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Abstract. Studies on the influence of applying various technologies for combustion knock reduction have been presented
in the paper. Among others, investigation concerning the following: over-expanded cycle, variable valve timing, internal
and exhaust gas recirculation, leaning the combustible mixture and cooling the in-cylinder charge were of the interest.
The research works were focused on impact of these technologies on both knock intensity reduction, and engine performance
and toxic emissions. Results presented in the paper were coming from experimental investigation based on in-cylinder com-
bustion pressure data acquisition. Additionally, knock intensity calculation methods were discussed. They are based on
in-cylinder combustion pressure pulsations. Combustion knock intensity expressed by the maximum peak of the in-
cylinder pressure pulsations shows a strong negative correlation with both the EGR ratio and relative equivalence ratio —
lambda. With respect to a catalytic converter installed on the exhaust pipe line, applying EGR appears as better solution for
knock reduction then leaning the combustible mixture because the catalytic converter needs stoichiometric mixture for effec-
tive NO, reduction. Furthermore, application of the over-expanded cycle to the hydrogen or coke gas fueled IC engine signifi-
cantly reduces intensity of potential knock by 50 % in comparison to Otto cycle for all loads. Additionally, over-expanded
cycle contributes to increase in engine thermal efficiency. Summing up, all the presented measures and technologies can be
successfully implemented into practice in stationary engines as well as in traction engines, both of them working on either
natural gas or gaseous renewable fuels.
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Mepbl 10 yMEHbIIEHUIO CTYKA B TA30BOM JIBHraTe/ie BHYyTPEHHEro CropaHmsi
C. IIBaiis"
VYencroxoBckuit Texnonornueckuii yanpepeurer (Yencroxosa, Pecrry6muka [osba)

