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Analysis of Syngas Combustion Process in Piston Engines
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Abstract. The article examines the features of the combustion process of hydrogen-containing gas
(syngas) in the working cylinder of a spark-ignition internal combustion engine. The main objective of
the study is to evaluate the heat release parameters of syngas. To achieve this goal, an experimental
investigation was conducted to assess the nature of syngas combustion and establish its regularity. The
most significant result is the derivation of dependencies for determining the current value of the com-
bustion characteristic index m and the combustion duration ¢z in Professor I.I.Vibe's heat release
model for spark-ignition engines operating on syngas, with an air excess ratio o ranging from 1.0 to
2.2 and hydrogen content in the fuel composition varying between 30% and 100% by volume. The
significance of the obtained results lies in the establishment of the variability of the combustion index
m (ranging from 1.6 to 5.5) in Professor .I.Vibe's semi-empirical heat release model, which more
closely corresponds to the actual heat release law observed in experimental studies. The proposed de-
pendencies for determining m and @z allow for accounting the specific features of the syngas combus-
tion process in spark-ignition engines, thereby significantly improving the accuracy of determining the
indicated pressure in the working cylinder (the relative root-mean-square error does not exceed 4.5%),
which, in turn, enhances the accuracy of assessing the engine's energy and economic parameters. The
results of this study can be applied in the design and construction of new spark-ignition engines run-
ning on alternative fuel.
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combustion index, combustion duration.
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Analiza procesului de ardere a gazului de sintezi in motoarele cu piston
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Rezumat. Articolul ia In considerare caracteristicile procesului de ardere a gazului de sinteza in cilindrul de lucru
al unui motor cu ardere interna cu aprindere prin scanteie. Scopul principal al studiului din lucrare este de a
estima parametrii degajarii de cdldurd a gazului de sinteza. Pentru atingerea acestui scop au fost stabilite
urmatoarele sarcini: pe baza unor studii experimentale, sd se evalueze natura modificarilor in procesul de ardere
a gazului de sinteza si sa se stabileasca regularitatea acestuia. Rezultatul cel mai semnificativ este obtinerea de
dependente pentru determinarea valorii curente a indicelui caracteristic de ardere m si a duratei de ardere ¢z in
modelul de degajare de caldurd al profesorului I.I.Vibe pentru motoarele cu aprindere prin scanteie care
functioneaza pe gaz de sinteza cu intervalul de variatie a excesului de aer. raportul a 1,0...2,2 si continutul de
hidrogen din combustibil intre 30...100 % in volum. Semnificatia rezultatelor obtinute consta in faptul ca a fost
stabilitd variabilitatea indicelui de ardere m (interval de modificare 1,6...5,5) In modelul semiempiric de degajare
de caldura al Prof. I.I.Vibe, ceea ce este mai in concordantid cu legea reald a degajarii céldurii in studiile
experimentale. Dependenta propusa pentru determinarea m si @z permit luarea in considerare a particularitatilor
procesului de ardere a gazului de sintezd In motoarele cu aprindere prin scanteie si astfel creste semnificativ
precizia determinarii presiunii indicatorului in cilindrul de lucru (eroarea relativd medie patratd nu depaseste 4,5
%), ceea ce afecteaza, la randul sdu, acuratetea estimarii parametrilor de functionare a motorului.

Cuvinte-cheie: combustibil alternativ, gaz de sinteza, caracteristici de eliberare a caldurii de ardere, proces de
lucru, indice caracteristic de ardere, durata arderii.

© Mytrofanov O., Proskurin A., Kong W. 2024

118



PROBLEMELE ENERGETICII REGIONALE 4 (64) 2024

AHaJIn3 mpoiecca CropaHus CHHTE3-ra3a B NOPIIHEBLIX ABUTaTeJIsIX
"Mutpoganor A. C., 'Tlpockypun A. 0., ’Konr B.
"HanuoHanbHbIi YHUBEPCHTET KOPabIecTpOSHU MMEHH aAMupana Makaposa
Huxonaes, Yxpanna
2YHUBEPCUTET HAYKU U TEXHOJIOTHi 1[3HCY
WYxoanb13sH, [3saaCcy, KuTait

