that the omissionsIn_ont= wore unable to

me.ure themprecisely.Figure4-19showsthatnaturalgasengineemissions,wi_ or
_ut hydrogen,_n be extremelylow if the mixtureis controlledpreciselyat the
_mum valuefora three-waycatslyM,Thecorr_ equivalenceratioforoptimumuse
ofthe Englehardthree-waycatalyst,wtthnaturalgasor HythaneIs 0" 1,005.

Anydifferencesbetweenmethaneand Hythlne in Figure4-19, duplicatedbelowas
FigureA-1, areNlow testsensitivity,Thisdoesnotmeanthattherearenodlffere_=,
Forexa_e, diluteds_le NOxdata past o.. 1.005are typically1ppm:1:2-3ppm,
SomeNOx readingsare negative,Therefore,differencesofthe magnitudeobserved
InthetransienttestsdlsoJUedbeloware"withinscatter"of FigureA-1,

lO

g ,-......0.0MI 35 kPs,Po|t-oa_lyst

8 --,_.006 I i:3-CH 4
= -30%H2

7 I

e I

S I
4 I

Eqtvalen=eRatio,03 1,oooI
_Nm maim mmm _ m emmo emm_ mum mmm mmm mmm Jam. mm_ =umn mm

1.005 i.0t0 t.0!5 1.020 1.025

/ I J I
0

0 10 20 3O 4O
CO, Grim=/kW-hr

FigureA-l. NOx vl, CO characteristicof the thrn-way catalyst, The slightlylower
NOxshownforHythaneiswlth!nthenoiselevelofthe Instruments.

ThisemphasizestheImportanceofcontrolsystemprecisionandresponserites in
transienttests. Virtuallyall of the pollutionaccumulatedin a transientFederal
emtulons test (FTP) Ire the resultofa coldcatalystearlyinthe test and off-optimum
transientoplratlonoThe presenthypothesisforexplainingthedifferencesobservedin

A-1



transienttern Is that the stabilizingeffect of hydrogenon naturalgas combu=t!on
reducesmisfiring. The responseof the controlsystemto misfiresmay resultIn leu
primisemixturecontrolbecauseof theresultingoxygeninthe exhaust.

The control=ystemof the $-10 Hythane prototypegoes full rich duringre!afire
drc_'n=tar_eslike downhillor other modes of operationwhere the gasolineEGR
scheduleis excessivefor naturalgas oper=lon. Combustionis SUpl_S_ to go to
_pletton onthecatalyticsurfacesof theoxygensensor,eventf the enginemitres.
_=rently this Is notquitetrue wtthcommonztrconlaoxygensensors. The sensor
tnterpr_ exhaustoxygendue to misfiresas s lean deviation. The controlsystem
goesfullrichtryingto_enllete forthe error. Hydrogenstabilizesthecornbu_onof
naturalga!tend reducesmt_dng. Thismay reducethe numberlind durationof rich
errorsoverthecourseof I Fedlrlll Emissionstilt (FTP).

A.2 FTP Test Results

Whetheror notthishypothul=is corr., hydrogenoleadyhas strongeffectson _P
emtmoralof t naturalgasvehlde, The firstFTP comparisonof Hythaneand natural
gill WU madebytheCaliforniaAir Ruoume= Board(CARB)In 1991. FigureA-2 Is|
four-testaverageCO and NOx comparison, With or withoutthe hydrogenIddJtJvi,
HCI't Chevrolet$-10 meets CARB'II Ultrllow EmissionVehicle (ULEV) _eria.
HydrocarbonemilsionsIre notplottedin FigureA-2, The tests show= _all THC
improvementwithHythanibutnon-methanehydrocarbon(NMHC)is extremelylow

CHEV.2.5LITER,4-CYI.,S-SPEED,ODO- 14,000MILES
INERTIA- 32_, CLOSEDLOOP@480mY
ENOLEHARDMONOLITHICTWC,4-TESTAVERAGES

O,e

[_CNG
o.8

mHY5
o,4

¢d 0,31

0,2.1

1°'t
0 ,/"

CO NOx

FigureA-2, "HYS",Hythar,=with5% hydrogenby energycontent,show=muchlower
CO and sllghUyhigherNOxthannaturalgas tnCARBtestsof HCt'sS-10
prototype,
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(ca. 0.01 gramper mils) with or withouthydrogen. The differencesIn CO and NOx
emissionsarethereforeof greatestInterest. A largoreductionin CO emissionswith
Hythansis realizedst theexpenseof a smallincreasein NOx, relativeto purenatural
gas,

Tho trondob=orvedtn tho 1991 CARBtestshas boon confirmedwith fourdlfforont

vohtclosat fourEPA-cortifiedomissionslaboratorios,two at highalUtudoandtwo at
lowaltltudo,TableA-I Is a dolcrlptlonof Hythanoprojoctstodate, FlguroA-3 shows
datafromtheDonvsrHythaneProjoct,courtosyofthe ColoradoDopt,ofHoalth(CDH)
EmissionsTech Center, Tho vohlclosaro much hoavlorthan HCI's S-10 and tho
omtuior_ aro hlghor,but two-tostavoragosfor each of two gasoous fuoledtrucks
showthosamotrondasthoCARBtests;HythanoproducosIoworCO andhlghorNOx.

Glsoltnedata from a third identicaltruck In the Denver HythanoProjectare also
shownInFigureA-3. The THC advantageshownforgasoilnodoesnotfollowthrough
inNMHCmeasurements.NMHCIs consistentlylowerwiththegaseousfuels.