Pedepar. B cratbe nsydaercst BusHUE pa3INUHbIX TEXHOJIOTHI HAa yMEHbIIEHHE IETOHAIUMY IpU cropanuu. Cpeau paccMat-
pHBaeMBIX BOIIPOCOB CJICAYET YIOMSHYTh CIEAYIOIIHe: CBEPXPACIIMPEHHBIH LMK, peryiupyemMsie $a3bl ra3opacipeeieHus,
BHYTPCHHSSI PEIUPKYIIALHS U PELUPKYISINSA 0OTPaOOTaHHBIX Ia30B, 0OSIHEHNE TOPIOUeH CMECH M OXJIaXIECHHE 3apsaa B IIU-
muHzape. VcenenoBanust HalpaBiIeHb! Ha W3y9YeHHE BIMSHUS HCIOJB3yEeMbIX TEXHOJIOTHI Ha CHU)KCHHE MHTCHCHUBHOCTU JETO-
HalWH, BPEIHBIX BEIOPOCOB M PaboTy JBHUTATENsl. Pe3ylbTaThl HCIIBITAaHUH MTOJIy9eHBI B XOJI€ SKCIIEPUMEHTAIBHBIX HCCIICIOBAHHUH,
OCHOBaHHbIX Ha cOOpe JaHHBIX O JaBJICHUH CrOPaHUA B LIMHAPaX. KpoMme TOro, M3y4anuch METOABI pacueTa MHTEHCUBHOCTH
JETOHAIMH. DTH METOZIbl OCHOBAaHbI Ha My/NbCALMSAX AABJIEHHs CrOpPaHUs B IWIMHIpaX. VIHTEHCHBHOCTH JETOHALMM CrOpaHUs,
BBIP)KEHHAs] MAKCUMANbHBIM MHKOM IyJIbCAIUil JaBIEeHHS B LIIMHIPE, MOKA3bIBAET OTPULATENbHYIO KOPPEIAIMIO C OTHO-
IIeHHEM KaK PelHpPKYSIIUN OTPaOOTAaHHBIX Ta30B, TaK M C OTHOLIEHHEM OTHOCHTEIBHON SKBUBAJICHTHOCTH — JsiMOxa. Uto
KacaeTcsl KaTaJUTHYECKOro HeHTpanu3aTropa, YCTAHOBICHHOTO HA JMHHU BEIXJIONHOW TPyOBI, NPUMEHEHHE PELUPKYISIUN
0TpabOTaHHBIX Ta30B MPEACTABIISECTCS JyUYIIUM PEIICHUEM A YMEHBIICHHMS JETOHAINH C IOCIEIYIONMM O0CIHEHUEM To-
proueil cMecH, MOCKOJIBKY KaTallUTHYECKOMY HeHTpain3aTopy TpeOyeTcst CTeXuoMeTpH4eckas cMech Uil 3 (EeKTUBHOTO I10-
JaBJIeHHs OKHUCIOB a3oTa. IIpu 3ToM mpuMeHeHHe Ype3MEpHO PAaCHIMPEHHOTO IMKJIA K ABUraTelll0 BHYTPEHHETO CropaHus,
paboTaroleMy Ha BOJOPOJE WM KOKCOBOM Ta3e, CHIKAET HHTEHCUBHOCTh MOTEHIMANIbHOI feToHamu Ha 50 % 1o cpaBHe-
U0 ¢ nukioM OTTo mpw Bcex Harpyskax. Kpome Bcero mpodero, 4pe3MepHO pacHIMpeHHBIH IUKJI CHOCOOCTBYET yBEINH-
YEHHUIO TEIUIOBOTO K0o3(GHIMEeHTa ToJIe3HOro AeiicTBus apuratens. O000mas pe3ynpTaTsl HCCIeIOBAaHN, MOXKHO CKa3aTh,
YTO BCE NMPEATIOKEHHBIE MEPHI M TEXHOJIOTUH MOTYT OBITH YCIICITHO PeaJn30BaHbI HA MPAKTHKE B CTAIIMOHAPHBIX JBUTATEIIX,
a TaKoKe B TATOBBIX JBUATENAX, paOOTAOMIMX Ha IPUPOIHOM Ta3e WM ra3000pa3HOM BO30OHOBISIEMOM TOILIHBE.
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Strong environment protection regulations on
carbon dioxide emission from vehicles force scien-
tists to work on several liquid and gaseous sub-
stances which can substitute fossil fuels. Thus, in-
vestigation is concentrated on applying hydrogen
or biomass based fuels as alcohols, bio-oils and
methane rich gases for this purpose. It was found
that alternative fuels can be burnt in both spark
ignition and compression ignition engines as it was
discussed in. However, burning gaseous renewable
fuels in compression ignition engines needs a pilot
diesel fuel for combustion initiation. On the other
hand, the spark ignited engine features with knock
effect occurring at unfavorable operating condi-
tions, particularly in case hydrogen is applied as
a fuel. As far as knock comes from auto-ignition
of premixed combustible mixture, such pheno-
mena might also be observed in a dual-fuel com-
pression ignition engine fueled with premixed
gaseous fuels.

Among other things, combustion knock is one
of the most important constraints, which signifi-
cantly reduces both the performance, torque output
and efficiency of the spark ignited (SI) internal
combustion (IC) engine. On the other hand, hyd-
rogen as a gaseous fuel for the IC engine, gives it a
significant advantage over other commonly used
fuels including gasoline, diesel, and ethanol [1].
Thus, mixture of hydrogen and natural gas can
be considered as valuable fuel to the SI engine.
20 % H, in natural gas mixture is known as
hythane and was successfully implemented in test
buses. These advantages include potential of near
zero emissions of the regulated emissions of car-
bon monoxide (CO), nitric oxides (NO,), and hyd-
rocarbons (HC) while simultaneously eliminating
carbon dioxide (CO,) emissions, and greatly im-
proved cold start capability. Hydrogen’s combus-
tion properties enable the development of an en-
gine that would meet all current and future emis-
sions standards. It is reported [1, 2] that hydrogen
as engine fuel has great potential for improving
engine thermal efficiency due to its rapid combus-
tion, which approaches the ideal constant-volume
heat release combustion process.