Annomayus. B cratbe paccMOTpEeHBI 0COOEHHOCTH IPOIEcca CTOPaHMsI BOAOPOIOCOAEPIKAIIEro ra3a (CHHTE3-
rasa) B paboueM LMIMHAPE ABHUTATENsl BHYTPCHHETO CTOPAHUS C MCKPOBBIM 3axxuraHueM. OCHOBHOI LieJbI0
UCCIICIOBaHHUS B pabOTe SBJISICTCS OICHKA MapaMETPOB TEIUIOBBLACICHUS CHHTe3-rasza. s JocTHKeHUs
MOCTABJICHHOM I1e7TU OBLIH MMOCTABJICHA 3a7aya — Ha 0a3e IKCIIEPUMEHTAIBHBIX UCCIICIOBAaHUN OLICHUTH XapaKTep
M3MEHEHUs Mpollecca CrOpaHUs CHHTE3-ra3a M yCTAaHOBUTH €ro 3akoHOoMepHocTh. HamboJiee cymiecTBeHHbIM
pe3yJIbTaTOM SBIISIETCS TIOJNyYEHUE 3aBUCUMOCTEH Ui ONpEJeNIeHHs TEeKYIIero 3HaueHus ToKa3aTelns
XapakTepa CropaHus / W MPOJODKUTEILHOCTH CrOpaHUs ¢ B MOJCITH TEIUIOBbIAeHeHuUs mpodeccopa U. .
Bube mis nBuratencit ¢ UCKPOBBIM 3a)KHTaHHEM, paOOTAIONIMX Ha CHHTE3-Ta3e C JHANa30HOM H3MEHCHHS
ko dunnente n30bITKa Bo3ayxa o 1.0...2.2 u comepkaHus BOJAOpoa B cocTaBe Torumaa B npeaenax 30...100 %
mo o0beMy. 3HAYMMOCTh MOJYYEHHBIX Pe3yJbTaTOB COCTOMT B TOM, YTO YCTAHOBICHO II€PEMEHHOCTH
MOKa3aTest CropaHus m (Ouama3oH W3MeHeHHus 1.6...5.5) B MOIySMIHPUYECKOM MOIENH TEIUIOBBIICICHHUS
npodeccopa 1. . Bube, uro B OonbpmIiel CTEIEHH COOTBETCTBYET PEATbHOMY 3aKOHY TEIUIOBBIACICHHUS HpPH
SKCIEPUMEHTANBHBIX HCCIeNOBaHUAX. [IpemoskeHHbIe 3aBUCHMOCTH IUISL ONPENCNIEHUS M W (O MO3BOJSIOT
y4ecThb 0COOEHHOCTH TpoIlecca CTOPaHUS CHHTE3-Ta3a B JIBUTATENAX C MCKPOBBIM 3a)XHTAHWEM M TEM CaMbIM
3HAYUTEIBHO TMOBBICHTh TOYHOCTh OIPEJACICHUS WHIWKATOPHOTO JIABJICHUS B pabodyeM IMIMHIpPE
(oTHOCUTENbHAS CPETHEKBAIPATUIHAS TOTPEITHOCTh He NpeBhimact 4.5 %), 94To B CBOKO odepenls 0ToOpaxaeTcs
HAa TOYHOCTH OIICHKH JSHEPreTUYCCKHX M JKOHOMHYECCKHX MapaMEeTpOB paboThl ABUratelns. lloiydeHHBIC
pe3yIbTaThl HMCCIIEOBAaHUN MOTYT OBITh HWCIOJIB30BAaHBI MPU MPOCKTHPOBAHUM M KOHCTPYHPOBAHHUHM HOBBIX
JIBUTATENICH C MCKPOBBIM 3a)KUTaHUEM, Pa0OTAMOIUX HA AJFTCPHATHMBHOM TOIUIMBE, WM KOHBEPTAIMU YXKE
CYIIECTBYIOIINX, a TAK)Ke JJISl YTOYHCHHS MaTeMaTHUECKON MOJENH IIpoIiecca CrOpaHus TaKUX IPOTpaMM Kak
Lotus engineering software, Siemens, AVL Boost, Ricardo WAVE u GT-Power.

Knwueevie cnoea: anpbTepHaTUBHOE TOIUIMBO, CUHTE3-Ta3, XapaKTEPUCTUKU TEIUIOBBIJCICHUS IPU
CropaHuu, pabounii TpoIiece, MoKa3aTeIh XapakTepa CTOpaHus, MPOIOJDKATETHFHOCTD CTOPaHUSI.

I. INTRODUCTION [1-6]. The use of these types of fuels in
transportation energy systems with internal
combustion engines (ICE) requires certain
design modifications to the energy system, as
well as changes in the organization of the
working cycle. This is especially true for the use
of hydrogen and syngas in energy systems.
Despite the challenges associated with hydrogen
use, its potential as a fuel for ICE is confirmed
by numerous studies and implemented energy
system projects [7—-13].