ThistrendrepeateditsoffIn higha_jdo tests of the $-10 at CSU's NationalCenterfor
VehicleEmtu!ons Controland S_,foty(NCVECS) and again at the Environmental
ProtectionAgency(EPA)In Ann/_,rbor,MI. FigureA-4 showsEPA's"preliminary_ tot_
resultsfora vanfromthePennsylvaniaEnergyOff!co(PEO)HythanoProject.The test
vehicle Is l N|tiOnll Full Gill sorvl¢l vln from Erie, PA. The onlysimilaritybetwlln

thisvantnd HCI's $-10 or the DenverHythaneProject'sheavy-dutypick-upsI$a GM
labelandan HCI-modlfledIMPCOfuel _ntrol system. All test data fromtheprojects
listedin TableI IndlcJ),tsthat,whenhydrogenis addedtonaturalgas in a testvehicle
withnootherchanges,CO omissionsgo downby a significantmarginand NOxgoes
upbya smallermargin.

- ' The_PA'_reporttl notYet-available.ThedataInFigure8 arefromnotestakenbyF, Lynchduring
teststnJuly1993,
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TableI. HythaneVehicleTestProjectstoDate.

HCl/Am.rlcarlLung: (1989)

Vehicle: 1979DodgeD-50 Plckup,2,6 llter4-Cyllnder,Turbo
Inte_led, HCI Parallelinduction,OpenLoop

Funding: HCI internalR&D

Partlolpantj: HCI (lead)AmericanLungAssn.(Rlver$1de,CA),
TrenFuels,Nat'l.Cir.Vehlc,EmissionsCont.&Safety

HCf H_snsPre_ntyDs: (1990 - present)

Vehlcle: 1991Chevrolet$.10 Plckup,2,8 liter4.Cyllnder
ImpcoCA125mlxer,FCPI Controller,HCI Interface

Fundlng: HCI InternalR&D

Participants:HCI (lead)CalifornlaAirResourcesBoard,Cltyand County
ofDenver,ColoradoDept,ofHealth,Imps, Englehard,
Nat'l.Cir.Vehlo.EmlsslonsCont.& Safety,TrenFuels.

I"_llnvllrrHv'lt'lllnll I:lm!llc,t/,. (1991- 1993)

Vehicles: Three1991ChevroletCheyennePickups,5.7 literV-8
Imp(x)CA300mixer,FCP1Controller,HCI Interface

Funding: UrbanConsortium(DOE),Air Products'&Chemicals,
PublicServiceCo. ofColorado

Participants:CityandCountyofDenver(lead),AirProducts&Chemicals,
ColoradoDept.ofHealth,PublicServiceCo, of Colorado,
HCl

PE(_Hv_ana prol_: (1992-1993)

Vehicles: 1992ChevroletVan, 4.3 literV-6
Im_ CA300mixer,FCP1Controller,HCI Interface

Funding: PennsylvaniaEnergyOffice,CostSharing;NationalFuel
Gas(Erie,PA)AirProducts&Chemicals,Bruderly
Engineering,HCI

Participants:BruderlyEngineering(lead),AirProducts&Chemicals
NationalFuelGas, U,S, EPA(AnnArbor),HCf
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FigureA-3. CDH emissions comparison during Round 2 of the Denver Hythane
ProjectshowthesametrendasFigureA-2.

GM 4.3 LITER, V-6, AUTOMATIC,ODO _ 37000 MILES
INERTIA = 4750, TWHP = 14.9, CLOSED LOOP @ 650mY

4
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uJ [_ = HY'FHANE.--I
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FigureA-4. PreliminaryFTP emissionstest resultsfrom EPAduringthe PEO Hythane
Project.Asbefore,COis lowerandNOxishigherwithHythane.
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A.3 "Hot 505" Test Results with Mixture Enrichment

It is commonknowledgethatCO emissionsgo downas NOxemissionsgo up during
rich-to-leancalibrationchangeswithhydrocarbonfuels. The questionthenbecomes,
"aretheCO reductionsobservedwithHythanetheresultofa controlsystemcalibration
shiftcausedbyhydrogen?"ThiswasexploredduringtheDenverHythaneProject.

FigureA-5 shows "Hot 505-2 test resultstaken at the conclusionof the Denver
HythaneProject. The calibrationof the controlsystemwas shiftedfrom an oxygen
sensorcontrolvoltageof440mV to762mV (slightlyricher). Asexpected,thiscaused
CO to increaseand NOxtodecrease, if the naturalgasand Hythaneemissionshad
become equal at any particularcontrolvoltage, the usefulnessof the hydrogen
additivewouldbe questionable.That is notwhat happened, Basedon the results
showninFigureA-5, it appearspossibleto get a leveragefactorof about 10 on NOx
andCO, i.e.; 5%hydrogenby energycontentmakes50% reductioninemissions.The
THC leveragefactorisabout6.
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FigureA-5. Hot 505 emissionswithnatural gas and HY5 at differentoxygen sensor
controlvoltages.

A.4 Transient Vehicle Test Conclusions

The advantagesof Hythanefor operationwith near stoichiometricmixturesand a
three-way catalyst are not completelyunderstood. Strong effects, consistently

2A "hot505" test is a subsetof the Federaltest commonlyusedfor researchpurposes.
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observed in transient tests of four vehicles by four different laboratories, were not

apparentinthe steady state enginetests conductedduringthisproject. Furtherwork is
neededto understandandfullyexploitthe effectsobservedintransienttests.
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