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Abstract. The main objectives of this study were to determine the maximum replacement of
conventional diesel fuel with liquefied petroleum gas in a production diesel engine operating in dual-
fuel mode, with diesel providing pilot ignition and gas serving as the primary fuel, ensure stable
operation across all load and speed conditions, and assess the influence of pilot and gaseous fuel
guantities on engine performance. These objectives were achieved by analysing diesel conversion
methods, gas supply control and existing mathematical models, developing diesel and dual-fuel cycle
models based on the Wiebe function with a variable combustion shape parameter, and computationally
investigating how the fuel substitution coefficient affects heat release, cylinder pressure and
temperature. The most important results include identification of differences in combustion and heat
release between diesel and dual-fuel cycles, including lower calculated pressure and higher temperature
in dual-fuel operation under the adopted modelling conditions, and determination of relationships
describing changes in the combustion shape parameter, heat release fraction and rate, cylinder pressure
and temperature as diesel fuel is replaced by liquefied petroleum gas in a naturally aspirated engine.
The significance of the results lies in establishing analytical relationships between combustion
characteristics, liquid and gaseous fuel quantities supplied per cycle and engine cycle parameters,
providing a basis for model refinement, development of gas supply and pilot fuel quantity control
systems and algorithms, and assessment of fuel and energy efficiency over the investigated operating
range.
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Optimizarea indicatorilor de performanta operationala ai unei unititi energetice cu sistem de alimentare

cu combustibil gazos si lichid. Partea |
Lisenko R. D., Reabosapka V. B.
Univesitatea Agrara din Vinnitea
Rezumat. Obiectivele principale ale acestui studiu au fost: determinarea gradului maxim de inlocuire a motorinei
conventionale cu gaz petrolier lichefiat (GPL) intr-un motor diesel care functioneaza in regim mixt (dual-fuel) —
unde motorina asigura aprinderea pilot, iar gazul serveste drept combustibil principal; asigurarea unei functionari
stabile in toate regimurile de sarcind si turatie; si evaluarea influentei cantitatilor de combustibil pilot si gazos
asupra performantelor motorului. Aceste obiective au fost atinse prin: analizarea metodelor de conversie a
motoarelor diesel, a controlului alimentérii cu gaz si a modelelor matematice existente; dezvoltarea unor modele
pentru ciclurile diesel si mixte, bazate pe functia Wiebe cu un parametru variabil de forma a arderii; si investigarea
computationald a modului in care coeficientul de substitutie a combustibilului influenteaza degajarea de caldura,
precum si presiunea si temperatura din cilindru. Cele mai importante rezultate includ: identificarea diferentelor in
procesele de ardere si degajare a caldurii Intre ciclurile diesel si cele mixte (in conditiile de modelare adoptate,
regimul mixt prezintd o presiune calculatd mai scazutd si o temperaturd mai ridicatd); precum si stabilirea unor
relatii care descriu variatiile parametrului de forma a arderii, fractiunii si vitezei de degajare a cdldurii, presiunii si
temperaturii din cilindru pe masura ce motorina este inlocuitd cu gaz petrolier lichefiat intr-un motor cu aspiratie
naturald. Semnificatia rezultatelor consta in stabilirea unor relatii analitice intre caracteristicile arderii, cantitétile
de combustibil lichid si gazos furnizate pe ciclu si parametrii ciclului motor. Acestea ofera o baza pentru rafinarea
modelelor, dezvoltarea sistemelor si algoritmilor de control al alimentdrii cu gaz si al cantitatii de combustibil
pilot, precum si pentru evaluarea eficientei energetice si a consumului de combustibil in gama de functionare
analizata.
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Cuvinte-cheie: motor cu alimentare mixta (dual-fuel), gaz petrolier lichefiat, formarea amestecului in exteriorul
cilindrului, injectie pilot, degajare de caldura, eficienta consumului de combustibil, eficienta energetica.