Hydrogen possesses specific physicochemical
properties that directly affect the combustion
process in the cylinder of an internal combustion
engine (ICE). Even small additions of hydrogen
to other types of fuel significantly influence the
mixture properties, the combustion process, and
engine performance parameters [14-22]. In
particular, hydrogen has a low density (which
greatly affects the energy capacity of the fuel-air
charge), a high combustion speed (100115 m/s),
wide flammability limits, and low ignition
energy. These and other properties result in
differences in heat release characteristics, and
consequently, in its mathematical model,
compared to a gasoline engine.

Interest in the issue of fuel economy in
thermal engines is growing every year in all
industrially developed countries worldwide. The
use of non-renewable energy sources has several
negative factors, with the most significant being
economic and environmental. From an economic
perspective, the cost of generating 1 kW of
energy from non-renewable organic fuel
increases yearly due to the depletion of reserves
and the increasing complexity of extraction.
From an environmental point of view, the use of
non-renewable  organic  fuel leads to
environmental pollution from the combustion
products of thermal engines and various energy
installations, as well as to an increase in
greenhouse gases, the concentration of which in
the atmosphere has been rapidly rising in recent
years. These and many other factors are driving
the growing popularity of alternative fuels in
energy and transportation sectors.

Promising types of liquid alternative fuels
include alcohols (methanol, ethanol) and
biodiesel, while gaseous alternatives include
hydrogen and hydrogen-containing gas (syngas)
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In Professor A. P. Marchenko's work [23], the
features of the hydrogen combustion process
were analyzed, and one of the methods for
mathematically describing the heat release
characteristics in spark-ignition ICEs was
proposed. In studies [14, 17, 19, 24], the heat
release characteristics of diesel engines with
hydrogen additives were investigated, while in
[25], syngas additives were examined.

Most existing publications and studies focus
on the use of hydrogen as a fuel or its additives
to the main fuel. However, the combustion
process of syngas, the effect of its composition

(mainly a mixture of gases such as H, , CO,

CO, , CHy [®-29]), as well as the air excess
ratio a on the heat release characteristics in
spark-ignition engines, has not been fully
explored. The available data can only be used as
an initial assessment of the heat release process
when modeling the working cycle of an internal
combustion engine.

Thus, the aim of this study is to analyze the
heat release dynamics when using hydrogen-
containing gas and to develop an adequate
mathematical model that takes into account the
specific features of this process.

II. RESEARCH METHODS

The analysis of heat release dynamics for
spark-ignition internal combustion engines
operating on syngas is carried out using methods
of mathematical and physical modeling. A well-
organized experiment allows for obtaining a real
picture of the processes occurring in the engine
cylinder,  while  mathematical = modeling
significantly speeds up and reduces the cost of
designing and developing a new engine.
However, due to the complexity of describing
the combustion process, in order to ensure the
accuracy and reliability of the results obtained
through mathematical modeling, the model must
be supplemented with empirical dependencies
and coefficients.

The research is based on the authors' own
experimental results from various sizes of four-
stroke spark-ignition engines — 4Ch 8.2/7
(Eastern-European  Journal of  Enterprise
Technologies. 2018. Vol. 4/1 (94). P. 14-19.);
2Ch 7.2/6 (Internal Combustion Engines: All-

Ukrainian Scientific and Technical Journal. 2011.

No. 2. P. 3-8); 1Ch 6.8/5.4 (Internal Combustion
Engines: All-Ukrainian Scientific and Technical
Journal. 2013. No. 2. P. 13-17.), as well as
known data from other authors [4, 5]. This will
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allow for providing more generalized
recommendations regarding the description of
the heat release dynamics in spark-ignition
internal combustion engines operating on syngas.

Currently, a significant number of models
have been developed for calculating the heat
release curve. For instance, several researchers
(N. V. Inozemtsev, V. K. Koshkin, N. M.
Glagolev, V. I. Soroko-Novitsky, and others)
propose using the flame front propagation speed
to calculate the combustion rate in spark-ignition
engines [30, 31]. The model is based on M.
Gyu's postulate that the amount of combustible
gas mixture ignited by a unit surface area of the
flame front per unit time is a constant value
(V/F =const , where V is the volumetric flow rate

of the combustible mixture per unit time; F is
the area of the flame front), as well as the
assumption that the flame front surface has a
spherical shape (experimental data indicate that
the front has an irregular shape and its
propagation speed is not constant across different
combustion areas) [34]. It is important to note
that, in reality, the combustion reaction in the
working cylinder of an internal combustion
engine does not conclude in a very narrow flame
zone (as occurs in laminar flow); therefore,
representing the flame front surface as a reaction
surface leads to inaccuracies in calculating the
heat release characteristics.  Additionally,
determining the change in the size of the reaction
surface with the movement of the flame front
and the normal speed of the flame front itself
(which affects the mass burning rate) is also
challenging [32]. Another factor influencing the
accuracy of determining the heat release
characteristics is the proper consideration of the
effect of mixture turbulence depending on the
engine's rotational speed, which poses a rather
complex challenge [32-34].