Combustion knock results from the sponta-
neous ignition of the end gas mixture inside the
engine cylinder ahead of the propagating flame [3].
When this abnormal combustion occurs, there is
a rapid release of the chemical energy in the

340

remaining unburned mixture, causing high local
pressures and generating propagating pressure
waves in amplitude of several hundred (kPa) across
the cylinder space. These pressure waves are
transmitted through the engine body and results in
the combustion ping heard by observers. The large
amplitude pressure waves of the hot combusted
gases in the cylinder are the primary reason for
mechanical engine failure through increased ther-
mal and mechanical stress (Fig. 1). The pressure
waves that result from combustion knock occur
at frequencies that are acoustic vibration modes of
the cylinder geometry. Hence, intensity of combus-
tion knock can be easily calculated on the basis
of high frequency oscillations on pressure inside
the engine cylinder during combustion. The ampli-
tude of these oscillations can be as high as peak of
combustion pressure, so they could increase the in-
cylinder pressure twice [4—6]. This combustion
causes faster wear of the engine, thus from this
point of view is considered as unwelcome combus-
tion phenomenon.

Fig. 1. Piston damaged by the severe knock (a)
details on piston rings (b)

Detection of combustion knock is the necessary
measure in the modern engine control system to
prevent the engine from working with abnormal
combustion as combustion knock is. The detection
is usually realized by a vibration sensor installed
on the engine body. There is almost linear correla-
tion between knock intensity and engine body vi-
bration, thus such monitoring of combustion knock
can be easily conducted. Although, running the
engine under knock is undesirable due to shorte-
ning the engine durability, but working just at the
edge of combustion knock can provide favo-
rable conditions for maximum engine performance.
It is particularly observed when bad quality fuels
are applied. The knock detecting system provides
real-time monitoring of the engine and in case of
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the knock the control system retards spark timing
to eliminate this improper combustion. The best
for the engine is to work without the knocking.
Thus, prediction of potential combustion knock is
the main target of research in the field. It parti-
cularly stimulates development in knowledge of
knock genesis, knock precursors, fuel properties,
cylinder design, etc. Theory and modeling the
combustion knock can be valuable tools for com-
putational simulation of engine working cycles
and their analysis. Although, several, experimen-
tally determined, correlations between knock inten-
sity and quantities as pre-ignition temperature and
ignition lag are satisfactory recognized, but origin
of this phenomenon still needs to be theoretically
examined in details. Thus, it makes the sub-model
of combustion knock more universal and provides
opportunity of knock prediction in various engine
types as well as experimental models do it for
specified engines with limits in working con-
ditions.

Combustion knock occurring in the IC spark
ignited engine is a phenomenon, which is sensitive
to several quantities. They can influence on knock
intensity at various impacts. Several quantities are
identified and their impact on the knock is more-
less recognized. They can be distinguished as fol-
lows:

e temperature of pre-ignition gases — it has signi-
ficant impact on an induction time (pre-ignition re-
actions) and strongly impacts on combustion
knock [1, 4]. Compression ratio is one of the parame-
ters influencing on the pre-ignition temperature;

e O-H (oxygen to hydrogen) ratio, which might
be expressed by the lambda — relative equivalence
ratio, which is a factor showing hydrogen active radi-
cals dilution in fresh combustible mixture;

e oxygen dilution in the intake charge — pro-
vided by exhaust gas recirculation (EGR);

e presence of hot spots, exhaust residuals —
they can work as extra sources for uncontrolled air-
fuel ignition;

e initial swirls, intake manifold shape, combus-
tion chamber shape;