OnTuMu3anus 3KCIIyaTAHOHHBIX NOKa3aTeJieil JHepreTHYecKoil yCTAHOBKH € ra30:KHAKOCTHOMH cHCTe-
Moii mutanus. Yacrs |
Jbicenko P.JI., Paoomanka B. b.
Bunauukuit HaunonansHb1 arpapHelil yHuBeEpcUuTeT, BunHMLa, YKkpanHa

Annomayusa. OCHOBHbIC IENIM HCCIEIOBAHMSA 3TO BBIIBICHHE MAaKCHMAJIbHOTO 3aMEINCHHS TPATUIHOHHOTO
JW3ETBHOTO TOIUIMBA CHXKIDKCHHBIM HE(QTSHBIM Ta30M B KadeCTBE aJlbTCPHATUBHOTO TOIUIMBA, HCIOJB3YS
Ta30AN3CIBHBIA NUKI Ui PabOTBl CEPUHHOTO AW3EIBHOTO JABUTATENs, NMPU HCIOIb30BAaHWM CTAHIAPTHOTO
JIM3€JIBHOI0 TOTUIMBA B KAUECTBE 3alajIbHOM 03I, a CXKIKEHHOTO HEe()TSIHOro rasa — B KaueCTBE OCHOBHOTO;
obecrieueHne CTabMIbHON PabOTHI IBUTATEIIS C UCTIOIB30BAHHEM alIbTEPHATHBHOTO TOILIMBA Ha BCEX HATPY304YHO-
CKOPOCTHBIX PEKUMax; BBIIBICHUE BIMSHUS 3aMalbHON JIO03BI M aNbTEPHATHBHOTO TOIIMBA HAa TEXHUKO-
9KCIUTyaTal[MOHHBIE MapaMeTphl 3HEPreTHYEeCKON YCTaHOBKU. OTH LeNHM ObUIM AOCTUIHYTHI IYTEM aHalM3a
cHoco0oB TepeoOOpyIOBaHUS JH3€NeH, pPeryJupoBaHMs Ta3oNoJadd M CYIIECTBYIOUIMX MaTeMaTHYECKHX
MoJienield, pa3paboTKu MaTeMaTHYeCKOW MOZEIHN TU3EJIbHOTO U ra30/Ju3eIbHOI0 IIMKIIOB HA OCHOBE Mozeiu Bube
N. W. c mepeMeHHbIM MOKa3aTelIeM XapakTepa CropaHMs, a TaKKe pacdETHOTO HCCIECIOBAHHS BIMSHUA
K03(h(puIKeHTa 3aMEIIEeHHs IN3EJILHOTO TOTUINBA CKIKCHHBIM HE(TSHBIM ra30M Ha TEIUIOBBIICIICHNE, TABICHHUC
U TeMmneparypy B mwinHape. Hambonee BakHbIC pe3yibTaThl BKIIOYAIOT BBIABICHHE Pa3lMUMi B XapakTepe
CrOpaHHus U TEIUIOBBIJCICHNS B AU3ENBHOM M Ta30U3€IbHOM IMKJIAX, B YACTHOCTHU IMOJYYEHHE NPH HPUHATHIX
YCIIOBUSIX MOZEIHMPOBAHUS PAacUETHBIX 3HAYCHUH 0ojee HU3KOTO JABJIECHHUS M Ooiee BBICOKOM TEMIIEpaTyphl B
ra30/M3eIHOM IIMKJIC; OIPEJENCHNE 3aKOHOMEPHOCTEH H3MEHEHHS IIOKa3aTellsl XapakTepa CropaHus It
ra30/U3eIbHOI0 IIUKJIA, 10JIM U CKOPOCTH TEIUIOBBIICIICHNS, JaBJICHHUS U TeMIIepaTyphl; pacuéTHOE yCTaHOBIICHHUE
BIIMAHHUA 3aMCHOICHUA YaCTH AU3CIBHOI'O TOINIMBA CXHXCHHBIM He(i)THHI)IM ra3oM Ha pa60tmﬁ mpouecc
JU3EJIBHOTO JIBUTaTeNs Oe3 HajayBa. 3HAUMMOCTh IOJYYCHHBIX Pe3yJbTAaTOB 3aKIIOYaeTCs B yCTAHOBICHUU
AHATIUTUYECKUX CBA3eH MEXIY XapaKTepHCTUKAaMH CrOpaHus, LMKIOBOH Mmojadel >KUIKOTO M ra3oo0pa3HOro
TOIUIMBA U MOKa3aTeJsIMU paboyero MUK JBUraTelsl, YT0 CO3AaET OCHOBY /IS IAJIbHEHUIIEro YTOUHEHUSI MOACIH
ra3oJu3eapHOro pabodero mporecca, pa3pabOTKH YCTPOMCTB M aJrOPUTMOB PETYIMPOBAHUS Ta30MOAAYH U
3amagbHOM JJO3BI, @ TAKXKE OIIEHKH TOIUIMBHON M 3HEPreTHYECKOH 3()(EKTUBHOCTH YCTAHOBKH B HCCIIEJOBAHHOM
JMana3oHe PeXXUMOB.
Kniouegvie cnoga: Ta3onu3enbHBIA ABHTATENb, CXKIWKEHHBIM He(TAHON ras3, BHEIIHee cMeceoOpa3oBaHHE,
3amanbHas J103a, TeIUIOBBIJIENICHNE, TOIUIMBHAS 3()()EeKTUBHOCTD, SHEpreTHIecKas 3G ek THBHOCTB.

