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Investigation of a new concept of hydrogen supplyof a spark-ignition engine

The article presents the results of conceptual @seéarch works of an internal combustion enginepaéethfor hydrogen supply. The
engine was equipped with a direct injection of logdm into the combustion chamber, allowing the rabmif the heat release rate. The
developed concept of the power supply system anfLgh injection strategy were presented. Initiesults of bench tests were also

presented.
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1. Introduction

The rationalization of energy use requires seaccfon
new carriers that in the future may be widely sl and
their use will not cause environmental changes.rétyen
is predicted to be hydrogen in the near future. st
rational use of this fuel in the application to i engines
is considered as fuel cells in which the efficiemfyenergy
conversion exceeds 50%. Currently however, thee
serious technological limitations, as well as eeoiwocon-
ditions that require solutions before the widesgripaple-
mentation of this type of power units for transpétowev-
er, it is possible to use hydrogen as a fuel fastqoi
combustion engines, which has a valid practicdifjoa-
tion. On the one hand, the existing potential @& fiston
engine industry and the service facilities of thjpe of
drive units will be used, and on the other handyiit be
a period in which users will be prepared to usewa type
of energy carrier. For this reason, research ceriterhy-
drogen supply systems for piston combustion engares
being carried out in many research centers, ansoine

[Nm*Nm?], from which it follows that in the stoichiometric
mixture the volume of hydrogen is about 30% of tioé
ume of the total charge delivered to the cylindEnis
results in a significant reduction in the unit pove the
hydrogen-powered engine compared to the supplyyef h
drocarbon fuels. In addition, when the engine isvgred
with a stoichiometric hydrogen-air mixture thereaisigh
aiisk of self-ignition of the mixture in the inlehannel. Such
a situation may for example, occur in the case rafon-
trolled backflow of the flame from the combustidmamber
during the co-opening of inlet and outlet valvebeTmix-
ture formed in the inlet channel heats up from hbves
and from the cylinder walls during the filling pess, then
is compressed and is subject to a strong swirls@phe-
nomena lead to increased internal and kinetic enefghe
hydrogen-air mixture, which promotes uncontrolleadf-s
ignition. Then, the pre-ignition reactions integgifrowing
with the load, increase the risk of self-ignitionamomalies
in the combustion process.

The hydrogen direct delivery systems into the casabu

cases advanced operational tests of such typegiwd d tion chamber just after the filling process areodaown.

sources are being carried out. In connection Viighatbove,

This method of feeding motors with hydrogen shows a

the undertaking of scientific research and develmm analogy to the direct injection of liquid hydrocarbfuels.
works on the development of hydrogen supply systisms This is accomplished by a mechanically or electsica

justified in every case.

2. Hydrogen fuel systems for internal combustion
engines

controlled valve. Hydrogen is supplied to the ibjes at
a pressure of (5—-10) MPa. Such a high fuel predsefiae
the injector results from the necessity of delingrihe right
dose of hydrogen in a short time, and also bectheséy-

In currently used hydrogen fuel systems for interngjrogen injection takes place at variable pressurtaé en-
combustion engines, hydrogen is supplied in a g@seqgine working space. The direct injection of hydnogeto

form by dosing to the inlet channel or directlythe cylin-
der. The method of creating a hydrogen-air mixiaréne
inlet channel of the engine is currently the masihmon
method of feeding piston engines. It should be ahabtet
this method of hydrogen supply is also used wheplicg
tion of hydrogen as an additional fuel in spark aod-
pression ignition engines takes place. With thishoe, an
increase in the repeatability of ignition can bhiaeed for
the low load range of spark ignition engines. la tlase of
supplying hydrogen to the inlet channel, this isame-
plished via a mixer or a metering valve that is Inaegcally
or electrically controlled. This way of feeding thotor
causes a low density of energy supplied to thendgi.
This is due to the high volume fraction of hydrogerthe
mixture, relative to the mixture formed with liquidels.
The stoichiometric constant for hydrogen

the cylinder also increases the weight of the loadhe

working space, which results in a significant irage in the
unit power of the engine. In addition, such a metlod

hydrogen delivering to the cylinder effectivelymelhates
the problems of hydrogen self-ignition in the irdaghan-
nels and reduces the problems of the combustiomalnes.

