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Due to its combustion properties, the hydrogen has a great potential in
energetic improvement and emission performance of spark ignition (S)
engine. In this respect, the paper presents comparative results of the
experimental researches carried on 9 single cylinder engine fuelled with
gasoline or only hydrogen, at some engine speeds and full load. Direct
injection hydrogen fuelled engine power is greater with almost 30%
comparative to gasoline engine due to cycle heat release increasing. The
hydrogen direct injection method in the engine cylinder at the beginning of
the compression stroke after the intake valve closed has been chosen to
avoid reducing the power output per litre. Using this fuelling method was
possible to avoid the uncontrolled burning process for all engine operating
regimes. Hydrogen supply system used is original and offers great flexibility
in operation to establish the adjustments.

The obtained results show that the engine fuelled with hydrogen offers
the posshility of qualitative load adjustment using for the engine
performance improvement especially at partial loads. The paper presents a
strategy for combining qualitative and quantitative setting adjustment in
order to optimize engine operation at all regimens.
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1. Introduction

Hydrogen, with unlimited producing resources, issidered a privileged alternative fuel due to
its properties, table 1, which make it the cleafigsit[1, 2]. The power output of the hydrogen-fed!
internal combustion engines, depending on fueltmgthod, can be up to 20% greater than gasoline
engines [3, 4]. The experimental researches camwiggdon spark ignition engines fuelled with
hydrogen have highlighted certain aspects of thmbustion comparative to gasoline: higher
maximum pressure of gas inside engine cylinderhdrigpressure increasing rate due to the higher
combustion rate of hydrogen compared to other fyéls6, 7, 8]; spontaneous ignition followed by
backfire (the uncontrolled ignition occurring atdnggen fuelled engines can be caused by the hot
elements existing in the inlet system or even i ¢hlinder); in-cylinder pre-ignition followed by
rapid pressure increase during the compressiokestiat leads to a loss of the engine efficienty; a
excess air ratia=1, the mixture air-hydrogen requires an ignitiorergy 10 to 30 times less than the
majority of air-hydrocarbons mixtures; [5, 6, 7hé& aspects of abnormal combustion are frequently
present at the stoichiometric air-fuel ratio whie ignition delay is reduced and the combustioa rat
is high. At lean mixturesA€1.5-2.0) these aspects disappear, but in this tt@sengine power per
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litre significantly decreases considering also thet that hydrogen participation at stoichiometric
dosage is ~30 % vol. (versus only 1.8 % for gas)lif6, 7, 8]. To avoid the engine power per litre
decreasing due to the fact that hydrogen displabesit 30% from the cylinder volume, the authors
have used the in-cylinder mixing formation methtte hydrogen being admitted after the intake
valve is closed, figure 1. Using this fuelling medhit was possible to avoid the uncontrolled bugnin

process for all engines operating regimes andatieation of the admitted air quantity.

Table 1 Properties of hydrogen and gasoline

Property Gasoline | Hydrogen
Molecular mass, [kg/kmol] 114 2.016
Theoretical air-fuel ratio, [kg/kg comb] 14.5 34.32

Density, at 0°C and 760 mmHg, [kg/f0.735-0.76(0 0.0899

Flammability limits in air, at 26C %vol| 1.48-2.3 4.1-75.6

and 760 mm Hg

A 1.1-0.709| 10.12-0.136

Flame vel(;cg(t)y&nma[')é—%r)ﬁ/g 20°C and 0.12 237
Octane Number 90-98 >130
Min. ignition energy in air [mJ] 0.2-0.3 0.018
Autoignition temperature, [K] 753-823 848-858
LO\Q/ge;SH;aOtiorg E;/nzzllu ii?'fnr;zmgtﬂg;%?' 3661 3178
760mmHg) [kI/kg] 42690 | 119600

The combustion heat release is about 24% greaariththe case of gasoline fuelled engine and
by about 43% greater than in the case of hydrogremiature outside cylinder formation [9, 10]. The
hydrogen admission after the intake valve clositaye also the cooling of the cylinder by air; thie
is subsequently used for the combustion, preverttieguncontrolled ignition and the return of the
flame in the intake system [9, 10].