Additionally, empirical and semi-empirical
models developed in the 20th century (by B. M.
Gonchar, B. P. Pugachev, K. Neiman, L. . Vibe,
and others) are widely used to describe the
combustion process in  piston engines,
characterizing the change in the heat release
curve in the working cylinder of an internal
combustion engine (ICE) [32, 35, 36]. Such
models are relatively simple to describe and
universal, making them suitable for analyzing
the dynamics and calculating heat release in the
cylinder of spark-ignition engines operating on
syngas. Among the known models, the one
developed by Professor 1. 1. Vibe is the most
widely used, in which the relative combustion
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rate and the fraction of burned fuel are described
by the following semi-empirical relationships
(m+1)

[30]:
44T
. \@. ?,
x= l—exp[C(ﬁjm+ ] ,
?,

where ¢ is the current crankshaft angle of the

& ¢
d(p)

engine; ¢, i1s the angle of the combustion
duration process; m is the empirical combustion
characteristic coefficient (which defines the
combustion dynamics); C is a constant

(C=In[l-x.], x, is the fraction of burned fuel at

the end of the combustion process).

Due to its universality, simplicity, and
sufficient accuracy in describing the combustion
process, Professor 1. I. Vibe's model has found
widespread application in globally renowned
commercial simulation programs such as Lotus
Engineering Software [37, 38]; Siemens
AMEsim [39]; AVL Boost [40]; Ricardo WAVE
[41, 42]; and GT-Power [43, 44].

ITI. RESEARCH RESULTS

To analyze the dynamics of heat release and
to construct its mathematical model for the
spark-ignition internal combustion engines
operating on syngas, experimental studies were
conducted on various engine sizes under
different operating conditions, and indicator
diagrams were obtained.

To ensure the correspondence between the
calculated and experimental indicator diagrams,
the values of the parameters m and ¢, are

selected depending on the type of engine and its
operating conditions. These parameters in I. I.
Vibe's model for diesel and gasoline engines are
chosen from a known range and set as constant
values.

In mathematical modeling, the combustion
characteristic coefficient is of particular interest,
as it reflects the change over time in the relative
density of effective centers during the
combustion process. When using syngas,
applying a constant value of m leads to
significant deviations between the experimental
and calculated curves, which can be clearly
observed, for example, when comparing
experimental and calculated indicator diagrams
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(Fig. 1) for different operating modes of the
spark-ignition engine 2Ch 7.2/6 (a two-cylinder
four-stroke engine with a cylinder diameter of 72
mm and a piston stroke of 60 mm) with 43%
hydrogen content by volume.
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Fig. 1. Comparison of experimental and calculated
fragments of indicator diagrams corresponding to
the combustion process of syngas with different
values of the air excess coefficient o .
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The values of the combustion characteristic
coefficient and duration (in the mathematical
modeling shown in Fig. 1) were selected based
on achieving the minimum value of the root
mean square deviation of the indicator pressure.

The maximum relative root mean square error
in determining the pressure in the cylinder,
depending on the air excess coefficient and the
operating mode of the internal combustion
engine, reached up to 12.5%, while the value of
the root mean square deviation was 80.2 kPa.
The confidence interval at a probability of 0.95
was = 157.1 kPa.

The range from which the value of the
coefficient m was selected was 1.6...5.5. When
using the minimum values of the range, there is a
coincidence of the pressure curve in the first half
of combustion and a significant deviation in the
second half, when using the maximum values,
there is a deviation in the initial phase of
combustion and a coincidence in the final phase.
This means that, in fact, the combustion of
syngas in the engine cylinder occurs more
intensively in the initial period and less
intensively in the final period, indicating that the
combustion law (or relative heat release rate) is
close to a triangular shape.