e engine load — fuel dose — higher engine load
requires higher amounts of fuel delivered to the
engine cylinder, hence it provides energy released
during combustion and also influences the knock
intensity.
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Majority of these above mentioned quantities
are not independent from each other, for example
fuel dose and lambda, that could change the knock.
As known through literature survey [1, 2, 7, 8],
research on knock reduction in the SI engine
by diluting air-fuel combustible mixture is rich
of credible results. It is confirmed, that engines
working on air-gas lean mixtures are more resistant
to knock [7]. Similar impact is observed, while ap-
plying EGR. It contributes to remarkable reduction
in knock intensity [8]. These both measures can be
used to reduce knock intensity in stationary gas
fueled engines for heat and power generation.
The paper presents measures to effectively reduce
combustion knock intensity even to completely
eliminate it. Therefore, there are two major effec-
tive methods to reduce combustion knock in the
engine. Knock can be reduced by either applying
EGR or fueling the engine with lean air-fuel mix-
ture. Investigation presented concerns impact of
both these measures on reducing combustion
knock intensity in the SI reciprocating engine
fueled with hydrogen rich gases. Investigation in-
volves hydrogen and natural gas as fuels to the IC
engine. Hydrogen addition to methane contributes
to increase in laminar flame speed (LFS) of this
combustible mixture, that shortens entire combus-
tion duration in the engine cylinder and finally
leads to higher engine overall efficiency. Natu-
ral gas with a calorific value of 9.7 kW-h/nm® con-
stitutes a high-value fuel for effective power ge-
neration.

Knock intensity determination

As mentioned, knock intensity is determined
on the basis of pressure pulsation intensity. Fig. 2
and 3 presents combustion pressure and high-pass
filtered pressure pulsations for hydrogen combus-
tion in the SI engine under two various compres-
sion ratios (CR) of 10 and 12. As observed, pres-
sure pulsations from Fig. 3 (CR = 12) are seve-
ral times higher than these from Fig. 2 (CR = 10).
Hydrogen as a fuel was not selected by coinci-
dence. It is observed, that pressure pulsations
start immediately after combustion development.
They are not formed at the end combustion phase
as is typical for gasoline knock. As seen in Fig. 4
combustion knock by end-gas self-ignition is ac-
companied with high MFB (Mass Fraction fuel
Burnt) rate.
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Fig. 2. Plots for engine work cycle at light knock for CR = 10:
a — in-cylinder combustion pressure; b — high frequency pressure of the combustion pressure
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Fig. 3. Plots for engine work cycle at light knock for CR = 10:
a, b —also as in Fig. 2
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Fig. 4. Rate of MFB for the engine with CR =10 (a) and CR =12 (b)

Knock metrics. There are several metrics for
in-cylinder pressure pulsations. Here the peak
pressure (PP) is proposed as the credible metrics
which are easy to be determined. Thus, PP metrics
from an individual combustion event as defined as
follows

PP, = max [ [HFPO,(1)|]. (1)
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And PP for test series can be calculated
1 i=n
PP=—>» PP, 2
nZ l ©)

where PP; — peak pressure (PP) of the HFPO; taken
from the single combustion event (Fig. 5a);
PP — mean of the PP; (test series usually contains
120 combustion events) (Fig. 5b).
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Fig. 5. Graphical interpretation of the PP; for a single combustion event (a),
the PP for a test series consisted of 300 consecutive combustion events (b)

Based on the PP metrics correlation between
knock intensity and compression ratio was deter-
mined for the hydrogen SI fuelled engine (Fig. 6).
As seen, combustion knock to specific limit fea-
tures with so-called combustion instabilities, which
come from unstable combustion. Typical knock
as end gas self-ignition defined by Heywood for
the gasoline fueled engine starts with its intensity
several times higher, as seen for CR over 12
in Fig. 6 [9].

1600

1400 -
1200 -
1000 -

Combustion
800 4 instabilities

600 -

PP, kPa

400 -
200 -

Y

5 6 7 8 9 10 M 12 13 14 15
Compression ratio

Fig. 6. The averaged intensity PP vs compression ratio
for the hydrogen fueled engine and pressure oscillations
corresponding to specific compression ratios.
Tests were conducted with hydrogen-air stoichiometric
mixtures at ST =0 deg

In-cylinder exhaust residuals impact

In-cylinder exhaust gases residuals (ExR) influ-
ence on engine in-cylinder combustion progress as
diluent. However, exhaust residuals can differ from
external EGR with temperature and moisture con-
tent. As known, diluent simply lengthens com-
bustion duration, so reduces combustion knock
intensity. In this case, higher exhaust residuals
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might lead to opposite correlation due to increase
in temperature of fresh charge by higher ExR con-
tent [10, 11].