The problem, however, is the course of the hydregjen
mixture combustion process in the working spacehef
reciprocating internal combustion engine, becausdhée

case of engine feeding with a stoichiometric hyerogir

mixture, the self-ignition phenomenon may occurobef
the flame is initiated from the electric dischargbe prob-
lem is also the high value of the pressure increfi&d ,

especially for a hydrogen-air mixture with a stodchetric

composition.

is 2.38
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3. The concept of a hydrogen combustion system in

internal combustion engine

At Cracow University of Technology a power systen

was developed, in which the main hydrogen doseels d
vered directly to the engine's working space during

combustion process. This new hydrogen and air mextu

creation and combustion system may be a reasowmoid a
problems associated with the self-ignition of tloenbus-
tion mixture or anomalies. Using the wide rangédlam-
mability of the hydrogen-air mixture it will be pible to
both qualitative and quantitative control of thegiee po-
wer. The concept shows that in the initial phasthefpro-
cess, during the filling process, a lean mixturk be creat-
ed with a composition that allows it to be ignifiedm the
electric discharge on the spark plug. The compwsitf the
mixture should be selected so that the engine aak m
the entire speed range without load, overcoming iorier-
nal resistance. The role of this first part of fhel dose is
only the initiation of the combustion process, whthe
remaining main part of the dose is being deliverledg the
process. Due to the high combustion rate of thedgeh-
air mixture, the supply of hydrogen already durithg
combustion process must be such that the ditie must
not exceed about (0.3-0.7) MBQUA. It should be noted
that the assumed pressure increase of 0.3%aR¥%/ is
usually the maximum value found in spark ignitiogimes,

while the value 0.7 MP2Z.A. corresponds to the pressure

increase for the normal combustion process inigaifion
engines.

The proposed concept of hydrogen injection durfrey t
combustion process may allow the use of both quislé
and quantitative power control. The choice of ragoh
will depend on the pressure rise values obtained fgiven
engine load value, taking into account the criterad the
highest overall efficiency of the engine.

4. Research object and test bench

The object of experimental tests was a single-dgin
self-ignition engine Kipor 186F, whose technicatadés
presented in Table 1.

Table 1. Technical data of a test engine adaptehyfdrogen supply

Model Kipor 186F

Item Unit

Type of engine Single-cylinder, vertical 4-strakie
cooled diesel

Cooling system Forced air cooling by flywheel fan

Combustion Direct injection system

system

Bore x Stroke mm 86 x 70

Displacement drh 0.406

Compression - 19.3

ratio

Power output kW Continuous 6.6 , Maximum 7.4

Speed rpm 3600

The engine has been adapted for spark ignitionhgnd
drogen supply, directly to the combustion chamber.this
purpose, an additional hole for screwing in therlsgdug
was made in the cylinder head and a hole for sogwi
the pressure sensor. Design changes of the cylimelzd
are shown in Fig. 1.

Fig. 1. The scope of structural changes of therengead adapted for
spark ignition and direct hydrogen injection

In the engine being the subject of tests, the catndu
chamber, typical for the compression ignition eegiis
located in the piston. It has been changed andgada
thanks to which the shape similar to so-called Hartwam-
ber has been obtain and the compression ratio alsemle
from 19.3 to 15.1. These changes were necessarypdhe
need to ensure a strong turbulence of the loaddardto
the protection of the combustion system againstraties.
The design changes of the combustion chamber ipithe
ton are shown in Fig. 2.

Fig. 2. Piston with a standard (left) and enlargedhbustion chamber
(right)

The engine has been equipped with throttle, widéban
lambda sensor, sensors measuring the intake aixdralist
gas temperatures. Exhaust gas sampling probesébysis
are placed in the exhaust system. The stand has bee
equipped with a hydrogen consumption measuremesnt sy
tem, ignition timing adjustment system and hydromgec-
tion time control system, as well as a system tllaivs
changing the angle of hydrogen dosage. The computer
program written in the LabView environment was m@sp
sible for managing changes in the engine's regugbia-
rameters as well as for acquiring measurement data.

The engine was placed on a test bench equippedawith
eddy current brake from firm Schenk type W70. Fey@r
presents the tested engine, equipped with conticbinaeas-
urement equipment, placed on the test bench.

The computer control program, developed in the Lab-

View environment, allowed not only for the archigirof

measured physical quantities, but also for theirreru
preview. This was very beneficial, especially dgrithe
initial measurements, when the range of variatibmai-

vidual parameters was determined and disturbanezs w

identified. Figure 4 shows the window of the pragreon-
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trolling the cylinder's indication of the enginerig tested.
This type of preview allowed for the current idénétion
of combustion anomalies.

Fig. 4. Window of the current preview of cylindedication

The remaining measured parameters were presentec

the form of a digital record in determined rangésalues,
where the exceeding of a given range was signajed
a change in color. Figure 5 shows the window of ghe
view of measured parameters.
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Fig. 5. Windows of the control program controllitige parameters of the
eddy current engine break and the tested engine

5. Research methodology

Hydrogen-powered engine tests were carried out
a constant rotational speed of n = 2500 rpm. Fareace
purposes, preliminary tests were carried out wittlirect
hydrogen injection into the intake duct during ffileng

process. The basic research was carried out windlelyng
the engine with direct injection into the workingase of
the cylinder during the process of compression artzse-
guent combustion. The essence of the researchona®-t
ate regulatory characteristics of the hydrogenraixture
composition for different engine load values. Thargye of
the load of the motor was made by changing theesegf
throttle opening, while the composition of the rape was
regulated by the change of the injector opening timith
constant hydrogen supply pressure. In the referéssts,
when the engine was fed to the inlet channel, tigdeaof
the injection beginning was constant. In the basefts
during direct injection feeding, the value of thgection
advance angle was individually selected based ercriite-
rion of the highest value of torque, taking inte@mt the
knock combustion limit. A similar criterion was giled
when selecting the ignition advance angle valueath
engine work point. The hydrogen injection starteslirdgy
the compression process, while the main part ohtjuzo-
gen injection was injected after the spark ignitilaming the
combustion process.