Thus, it can be concluded that the combustion
characteristic coefficient m for engines operating
on syngas has a clearly variable nature and
changes in the range of 1.6...5.5 throughout the
combustion of the fuel-air mixture. A solution to
the problem of increasing the accuracy of the
mathematical model could be the application of a
variable value for the combustion characteristic
coefficient m . It is also necessary to consider
that the value of m depends on several factors,
such as the type of fuel used, the ignition method
for the fuel-air mixture, the air excess coefficient,
the operating mode, and many others. For spark-
ignition engines running on syngas, the factors
determining the dynamics of heat release are the
air excess coefficient a and the gas composition
(primarily the hydrogen content, which has a
high combustion speed). Therefore, when
developing a mathematical model, the influence
of these factors must be taken into account.

Based on the analysis and processing of a
significant number of experimental indicator
diagrams from different engines operating on
syngas with a hydrogen content of 30...100% by
volume, it is proposed to use the equation of a
straight line to find the variable value of m
during combustion (Fig. 2):
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ml.:a-(pi~&+b;
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where ¢, is the current value of the combustion

period angle; a« and b are coefficients of the
straight line equation, which depend on the air
excess coefficient o (for the range of 1.0...2.2):

a=02532-a" -12593-0* +2.0906- ¢ —1.1149 ;
b=0.659-a’ -3.4831-a” +6.3403-a —2.1937 .

To determine the duration of combustion ¢,

in the model of I.I. Vibe based on experimental
data for various hydrogen concentration values,
the following equations are proposed:

0. =, +Ap;
@, =-10.186-0" +59.464 o —4.1447 ;
Ap=—-4346-C; +1080.2-C;, —907.85-C, +225.19

where C, is the hydrogen concentration in the

composition of syngas (hydrogen content for the
range of 30...100% by volume).
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Fig. 2. Change in the combustion characteristic
indicator m during combustion at different values
of the air excess coefficient.

Based on the obtained
determining m and ¢ , the

combustion rate for spark-ignition engines
running on syngas is defined as follows:
C

ag;+b ag;+b+1
¢Z

dp 9. 0,
~[ago,. ln[ﬁjﬂzgﬂi +b+ 1]
¢Z

The adequacy check of the proposed model
for the heat release process can be performed by
comparing the experimental characteristics of the

equations for
dimensionless
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relative combustion rate with the calculated
values, using the example of the engine 2Ch
7.2/6 (Fig. 3).
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Fig. 3. Comparison of experimental and calculated
relative combustion rate characteristics when
using syngas with different values of the air excess
coefficient o
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The wuse of a wvariable combustion
characteristic indicator m and the consideration
of the influence of the air excess coefficient, as
well as the hydrogen content in the syngas, has
led to a high correlation between the
experimental and calculated curves of the
relative combustion rate of the fuel-air mixture.

This, in turn, results in a more accurate match
of the indicator pressure in the working cylinder
of the 2Ch 7.2/6 engine (Fig. 4).
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Fig. 4. Comparison of experimental and calculated
fragments of indicator diagrams corresponding to
the combustion process of syngas with an air
excess coefficient of @ =1.63 (Ne=1.87 kW).

When using the proposed relationships, the
maximum relative root mean square error in
determining the indicator pressure in the cylinder
decreases to 4.5%, the maximum value of the
root mean square deviation is 27.6 kPa, and the
confidence interval with a probability of 0.95
does not exceed + 54 kPa.

IV. CONCLUSION

The assessment of the heat release parameters
when using synthesis gas in spark-ignition
engines allowed for an evaluation of the nature
of the combustion process and established its
variable regularity (intense combustion at the
beginning of the process and slowed down at the
end). It was found that for spark-ignition engines
operating on synthesis gas, the combustion
characteristic parameter m in the semi-empirical
heat release model of Professor 1. 1. Vibe
exhibits variable behavior, which aligns more
closely with the actual law of heat release in
experimental studies.

Experimental research and mathematical
modeling of various engine sizes enabled the
determination of the possible range of variation
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for the combustion characteristic parameter m in
Professor 1. I. Vibe's model, which is 1.6 to 5.5.
Dependencies have been obtained to
determine the current values of m and the
duration of combustion¢, for engines operating

on synthesis gas with a range of air excess
coefficients from 1.0 to 2.2 and varying
hydrogen content in the fuel composition from
30% to 100% by volume.

Considering the specifics of the combustion
process of synthesis gas in spark-ignition engines
significantly improved the accuracy of
determining the indicator pressure in the cylinder
(the relative root mean square error was 4.5%),
thereby enabling an adequate assessment of the
energy and economic parameters of engine
operation.