Because the laminar burning velocity of the hydrogeabout twenty times greater than of the
gasoline laminar burning velocity [11], the comloistime duration at the hydrogen engine is shorter
than of the gasoline engine, the hydrogen burnimgr@ach to constant volume combustion and
engine thermal efficiency increases [12]. The widenmability of hydrogen also permits hydrogen
engine fuelled to operate at lean and very leartures and to obtain an improvement in engine
thermal efficiency [13, 14], without an importanttic variation.

For an engine running on hydrogen the exhaust gasatain carbon dioxide, carbon
monoxide, small concentrations of hydrocarbons lieeaf oil combustion inside the combustion
chamber. Nitrogen oxides exist in exhaust gaseausecof a higher burning temperature inside the
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Figure 1: a)-Direct injection of hydrogen inside the cylinder through a valve in the combustion
chamber; b)-The duration of hydrogen valve opening on the compression stroke

cylinder.The NQ concentration is much higher comparative to theoljae engine operation with
stoichiometric dosage, when the burning temperahmeases. AN=1...2, different methods can be
applied in order to reduce the exhaust,N@ission concentration: catalytic converters ig@tion
timing tuning, cooled exhaust gas recirculatione THQ, emissions level pronounces decreases at
leaner mixtures,A>2, engine operation being possible due to hydrogemelaflammability
limits (A=0.14-10.12), [8, 15, 16]. This particularity allows the use of the qualitativad adjustment
for spark ignition engine, leading to a better ergindicate efficiency at engine partial loads
comparative to the load quantitative adjustment Main objectives of this paper are: showing the
advantages of the hydrogen fuelled method, the nenginergetic performance and pollutant
improvement at hydrogen fuelled engine.

2. Experimental investigations

The experimental research was carried out on aergrental single cylinder engine derived
from a serial automotive engine with the technggacifications mentioned in table 2.
The specifications of the test engine are givetalaohe 2.
Table2 Test engine specifications

Engine type 810-99 modified
Cylinders 1
Displacement 0.322 litre
Bore 73 mm
Stroke 77 mm
Conrod length 128 mm
Compression Ratio 8.5
Fuelling Modified carburettor




The hydrogen fuelling of the engine is achievedudlgh a valve at the beginning of the
compression stroke after the intake valve closesmwdn cooling effect for the engine cylinder’s hot
parts was made by previously aspirated air to atfedoower per litre decrease, spontaneous ignition
and the back fire. The pressure in the hydrogetirigesystem is relative low (~ 0.2-0.5 MPa). A
special design hydrogen valve, fig.2a, is placetha engine cylinder head between the intake and
exhaust valves. Hydrogen intake valve, separatlyated from the standard engine’s valve system,
allows the in-cylinder hydrogen admission at thdiropm moments and in different quantities.
Hydrogen flow can be adjusted by changing the valpening time duration or by changing the
fuelling pressure [13, 17]. The hydrogen fuellinglwe is actuated by a high flexibility hydraulic
system which provides the possibility of adjustthg valve opening duration and the valve opening
timing, figure 2b. With this fuelling method it wa®ssible to avoid the uncontrolled burning process
for all operating regimes, even for stoichiomewlimsage mixtures. In this aspect the temperature
regulation of oil and cooling liquid at 80 “¥Dwas also important.

Figure 2: a-Hydrogen valve assembly: 1-inferior housing; 2- hydrogen valve; 3- pertedhdish; 4-
valve spring; 5- dish; 6-ring; 7- gasket; 8- supehousing; 9- actuator piston; 10- actuator cydimd
11- gasket; 12- Oaring; 13- recasting oil connectgpe; 14- hydrogen fueling joint; 15-threaded
sleeve; 16- gasket; 17- one-way valeHydrogen valve acting schema: IV-intake valve, EV-
exhaust valve, H2V-hydrogen valve

Figure 3 presents the test bed schema. The testdedquipped with appropriate
instrumentation in order to acquire all the pararseof high interest.