Experimental set-up. The tests were con-
ducted on the single cylinder research engine based
on Ricardo’s Hydra platform. The engine specifi-
cations are provided in Tab. 1 [10].

Table 1
Specifications of the single cylinder Hydra engine [10]
Parameter Description
Base engine GM Ecotec GEN II LAF
Bore 86.00 mm
Stroke 94.60 mm
Connecting rod length 152.5 mm
Wrist pin offset 0.8 mm
Displacement 0.55 dm’
Compression Ratio 10.93:1
PFI injection Methane
Cam Phasing Dual independent high authority
Prototype for full set-point
Engine Control operation of throttle, fuel,
spark, cams, etc.

The engine setup is shown in Fig. 7a. Variable
valve overlap was achieved through phasing the in-
take valve timing relative to a fixed exhaust valve
timing. The intake valve cam center line loca-
tion (ICCL) varies from 90 to 150 crank angle (CA)
deg after TDC (top dead center), while the exhaust
valve cam centerline location (ECCL) was fixed
at 95 CA deg before TDC. The valve profiles are
shown in Fig. 7b. Detailed test specifications are
provided in Tab. 2.
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Table 2
Specifications of the tests
No Parameter Test 1 Test 2
1 |Engine speed 1250 rpm 2000 rpm
2 |Relative air to fuel ratio “lambda” 1.00...1.04, nearly stoichiometric 1.01...1.04
combustible mixture
Fixed load NMEP (450 £ 7) kPa (450 £ 7) kPa
4 |Fixed location for 50 % fuel burnt CA50, to
obtain MBT, which is the highest for CA50 of
7°-10° CA after TDC 7.2°+0.5° CA 8.1°+0.5° CA
5 |Data Acquisition 300 consecutive combustion cycles per test
Exhaust emission The emission were logged for 60 s at sample rate of 1 Hz
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Fig. 7. Hydra engine setup (a), intake and exhaust valve lift profiles (b)

Results and discussion. As observed in Fig. 8
ExR plots are in line with engine overlap. More-
over, higher engine rotational speed (2000 rpm)
forces higher exhaust residuals percentage ratio.
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Results presented in Fig. 9 confirm that higher
ExR contributes to shorter combustion duration,
both for these two specific phases: CA0-10 and
CA10-90. Hence, temperature impact from higher
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ExR on combustion duration is more significant
rather than its dilution.

As expected, shorter combustion duration is
strictly correlated with higher heat release rate
(HRR) as depicted in Fig. 10.
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Fig. 8. Correlation between overlap
and exhaust residuals (ExR)
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Fig. 9. CA0-10 and CA10-90 combustion phases vs overlap
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Fig. 10. CA10-90 vs HRR

Knock intensity expressed by metrics PP goes
down with higher overlap, as is seen in Fig. 11.
The correlation is strongly exponential, hence one
can conclude that it is influenced by chemical reac-
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tion rate that is affected by both temperature and
exhaust residuals content in the fresh charge.
160
140 o
Lambda = 1.0

120

100

80

R*=0.9462
60

40

Knock intensity PP, kPa

20

0
20 30 40 50 60 70 80 20

Overlap, CA deg
Fig. 11. Knock intensity PP vs overlap

External exhaust gases impact

As mentioned, diluent can reduce knock inten-
sity. Exhaust gases consisted of two major species
CO; and H,O can play crucial role in diluting
combustible mixture without changing its equiva-
lence ratio (relative equivalence ratio A). As ob-
served in Fig. 12a,b both higher percentage
of EGR and higher ratio of leaning the combus-
tible mixture leads to increase combustion dura-
tion [7, 8].