Based on the presented results, a promising
direction for further deeper theoretical and
experimental research is the study of heat release
dynamics in engines operating with various
additives of synthesis gas to the main fuels —
gasoline, diesel, alcohol fuels, and gas.

ACKNOWLEDGMENT

We acknowledged financial support from the Ministry
of Science and Technology of the People's Republic
of China (G2023014032L).

References
[1] Marchenko A.P., Prohorenko A.A., Osetrov
A.A., Smaylis V., Senchila V. Sravnitelnaya
otsenka effektivnosti primeneniya rastitelnyih
topliv v dizelnom dvigatele [Comparative
assessment of the effectiveness of the use of
vegetable fuels in a diesel engine]. Dvigateli
vrutrennego sgoraniya, 2004, no 1, pp. 46-51. (In
Russian).
Lebedevas S., Vaicekauskas A., Lebedeva G.,
Kulmanakov S., Shashev A. The change of
operational characteristics of diesel engines
running on RME Biodiesel. Parameters of thrust
and fuel economy. Proceedings of 10th
International Conference. Transport Means,
2006, p. 229- 233.
Shashev A.V. Osobennosti toplivopodachi i
sgoraniya topliva na osnove rapsovogo masla
[Features of fuel supply and combustion of fuel
based on rapeseed oil]. Dvigateli vnutrennego
sgoraniya, 2010, no. 1, pp. 32-35. (In Russian).
Shudo T., Takahashi T. Influence of Reformed
Gas Composition on HCCI Combustion of
Onboard Methanol-Reformed Gases. SAE
Technical Paper Series, 2004, 8-10 June, pp. 23-
31.
Shudo T., Tsuga K., Nakajima Y. Combustion
Characteristics of H2-CO—-CO2 Mixture in an IC

(3]

(4]

124

Engine. SAE Technical Paper Series, 2001, 5-8

March. pp. 105-115.

Sierens R., Verhelst S. Experimental study of a

hydrogen fuelled engine. Proceedings ASME

Spring Engine Technology Conference. ICE 34-

3. San Antonio, 2000, pp. 9-16.

Verhelst S. A study of the combustion in

hydrogen-fuelled internal combustion engines.

Department of Flow, Heat and Combustion

Mechanics, Ghent University, 2005. 222 p.

Kim JM. Kim Y.T., Lee J.T., Lee S.Y.

Performance characteristics of hydrogen fueled

engine with the direct injection and spark ignition

system. SAE Technical Paper Series, 1995, no.

95249.

Pol’a”sek M., Macek J., Tak’ats M., V'itek O.

Application of advanced simulation methods and

their combination with experiments to modeling

of hydrogen fueled engine emission potentials.

SAE Technical Paper Series, 2002, no. 2002-01-

0373.

[10]Ma J., Su Y., Zhou Y., Zhang Z. Simulation and
prediction on the performance of a vehicle’s
hydrogen engine. Int. J. Hydrogen Energy, 2003,
no. 28:77-83.

[11]Kobayashi H., Kawazoe H. Flame instability
effects on the smallest wrinkling scale and
burning velocity of high pressure turbulent
premixed flames. 28th Symp. (Int.) on
Combustion, 2000, pp. 375-382.

[12]Lipatnikov A.N., Chomiak J. Turbulent flame
speed and thickness: phenomenology, evaluation,
and application in multidimensional simulations.
Progress in Energy and Combustion Science,
2002, no. 28:1-74.

[13]Keck J.C., Heywood J.B., Noske G. Early flame
development and burning rates in spark ignition
engines and their cyclic variability. SAE
Technical Paper Series, 2002. no. 870164.

[14]Madhujit D., Sastry G.R.K., Panua R.S., Banerjee
R., Bose P.K. Effect of Hydrogen-Diesel Dual
Fuel Combustion on the Performance and
Emission Characteristics of a Four Stroke-Single
Cylinder Diesel Engine/ International Journal of
Mechanical, Aerospace, Industrial, Mechatronic
and Manufacturing Engineering, 2015, vol. 9, no.
6, pp. 914-920.

[15]Madhujit D., Banerjee R., Majumder A., Sastry
G.RK. Multi objective optimization of
performance parameters of a single cylinder
diesel engine with hydrogen as a dual fuel using
pareto-based genetic algorithm. International
Journal of Hydrogen Energy, 2014, vol. 39, no.
15, pp. 8063-8077.

[16]Chaisermtawan P., Jarungthammachote S.,
Chuepeng S., Kiatiwat T. Gaseous Emissions and
Combustion Efficiency Analysis of Hydrogen
Diesel Dual Fuel Engine under Fuel-Lean
Condition. American Journal of Applied
Sciences, 2012, vol. 9 (11), pp. 1813-1817.