The engine is loaded by a Steinbeck B4 hydraulicdyinamometer. Gasoline flow rate is
measured by an OPTIMAS fuel mass flow meter. Thheand hydrogen quantities flow rates are
measured by two KROHNE flow meters. The engine wasgipped with a quartz piezoelectric
pressure transducer Kistler 601 A mounted in thimdgr head for in-cylinder pressure measurement.
The crankshaft angle was measured with an increxheahsducer Kubler. For each operating
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Figure 3 - Enginetest bed schema. 1. Hydrogen bottle; 2.Gasoline mass flow metefG&soline fuel
pump; 4. Gasoline consumption tap; 5. Gasoline;t@énkdydrogen consumption tap; 7. Hydrogen
fueling pipe; 8. Speed transducer; 9. Kistler chaagnplifier; 10. Kistler piezoelectric pressure
transducer; 11. Sl engine (the suspended cylirteraoted with X); 12. Engine water pump; 13. Air
flow meter; 14. H bottle pressure manometer; 15, ehgine fuelling pressure manometer; 16.
Pressure reducer; 17. Water network tap; 18. Hyidraynamometer water pump; 19. Distribuitor;
20. Ignition coil; 21. Kubler speed incrementahgducer; 22. Cooling fan; 23. Cooler; 24. Coupling.
25. Schonebeck B4 hydraulic dynamometer; 26. PChipboard; 27. Hydrogen flow meter; 28.
Hydrogen intake valve; 29. Carburettor; 30. AVL Begd000 gas analyzer

condition, 100 consecutive cycles of cylinder ppesdata were acquired and averaged by on a PC
equipped with AVL acquisition board. The exhaustissions of NOx, HC, CO and GGire
measured by an AVL DiCom 4000 gas analyzer. Altrimaentations were prior calibrated to the
engine testing. During the experimental investmadi the coolant water and lubricant oil
temperatures were strictly kept between 80 an8C90Hydrogen supply was provided by a bottle at
15 MPa pressure, using two step pressure reductarsler to achieve the fuelling pressure: the firs
step (for high pressure circuit), the hydrogen sues from the bottle is reduced at 1 MPa and the
second step (for low pressure circuit) the presdapeeases up to the fuelling pressure value, &djus

in the area of 0.1-1 MPa. The spark ignition timiags set at the optimal value for each operating
regime.

3. Results and discussions

In figure 4 thereare shown the in-cylinder pressure diagrams foolgas and hydrogen at
different dosages. The operating regimes were ezhron wide open throttle, at 3000 rpm. Spark
ignition timing was adjusted for each operatingimeg for maximum power. In case of hydrogen



fuelling the optimum spark ignition timing is snm&llcomparative to classic solution due to a much
higher burning rate of the hydrogen. Note thatydifegen supply is at dosagesiafl-1.5the curves

of pressure variation in the cylinder have a steeperease than for gasoline operation. At low
dosages)\>1.5 the curves of pressure variation in the c@imulas a smoother variation.
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Figure 4 - Pressure diagrams at full engine load and 3000 rpm

In figures 5-12 there are presented the dosageeimfe on some cycle characteristics
parameters. The maximum pressurg,.[dakes higher values at the same dosagg, for hydrogen
fuelling comparative to gasoline engine, figureThis fact confirms the result of thermodynamic
calculus, because hydrogen burning rate is grdateyasoline and for hydrogen directs injection
method the cycle heat release increases with al@9%t The increase of maximum pressure value
does not affect the engine reliability, becausertyen fuelled engine will operate wiN»1.5 when
the maximum pressure is the same to gasoline en@aee IMEP value of gasolink=1) has been
obtained for hydrogen at=1.5, fig. 8. The maximum pressure,f, and maximum pressure rise rate,
(dp/d)may have same values for these dosages, 4.5MPa, tieshe6.22 MPAICA, but the indicate
specific fuel consumption, ISFC, of hydrogen fuglel engine (8950 kJ/kWh for=1.5) is lower
than of gasoline fuelled SI engine (10500 kJ/kWihAfel). This advantage supports the operation of
the engine control strategy proposédhe attenuation factor of the maximum pressure@adsure
rate increase (the pressure rise rate depend® afothbustion rate and of the maximum pressure) is
represented by molar chemical shrinking at hydrogembustion. For stoichiometric dosage the
molar chemical shrinking coefficient at hydrogemtwstion is 0.85, and at gasoline burning a molar
expansion process takes place, the molar coeffibieing 1.05.