1. INTRODUCTION 2. LITERATURE REVIEW, RESEARCH
Converting diesel internal combustion engines AND APPROACHES TO DUAL-FUEL
to alternative fuels, particularly liquefied ENGINE OPERATION
petroleum gas (LPG) and compressed natural gas Hall and Kassa [23] reviewed combustion
(CNG), is considered a means of reducing diesel  congrol  approaches for dual-fuel engines
fuel consumption and environmental impact. operating on natural gas and diesel fuel. The

. . . ] conversion, mixture-formation and fuel-supply
Conversion approaches differ in mixture  coniro] approaches considered in this article are
formation, operating cycle and gas-supply control ¢\ marised in Table 1 using the relevant

[1, 2, 3]. publications.

For agricultural diesel engines, maintaining ) )
the original performance after conversion to a  2-2-2- Liquefied petroleum gas (LPG)

dual-fuel supply system is important. Aydin M. et al. [2] investigated dual-fuel
In dual-fuel operation, the gas—air mixture is ~ Operation of a single-cylinder diesel generator
ignited by a pilot quantity of liquid fuel. with gaseous LPG supplied to the intake

Conversion therefore requires coordination of ~ Manifold, i.e. external mixture formation.
both fuel supply and the governor of the high- ~ Mohsen J. M. and Al-Dawody M. F. [3] modelled
pressure fuel injection pump. pal’tial diesel substitution by LPG in Diesel-RK.

These relationships must be investigated to ~ The experimental studies by Toledo E. et al. [7]
select the diesel substitution level and ensure  and Tchato Yotchou G. V. et al. [8] concerned

stable operation under variable loads [2, 3]. performance, ~ emissions and  combustion
characteristics at different loads and fuel ratios.
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Table 1
Summary of dual-fuel engine operation
Ne Conversion approaches Publications
Conversion of a diesel engine to
! a gas engine ’ [11, 4]
Compressed
Dual-fuel I natural gas [5], [6]
2 | external gas— - -
air mixture Liquefied
formation petroleumgas | [2,3,7, 8]
(LPG) operation
Internal LPG; other
nterna direct fuel-
mixture supply [9, 10, 11]
direct fuel Natural
injection atural gas,
) assisted ignition [18]
Gas-supply Automatic [12, 15, 17]
4 | control ]
methods Mechanical [14, 16]

2.3. Internal mixture formation

2.3.1. LPG and other fuel-supply approaches

Maza Rubina A., and Lastra Espinoza L. [9]
considered internal mixture formation with LPG
supplied through the high-pressure fuel line and
compared calculated and experimental engine
characteristics.

Dual direct injection of fuels with different
reactivities represents a separate approach [10].
Gas supply during the compression stroke in low-
speed marine dual-fuel engines was investigated
in [11]. These approaches differ in fuel type,
injection-system design and conditions of fuel
delivery to the cylinder.

2.3.2. Direct natural gas injection

Willi’s patent [18] proposed controlling the
direct-injection pressure of natural gas according
to load. At low loads, reduced pressure increases
injection duration for a given gas quantity and
improves combustion conditions.