(6]

(7]

[9]



PROBLEMELE ENERGETICII REGIONALE 4 (64) 2024

[17] Talibi M., Hellier P., Morgan R., Lenartowicz C.,
Ladommatos N. Hydrogen-diesel fuel co-
combustion strategies in light duty and heavy
duty CI engines. International journal of
hydrogen energy, 2018, no. pp. 9046-9058.

[18]Kalisinskas D., Kersys A. Improvement of diesel
engine ecological and economic parameters by
using hydrogen. Transport problems, 2013, vol.
8, no. 3, p. 75-83.

[19]Rajshekhar S.H., Nagaraj R.B., Mallikarjuna B.,
Sanjeevkumar VK, Ajitkumar P.M.,
Shashikumar S.D., Varunkumar G. Performance,
Emission and Combustion Characteristics of
Dual Fuel (DF) Engine Fuelled with Hydrogen
Induction and Injection of Honne and Honge
Methyl Esters. Energy and Power Engineering,
2015, vol. 7, pp. 384-395.

[20] Tsujimura T., Suzuki Y. The utilization of
hydrogen in hydrogen/diesel dual fuel engine.
International Journal of Hydrogen Energy, 2017,
vol. 42, pp. 14019-14029.

[21]Aldhaidhawi M., Chiriac R., Badescu V.,
Descombes G., Podevin P. Investigation on the
mixture formation, combustion characteristics
and performance of a diesel engine fueled with
diesel, biodiesel B20 and hydrogen addition.
International Journal of Hydrogen Energy, 2017,
vol. 42, pp. 16793-16807.

[22]Pana C., Negurescu N., Cernat A., Nutu C.,
Mirica 1., Fuiorescu D. Experimental aspects of
the hydrogen use at diesel engine. Procedia
Engineering, 2017, vol. 181, pp. 649-657.

[23]Marchenko A.P., Osetrov A.A., Dubey I,
Maamri  R.  Analiz 1  matematicheskoe
modelirovanie protsessa sgoraniya vodoroda v
chetyirehtaktnom odnotsilindrovom dvigatele s
iskrovyim  vosplameneniem [Analysis and
mathematical modeling of the hydrogen
combustion process in a four-stroke single-
cylinder spark-ignition engine]. Dvigateli
vnutrennego sgoraniya, 2010, no. 1, pp. 24-28.
(In Russian).

[24]Santoso W.B., Nur A., Ariyono S., Bakar R.A.
Combustion characteristics of a diesel-
hydrogen dual. National Conference in
Mechanical ~ Engineering ~ Research ~ and
Postgraduate Studies (2nd NCMER 2010).
Faculty of Mechanical Engineering, UMP Pekan,
Kuantan, Pahang, Malaysia, 2010, pp. 23-32.

[25]Azimov U., Tomita E., Kawahara N. Combustion
and Exhaust Emission Characteristics of Diesel
Micro-Pilot Ignited Dual-Fuel Engine. Diesel
Engine — Combustion, Emissions and Condition
Monitoring, 2013, ch. 2.

[26] Vizcainoa A.J. Ethanol steam reforming on
Ni/AI203 catalysts: Effect of Mg addition.
International Journal of Hydrogen Energy, 2008,
no. 33, pp. 3489-3492.

[27]Aupretre F.  Ethanol steam reforming over
MgxNil—xAI203 spinel oxide-supported Rh

125

catalysts. Journal of Catalysis, 2005, no. 233, pp.
464-477.

[28]Arteaga L.E. Bioethanol steam reforming for
ecological syngas and electricity production
using a fuel cell SOFC system. Chemical
Engineering Journal, 2008, no. 136, pp. 256-266.

[29]Sun J. Hydrogen from steam reforming of
ethanol in low and middle temperature range for
fuel cell application. International Journal of
Hydrogen Energy, 2004, no. 29, pp. 1075-1081.

[30]Hosseini S., Abdolah R., Khani A. A developed
quasi-dimensional combustion model in spark-
ignition engines. Materials of the World
Congress on Engineering. London, 2008, pp.
158-163.

[31]Heywood J.B. Internal Combustion Engine.
Fundamental. Mc Graw Hill, 1988, 930 p.

[32]Vibe I.I. Novoe o rabochem tsikle dvigateley:
Skorost sgoraniya i rabochiy tsikl dvigatelya
[New information about the operating cycle of
engines: Combustion speed and the operating
cycle of the engine]. Moskow, 1962, 282 p.