The maximum pressure rise rate, (dpig, for stoichiometric dosage, is higher comparative
to gasoline engine, figure 6, due to a greater ibhgrmate and shorter combustion duration for
hydrogen, figure 7. For hydrogen fuelling the maxim pressure rise rate values do not exceed
significantly the classical values at leaner migtv>1.3).
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Figure5 - Maximum pressure ver sus excess air ratio at full load and 3000 rpm
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Figure6 - Maximum pressureriserate versusexcessair ratio at full load and 3000 rpm
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Figure 7 - Combustion time period versus excess air ratio at full load and 3000 rpm



The qualitative load adjustment was applied forrbgén operating engine. At stoichiometric
dosage the indicate mean effective pressure ineseasth ~25% , figure 8, due to combustion
improvement and cycle burning release heat and ied@dse rate increasing, figure 9. For leaner
mixturesA=1-2.71, the indicate mean effective pressure, IM##treases from 1.32 MPa to 0. 6
MPa, figure 8, fact directly related with load \&on between the range100%...45%. At very lean
mixtures usagere3), the combustion duration increases, engineieffcy decreases, the combustion
instability and unburned hydrogen in exhausts gagpgear. To avoid these combustion aspects an
adjustment of the quantity load of engine at shaaltls §<45%) is recommended, the excess air ratio
being maintained in the area of 2.5-3, [21]. Thbe, hydrogen engine fuelling has a great advantage
offering the possibility of a supple load contrivbsegy, [18 and 19].
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Figure8 - IMEP versusexcess air ratio at full load and 3000 rpm
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Figure9 - Heat releaserate versus crankshaft angle

The hydrogen properties which provide a high edficly engine running at partial loads when
the qualitative load adjustment can be use are ehrhigher burning rate, flammability lower limit
and lower ignition energy [21]. At stoichiometrioghge the ISFC decreases with ~10% for hydrogen
comparative to gasoline, figure 10, because diigher burning velocity and approaching to constant
volume combustion, figure 4. Engine efficiency mases when the mixture becomes leaner up to
ALR.7 due to hydrogen adequate burning propertiedando heat loses reduction. For much leaner
mixtures the ISFC increases because the burnirdidaoralso increases, [21].



Figure 11 shows the relative NOx emission levehdsinction of excess air ratio, at full
engine load. The NCemission level is much higher comparative to tasofine engine fok=1-1.5,
because the burning temperature increases. Fohlghngen-air mixtures with excess air ratwel.5
the combustion temperature decreases and, of ¢caireguch leaner dosagksl.5, nitrogen oxides
emission level decreases very much fo2 maximum temperature is approximately 2100 K and
NOx emissions level is virtually zero, [15]). Indar to reduce NQconcentration from exhaust gases
at hydrogen fuelling foh=1-1.5, different NQ neutralisation methods can be applied by gasmssi
treatment (e.g. the use of a conventional threecatglyst -TWC), [12]. The stoichiometric dosage
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Figure10 - I SFC versusexcess air ratio at full load and 3000 rpm
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Figure 11 - Relative NO, emissions ver sus excess air ratio at full load and 3000 rpm

engine operation is necessary in order to achiele pjower and torque output, the throttle remaining
wide open. The mixtures dosages area witk 1.5 must be avoided in order to limit the NO