6. Investigation results

The results of the initial reference tests of inigeged
engine equipped with the hydrogen injection systenihe
intake duct, prepared for three selected throtfiening
degrees of 12.5%, 25% and 50% respectively, ararsiim
Fig. 6. When working with a small load, the engewaild
work properly, without knocking effects, while feed
a mixture with a composition of = 1.4. There was then
a reduced efficiency of the engine, due to the hiebhnd
the increased share of mechanical losses in nelatidhe
value of the torque developed. During operatiorh\&0%
load, the correct engine operation was possibléevibed-
ing the mixture with the composition of= 1.85, at which
point the lowest value of unit fuel consumption was
tained.
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Fig. 6. Regulation characteristics of the mixtuoenposition for selected
engine loads (hydrogen injection into the intaksepi

The use of direct hydrogen injection into the cgén
resulted in a significant extension of the scopeafect
engine operation, without occurrence of knock costibn
in the richer mixture. For the three selected Istates, it
was possible to operate the engine properly witlkaotk-
ing effects when feeding with the hydrogen-air miigt
close to the stoichiometric composition. This reeilin
a, significant increase in torque. Direct injectiohhydro-
Sgn into the cylinder which also lasts after thevorence
of spark discharge, significantly reduces the domnaof
pre-flame phenomena, when there is a strong chaniza-
tion and thermal dissociation of hydrogen molecules
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Therefore, the influence of load to any combustiooma- sure increase (up to 0.4 MP@J/A.). During hydrogen in-
lies is less visible and the process of heat relezsurs jection to the inlet channel, where the maximumsguee
more slowly than during the combustion of homogerseo value was approx. 2.5 MPa and the rate of pressarease
charge prepared in the filling process. was less than 0.15 MP@&/A. In both cases, the criterion of
absence of knocking effects was retained. A sinmitda-
1 —_— tionship was obtained during measurements for tlbrot
Ty — opening of 25% (Fig. 9). In this case, when theiremgvas
 —— Nﬁ supplied with direct hydrogen injection, the maximu
- - cylinder pressure of almost 4 MPa was obtained, taed
=X - - pressure rise rate was 0.45 Mi@aA. Hydrogen injection
into the intake duct allowed for a maximum pressofe
approx. 3 MPa, and the rate of pressure increaseapa
[ prox. 0.16 MP2C.A.

Fig. 7. Regulation characteristics of the mixtuoenposition for selected 4po0 o
engine loads (direct injection of hydrogen into tigéinder) e

Positive effects of using direct hydrogen injectiato .
the cylinder are confirmed by indicator diagramsieDlo o
the high rate of hydrogen combustion, both durimjgdtion S —

into the intake duct and during direct injectiognition of Fig.9. Indicated engine pressure graph with hydndggection to the inlet

the_ mixture occurred near the TDC position O_f &AM, channel (left) and direct injection (right) (thietbpening 25%, air excess
which was the most advantageous from the pointesf of number = 1.6)

engine operating parameters. Fig. 8 presents thétseof
cylinder pressure measurements for different hyenog
supply methods prepared for a throttle opening 26%
and a constant value of the air excess number=of.4.

6. Conclusions

The use of direct hydrogen injection, in relationthe
injection of hydrogen into the inlet channel, sfgaintly
widens the range of correct engine operation, witho
knocking occurrence. Adoption of an appropriateedtir
injection strategy allows the combustion of a loaith
a smaller value of the excess air coefficient, apghing
the stoichiometric composition. As a result, a leighalue
of the maximum cylinder pressure and significarbtter
operating parameters of the engine are achieveal sifimif-

Fig.8. Indicated engine pressure graph with hydndggection to the inlet |cantly hlgher Cy“nder pressure increments ocegrat the

pipe (left) and direct injection (right) (throttiepening 12.5%, air excess S&me time C!O not _Iea(_j to knocking eﬁeCtS- _The iegpl
number =1.4) strategy of direct injection of hydrogen into thistpn en-

gine cylinder during the compression process ardctm-
When the engine was fuelled by direct injectiore thbustion process allows the use of hydrogen asladlie
maximum combustion pressure of the mixture wasrlglea fuel, which can replace standard hydrocarbon fuels.
higher (about 3.5 MPa) as well as the higher réteres-
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