[33]Hiroyasu H., Kadota T. Computer Simulation for
Combustion and Exhaust Emissions on Spark
Ignition  Engines.  Fifteenth ~ Symposium
(International) on Combustion, 1974, pp. 1213-
1223.

[34]Groff E.G., Matekunas F.A. The Nature Of
Turbulent Flame Propagation In A Homogeneous
Spark Ignited Engine, SAE Technical Paper
Series, 1980, vol. 89, no. 800133.

[35]Ramos  J.I. Internal Combustion Engine
Modeling. Hemisphere Publishing Corporation,
1989, 422 p.

[36]Lindstrom F. Empirical Combustion Modelling
in SI Engines. Stockholm: Department of
Machine Design Royal Institute of Technology,
2005, 72 p.

[37]Chan K., Ordys A., Volkov K., Duran O.
Comparison of Engine Simulation Software for
Development of Control System. Modelling and
Simulation in Engineering, 2013, vol. 2013, 21 p.

[38]Pearson R.J., Bassett M.D., Fleming N.P.,
Rodemann T. Lotus Engineering Software — An
Approach to Model-Based Design, The 2002
North  American ADAMS Conference in
Scottsdale. Arizona, 2002, 20 p.

[39]Amesim S. Top 10 analyses to run with
Simcenter Amesim engine models and how to
choose the most suitable one. Available at:
https://community.sw.siemens.com/s/article/top-
10-analyses-to-run-with-simcenter-amesim-
engine-models-and-how-to-choose-the-most-
suitable-one. (accessed 29.08.2019)

[40]Grabowski L., Pietrykowski K., Wendeker M.
AVL Simulation Tools Practical Applications.
Lublin: Lublin University of Technology, 2012,
96 p.

[41]Tadros M., Ventura M., Guedes Soares C. Data
Driven In-Cylinder Pressure Diagram Based



https://community.sw.siemens.com/s/article/top-10-analyses-to-run-with-simcenter-amesim-engine-models-and-how-to-choose-the-most-suitable-one
https://community.sw.siemens.com/s/article/top-10-analyses-to-run-with-simcenter-amesim-engine-models-and-how-to-choose-the-most-suitable-one
https://community.sw.siemens.com/s/article/top-10-analyses-to-run-with-simcenter-amesim-engine-models-and-how-to-choose-the-most-suitable-one
https://community.sw.siemens.com/s/article/top-10-analyses-to-run-with-simcenter-amesim-engine-models-and-how-to-choose-the-most-suitable-one

PROBLEMELE ENERGETICII REGIONALE 4 (64) 2024

Optimization Procedure. Journal of Marine
Science and Engineering, 2020, vol. 8, no. 4:294.

[42]Shokrollahihassanbarough F., Alqahtani A.,
Wyszynski M.L. Thermodynamic simulation
comparison of opposed two-stroke and
conventional four-stroke engines. Combustion
Engines, 2015, no. 162 (3), pp. 78-84.

[43] Kulkarni D., Patil A., Wagh J., Chougule S.D.
Modelling of Internal Combustion Engine using

Information about authors.

Mytrofanov Oleksandr
Doctor of technical sciences,
Associate  Professor  of
Department  of  Internal
Combustion Engines, Plants
and Operation

Research interests: engines of

unconventional schemes,
alternative fuels, waste
energy utilization.

E-mail:

mitrofanov.al.ser@gmail.com
ORCID: 0000-0003-3460-

5369

Kong Wei

PhD, Associate Professor of
School of Energy and Power,
Jiangsu University of Science
and Technology

Research interests: Fuel cell
simulation, battery thermal
management, waste energy
utilization.

E-mail: wkong@just.edu.cn

126

GT Power. International journal of engineering
research & technology, 2019, vol. 8, no. 2, pp.
92-94.

[44] Semin R.A.B., Ismail A.R. Investigation of
Diesel Engine Performance Based on Simulation.
American Journal of Applied Sciences, 2008, vol.
5, no. 6, pp. 610-617.

Proskurin Arkadii

PhD, Associate Professor of
Department of Internal
Combustion Engines, Plants
and Operation

Research interests: engines of

unconventional schemes,
alternative fuels, waste energy
utilization.

E-mail:

arkadii.proskurin@nuos.edu.ua
ORCID: 0000-0002-5225-
6767



mailto:mitrofanov.al.ser@gmail.com
mailto:arkadii.proskurin@nuos.edu.ua
mailto:wkong@just.edu.cn