emissions level, [20]. The engine power decreasligeved by a throttle easy closing and by the
hydrogen consumption reduction in order to mainthie@ stoichiometric dosage. In this area the
guantitative adjustment is applied until the cqoeegling engine power on gasoline engine at the full
load is obtained. At the engine hydrogen fuellimgthe mixtures dosages ark&1.5, the throttle is

wide open and by leaning of the mixtures, corredpanengine power partial loads is obtained. Such,



engine efficiency is higher than that for gasolfttee pump loses are small), but with very low,NO
emissions level. The engine load control strategyasily applied through the proposed fuelling
method.

In order to have a general view on hydrogen engimegetic performance, figure 12 presents
the variation of brake effective pressure versugirenspeed for wide open throttle. The maximum
brake effective pressure increases with ~30% duéhé¢ofuelling method used: hydrogen direct
injection at the beginning of compression strokemParative to gasoline classic engine BSFC is
smaller for hydrogen fuelling at stoichiometric dgs, figure 13; this advantage appears due torbette
hydrogen burning properties, but as a disadvanégpears the increase of heat loses caused by a
much higher burning temperature forl. But for leaner mixtures the hydrogen enginéigficy is
clearly superior to gasoline engine. For gasolugdling the short flammability limits of gasoline
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Figure 12 Brake mean pressur e versus engine speed at full load
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Figure 13 Brake specific fuel consumption ver sus engine speed at full load

cannot provide engine running for dosage values d%é.3. For hydrogen fuelling and at the load
gualitative adjustment use for dosage values ud 05 engine efficiency decreases insignificantly,



the best results were obtained fdr2-3, figure 10. For this dosages ar@a2-4, efficiency
improvement is explained by shorter burning durgtigure 7, and heat loses decrease due to a lower
combustion temperature. For leaner mixtudes3, the increasing of combustion duration, figure 7
explains the indicate specific fuel consumptionCSRcrease, figure 10 (untN 004 the combustion

of the lean Hair mixtures may be stable because of the widgiagnlimits, [15]).

4, Conclusions

This paper has presented the advantages of ustirgdsn as fuel at Sl engine.
Direct injection hydrogen fuelled engine power isajer with almost 30% comparative to gasoline
engine due to cycle heat release increagihghe hydrogen fuelled engine ISFC is smaller careg
to gasoline engine, especially at partial loadsraipey, due to improvement of the combustion
process. The mixtures dosages area wittl.5 must be avoided to limit the N@missions level.
The engine power decrease is achieved by the lthezisy closing and by the hydrogen consumption
reduction to maintain stoichiometric dosage. Thangitative adjustment is applied in this area ustil
obtained the corresponding engine power on gaseligine at the full load. At the engine hydrogen
fuelling, in the mixtures dosages afeal.5, the throttle is wide open and by leaningritigtures is
obtained the corresponding engine power at pddads. Thus engine efficiency is higher than for
gasoline (the pump loses are small), but with vew NO, emissions level. Hydrogen fuelled engine
does not produce, like petrol engine, a lots ofypiolg substances as, CO, HC, particles and lead
compounds and Cemission. Excluding the unburned hydrocarbonshercarbon oxides provided
by oil burning inside the combustion chamber, timdy @olluting substances are nitrogen oxides
because of a higher burning temperature inside\tteder.

Hydrogen supply system used is original and offgesat flexibility in operation to establish
the engine adjustments.