Assisted ignition is provided, particularly by a
glow plug; diesel pilot ignition is an additional
implementation option. Table 1 presents this
patent as a solution for an engine with direct gas
injection.

224

2.4. Gas-supply control methods and systems

2.4.1. Automatic electronic systems

Electronic systems provide operating-point-
dependent gas metering and mode switching [12,
13]. The pilot-quantity corrector [15] allows
diesel and gas supplies to be coordinated. In [17],
a programmable logic controller (PLC) was used
to control the two fuels separately. Such systems
require appropriate sensors and actuators.

2.4.2. Mechanical systems

Mechanical solutions include a pneumatic
corrector [14] and coordination of the fuel-pump
and throttle levers [16]. Their application requires
consideration of the standard governor’s effect on
the pilot-fuel quantity. The interaction between
the governor and gas supply must therefore be
verified when converting a production diesel
engine.

The Wiebe 1. I. model [19, 20] is easy to apply
but requires experimental selection of the
exponent m. The Razleytsev—Kulikov model
[3, 21] describes injection and combustion in
greater detail and requires additional fuel-supply
data (Table 2).

2.6. Unresolved issues and differences from
previous results

The studies reviewed show that the use of LPG
in dual-fuel cycles, pilot-ignition quantity control
and combustion modelling already has a
theoretical and experimental basis [3, 7, 8, 15,
19 — 23]. However, results obtained with different
mixture-formation methods, control systems and
operating conditions cannot determine the gas and
pilot-ignition settings of a particular naturally
aspirated production engine without further
justification.

2.5. Mathematical modelling of combustion

The relationship between fuel supply and load
and speed characteristics still needs to be
established for the investigated installation.

Existing electronic correctors regulate the
pilot-fuel quantity according to speed [15],
whereas mechanical systems coordinate liquid-
and gaseous-fuel control [14, 16]. However, the
effect of the constant-speed governor in the high-
pressure pump requires separate verification for
the selected conversion approach: the resulting
changes in diesel supply complicate evaluation of
an increase in gas supply.

The modelling methods are summarized in
Table 2.
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Table 2
Approaches and methods for modelling combustion in diesel and dual-fuel cycles
No. Matrr:]eon;;tlcal Main equations and formulas describing the model References
. v m+l
1. 1. Wiebe x=1-e =)
i C, =In(l-
. | exponential model | C, n-x,) [19, 20]
describing heat- " ((p]m
c|l =
release curves dx :_C(mﬂ){ﬂj oo
do ;
( Ea 70 j T
7= T O ~\/:-3.8~106 (n-1--16-10™)
P
dx do, m,
Lol (0,10 —x.)| — |-
Razleytsev— dz (/’1{ dr }"'{A\) ( w %) (0 o)[vi j} Do
Kulikov model
2 describing ax (@0, —%)- mf Al do, [3, 21]
combustion dr P2 u v, P dr
dx
5 =K A @@-X)(o, X 0
Filipkovsky model
with a variable dx mi1) 1 m miy, M
2 il 1 Ino—
8 combustion-shape T CeXp(Cgo ) , {(m+ o'+ n(pd(/):| [22]
exponent
A. P. Kuzmenko 0+18
model for m; =10,639-¢, - (4, +0,00025)- :
determining the
4 |variable 17,-0,25 £+1 n+500 [25]
combustion 0,8 11 5000
g’ég?n”ee”t Nagas | _2g 02552 +98,045-5° —156,86- " +86,88- 5°

The research question is therefore to determine
diesel substitution in dual-fuel operation at the
rated operating point and the conditions for
maintaining brake power.