Target of the research works was to answer
which measure (EGR or lean mixture) for air-fuel
mixture dilution with respect to reducing combustion
knock is more effective. To solve this problem, the
dilution ratio ¢ was introduced follow the equation

1 =— 100 %, 3)
Ny + Ny

where y — dilution ratio in percentage; n,, — number
of moles (including fuel and oxidizer) of the stoi-
chiometric air-gas mixture; n;; — number of moles
of additional gas working as a diluent.

This dilution ratio y, expressed as diluent mole
percentage, makes it possible to compare knock
reduction by EGR with knock reduction by lean
mixture.

Dilution ratio defined with the equation (3)
depends on lambda — relative air-fuel equivalence
ratio in case the diluent is air. Hence, following the
equation (3) a lean combustible mixture can be
treated as the stoichiometric mixture diluted in
extra amounts of air. If EGR is applied for diluting
the mixture, then the dilution ratio 7y, is a function
of the EGR ratio.
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Fig. 12. In-cylinder pressure traces for various lambdas (a) and for various several EGR levels (b)
during hydrogen combustion in the CFR engine

In case of applying the EGR as diluent, then
the dilution ratio can be expressed as follows:

Ko =100 %, @

Ny + Nggr

where n, — number of moles of exhaust gases re-
circulating to the engine intake port.

Number of moles #; of each gas can be easily
calculated

m;

n; = MW, > (5)
where m; — mass of the i agent; MW, — molar
weight of the i agent.

Finally, comparison between EGR and leaning
impacts were able to be performed. As depicted
in Fig. 13, EGR can be considered as more effective
measure to reduce combustion knock rather than
leaning the combustible mixture. It can be explained
by CO, and H,O presence in the exhaust gases.
Unlike additional dilution by O, in leaning, both CO,
and H,O are hardly active in combustion process.
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Fig. 13. Knock intensity for EGR and leaning
the combustible mixture — comparison
vs mole percentage — fuel: hydrogen at ST =5 deg aTDC
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Impact of over-expanded cycle
on knock intensity

Investigation in applying over-expanded cycle
for both knock and exhaust toxic emissions reduc-
tion were described in detail in the works [12—15].
The test bed in the research consists of a single-
cylinder spark ignited supercharged engine.
The Kistler sensor type 6055 with the Kistler sig-
nal charge amplifier type 5011 were used in-cylin-
der pressure measurements. Pressure in intake mani-
fold was measured by the Motorola MPX 4250 pres-
sure sensor. TDC position and crankshaft po-
sitions were measured by the Megatron type
MOB 1024/5/BZ/N encoder with resolution of
1024 pulses per revolution. Data measured during
the tests were collected with aid of National In-
struments data acquisition system NI USB-6251
which was connected to the PC were the data were
stored. The over-expanded cycle was achieved by
modification of the intake valve timing. In this
case the intake valve closure point was located be-
fore bottom dead center during intake stroke. It is
known as Miller cycle. The test rig specification
is presented in Tab. 3.

All measurements were done at wide open
throttle conditions in two stages. In the first stage
the optimal spark timing was determined for three
boost overpressure, in the second stage to find op-
timal spark timing, the load of the engine was
changed by changing a boost overpressure from 0
to 0.6 bar. The excess air ratio A was maintained
constant during the tests and it was close to stoi-
chiometric mixture expressed by A = 1.

Test matrix is presented in Tab. 4. The optimal
ignition timing was determined for three loads of
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the engine which were set by changing the boost
overpressure. In each set point of the load the igni-
tion timing was changed from 40 to 20 degree
bTDC (before top dead center).