References

[1] Rottengruber H, Berckmuller M, Elsasser S, Bneld, Schwarz C., A High-efficient Combustion
Concept for Direct Injection Hydrogen Internal Cambon Engine,15th World Hydrogen
Energy Conference, Paper nr. 28j-01, Yokohama, 2004

[2] Subramanian V., Mallikarjuna J., M., Ramesh Anprovement of Combustion Stability and
Thermal Efficiency of a Hydrogen Fuelled S| EngateLow Loads by Throttling, Advances in
Energy Research, 2006, www.ese.iitb.ac.in/~aer2@@@&rs/AR_168.doc

[3] Verhelst S., Sierens R., A Quasi-dimensionaldglofor the Power Cycle of a Hydrogen-Fuelled
ICE, International Journal of Hydrogen Energy 32(02), 3545 — 3554

[4] Bayer, G., Hydrogen Storage for Passenger CGds|nternational Colloquium Fuels, Esslingen,
2005, pp.407- 412

[5] Furuhama S., Yamane K., Combustion Charactesistf Hydrogen Fuelled Spark Ignition
Engine, Bul. of JSAE, nr.6, 1-10, 1974

[6] Grabner P., Wimmer A., Gerbig F., Krohmer A.ydiogen as a Fuel for Internal Combustion
Engines, 5th International Colloquium Fuels, Eggtim 2005, pp. 3-13



[7] Edmondson H., Heap M., P., The Burning VelodaifyHydrogen-Air Flames, Combustion and
Flame, 16, pp.161-165, 1971

[8] Pischinger P., Internal Combustion Engines tbg#n Fuelling, MTZ, 37, 3, 71-72, 1976

[9] Negurescu N., Researches related to the Sidgydr fuelled engines, PhD Thesis U.P.B., 1980

[10] Negurescu N., ,Pana C., Popa M. G., AspectgaRing the Combustion of Hydrogen in Spark
Ignition Engine, SAE 2006-01-0651, in Hydrogen I@gkhes SP-2009, pp.51-64

[11] Heywood B., J., Vilchis F., R., Comparisonkiame Development in a Spark Ignition Engine
Fuelled with Propane and hydrogen, Comb. Sci, auhit., vol. 38, 1984

[12] Shudo T, Nabetani S, Nakajima Y. Analysisiu tdegree of constant volume and cooling loss in
a spark ignition engine fuel led with hydrogenehmational J ournal Engine, Res 2001; 2:81e92.

[13] Rankin DD. Lean combustion technology and oaintLst ed. London: Elsevier; 2008.

[14] Shudo T, Omori K, Hiyama O. NOx reduction aN®2 emission characteristics in rich-lean
combustion of hydrogen, International Journal Hgewo Energy 2008; 33:4689e93

[15] Berger,E., Bock, C.,Fisher, M., Gruber, M. e&gen,G., Rottengruber, H., The New BMW12-
cylinder Hydrogen Engine Clean Efficient and PowkNehicle Powertrain, FISITA World
Automotive Congress, 2006, YOKOHAMA, paper F2006#11

[16] Verhelst, S., Verstraeten, ST., Sierens, RomBustion Strategies and NOx Emissions for
Hydrogen Fuelled IC Engines, FISITA World Automa&ivCongress, 2006, YOKOHAMA,
paper F2006092

[17] Pana C., Negurescu N., Popa M. G, , BobocGarnat AL., Soare D, An Investigation of the
Hydrogen Addition Effects to Gasoline Fuelled Spimition Engine, Paper No. 2007-01-1468,
SAE World Congress 2007, Detroit, Apr. 16-19, IS&M8-7191

[18] Verhelst, S., Maesschalck, P., Rombaut, Neresis, R., Efficiency Comparison Between
Hydrogen and Gasoline, on a bi-Fuel Hydrogen/Gasokngine, International Journal of
Hydrogen Energy 34 (2009) 2504 — 2510, pp. 2504251

[19] Sinclair L., A., Wallance J., S., Lean Limitniissions of Hydrogen-fuelled Engines,
International Journal of Hydrogen Energy, Volumds8ues 1-2, 1984, pp.123-128

[20] Sakthinathan G., Jeyachandrou K. , Theamktimd Experimental Validation of Hydrogen
Fuelled Spark Ignition Engine, Thermal Science,NS¥54-9836, 2010, Vol. 14, No. 4, pp.
989-1000

[21] Pischinger P., Einsatz von Wasserstoff beabvnnungsmotoren, MTZ, 37, 3 (1976), pp. 71-72