Table 3
Test rig specification
Parameter | Value
Engine
Type 4 —'stroke, water cooled, spark
ignited
Number of cylinders 1 — horizontal
CR 11:1
Rotational speed, rpm 1270
Bore, mm 102
Stroke, mm 120
Displacement, ccm 980
Intake valve opening angle 117 after TDC :
11° after TDC (Miller)
Intake valve closure angle 30% after BDC -
20° before BDC (Miller)
Exhaust valve opening
angle 30° after BDC
Exhaust valve closure
angle 0°in TDC
Dynometer
Synchronous generator, V. [3x230
Power, kVA 20
Supercharger
Type EATON M65
Boost pressure, bar 0+1.9
Table 4
Test matrix
Fuel Ig‘gg‘;;‘g‘éng’ A | Proossbar
Methane Variable from
(stage I) 40 t0 20 1.05+£0.05| 0.0;0.3; 0.6
?/Istztgiaﬁ‘; Optimal 29 | 1.05+0.05| 0.0:0.6

Body temperature of the engine was maintained
at 70 °C and the temperature of the fresh air after
supercharger was maintained at 24 °C. Methane
was delivered to the engine by a gas mixer which
was installed in the intake manifold. The air/fuel
ratio was set according to the measurements of air
and fuel flows by rotor flow meters.

On the basis of these data the pressure-volume,
pressure-time and engine load vs spark timing
plots were made. These data allowed to perform
analysis on combustion process and knock occur-
rence. Fig. 14 presents knock intensity PP vs
boosting pressure for the engine working with clas-
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sic Otto cycle and the engine with over-expanded
cycle (O-E). As one can notice knock is signifi-
cantly reduced by applying over-expanded Miller
cycle to the engine. It is obviously known that
knock is also in strict inline correlation with engine
load. As presented in Fig. 15, knock intensity in-
creases with increase in engine load for Otto cycle
engine unlike the over-expanded cycle engine,
where intensity of knock slightly goes down even
the engine load increases.
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Fig. 14. Knock intensity for Otto and over-expanded
Miller cycles vs boosting pressure
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Fig. 15. Knock intensity for Otto and over-expanded
Miller cycles vs engine load (IMEP)

The results of the research confirm benefits
which come from applying the over-expanded
cycle to the supercharged SI IC engine. On the ba-
sis of the research the following conclusions can be
drawn: the optimal ignition timing does not depend
on engine cycle type — classic Otto or over-
expanded. Moreover, the optimal value is the same
for the Otto cycle and the over-expanded cycle
engine. In both versions of the engine, increase in
boost pressure does not affect on optimal igni-
tion timing, in all cases ignition timing was 28°
before TDC.
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CONCLUSIONS

1. High frequency in-cylinder pressure pulsa-
tions, generated by improper combustion proces-
ses causing knocking, decrease when EGR ratio
increases for the conditions examined.

2. Combustion knock intensity expressed by
the maximum peak of the in-cylinder pressure pul-
sations shows a strong negative correlation with
the EGR ratio for stoichiometric hydrogen com-
bustion under the conditions examined:

¢ higher hydrogen dose makes combustion knock
more intensive under the same lambda. Then intensi-
fied knock significantly shortens combustion dura-
tion even if a mass of hydrogen is higher;

 combustion knock intensity decreases when H,-
air mixture becomes leaner. The dependence bet-
ween lambda and knock intensity PP is nearly linear;

 with respect to a catalytic converter installed
on the exhaust pipe line, applying EGR appears as
better solution for knock reduction then leaning
the combustible mixture because the catalytic con-
verter needs stoichiometric mixture for effec-
tive NO, reduction.

3. It can be observed, that for both the naturally
aspirated and the boosted engine with boost over-
pressure of 0.3 bar a peak combustion pressure is
lower for the engine with over-expanded cycle
if compared to this one with Otto cycle. For maxi-
mum boost pressure of 0.6 bar the peak in combus-
tion pressure is not changed.

4. Application of the over-expanded cycle to
the IC engine reduces intensity of potential knock
what can be observed. Reduction in pressure pulsa-
tions of combustion pressure for over-expanded
cycle engine in comparison to Otto cycle engine
is approximately 50 % for all loads.

5. Over-expanded cycle contributes to increase
in engine thermal efficiency. As determined, this
increase was approximately 1.2 % from 40.3 % for
the engine with Otto cycle to 41.5 % for the engine
with over-expanded cycle.
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