The theoretical part of this task concerns
selecting a combustion description suitable for the
available input data. The I. I. Wiebe model
requires justification of the combustion exponent,
whereas detailed models require additional
information on injection and fuel supply [3, 19—
21]. For the investigated engine, the assumed
substitution level must be taken into account and
its effect on calculated heat release and indicated
parameters assessed. Applying the established
mathematical framework to these conditions
requires justification of the input parameters and

a distinction  between calculated and
experimentally established relationships.
This work differs from the reviewed

approaches by investigating the dual-fuel process
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in a naturally aspirated production engine with
external LPG mixture formation at a substitution
coefficient k, =0.5. Unlike studies of a specified

speed characteristic of the pilot quantity using an
electronic corrector [15], in which non-engine
tests of the device did not reveal the governor’s
effect on the substitution coefficient in a dual-fuel
engine, this study considered theoretical
combustion relationships for this engine type and
their effect on k, and established its maximum

possible value through engine tests. The
contribution includes the load and speed
relationships obtained under these conditions and
the experimental fuel-consumption ratio while
maintaining power output. Comparison of
combustion characteristics calculated using the I.
I. Wiebe model with a variable exponent against
the experimental curve confirms the adequacy of
the developed model for this engine type and its
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use to investigate the dual-fuel cycle in the same
engine, as performed here. The results showed
that, when switching to dual-fuel operation, the
heat released per cycle during replacement of
diesel fuel by gaseous fuel does not correspond to
the substitution coefficient, requiring an
adjustment that was made during the experiments.
These results provide a basis for further
coordination of gas supply and pilot-fuel quantity
within the investigated operating range.

3. AIM, OBJECTIVES AND RESEARCH
METHODS

The aim is to optimise the operating
characteristics of a power unit with a gas—liquid
fuel system. The objectives are to provide a
theoretical basis for the need to adjust the pilot
guantity and its effect on diesel substitution by
gaseous fuel through combustion and heat-release
modelling; conduct engine tests; and determine
the LPG substitution level. The methods include
the 1. 1. Wiebe model with variable m and bench
tests of the 4Ch11.0/12.5 engine.

4. OBJECT OF THE STUDY

The object of the study is a 4Ch11.0/12.5
diesel engine with a gas—liquid fuel supply system
(Table 3).

Parameter Value

External mixture
formation

Mixture formation in
dual-fuel operation

Gas—air mixture ignition

method Diesel pilot quantity

Table 3
Technical specifications of the test engine

Parameter Value
Engine model D-240 (4Ch11.0/12.5)
Engine type ot diesel
Number of cylinders 4
Cylinder bore (mm) 110
Piston stroke (mm) 125
Rated speed (rpm) 2200
Compression ratio 16

Investigated operating

Diesel and dual-fuel
modes

The excess-air ratio for the diesel engine is:

5. MATHEMATICAL MODEL OF
COMBUSTION AND THE WORKING
PROCESS IN DIESEL AND DUAL-FUEL
OPERATION

The Wiebe II. model with a variable
combustion exponent was used for the
4Ch11.0/12.5 engine.

The heat-release fraction x is calculated using
[19]:

o 1)
where C, the combustion constant depends on

the fraction of fuel burned by the end of
combustion; m is the combustion exponent in the
I. I. Wiebe model; ¢, is the combustion duration
in crank-angle degrees.

The combustion constant C, is determined as:

C, =Inl-x,) @)

where x, is the fraction of fuel burned at the
actual completion of the combustion process.
The combustion duration ¢, is determined

using the formula of B. A. Sharoglazov and M. F.
Farafontov:

¢, =135- 7% 425 3)

New relationships for combustion and the
working cycle of the 4Ch11.0/12.5 engine were
obtained on the basis of known relationships from
internal combustion engine theory.

2,110° . 7-D? ~S{p0 P -4{1—

3,024557-108~(ﬂiﬁ+§m)~n2-7r2-52~D4'(1+a2)}_¢, D
hvz~(dn'cosav+hv~av'C0520!v)2'To C (4)

Ay =

where the following are represented:

(e=1)-(T, +AT)-V, - p, Em +;~(S—O)]R

- engine design parameters: D is the cylin-
der bore, m; S is the piston stroke, m; ¢ is the
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compression ratio; « is the crank—connecting rod - engine operating parameters: p, is the re-
mechanism constant; h, is the intake-valve lift, m; sidual-gas pressure; n is the crankshaft speed,
d, is the intake-port throat diameter, m; ¢, isthe ~ min™; v, is the volumetric fuel delivery per cy-
valve-seat angle, rad; cle, mm?/cycle;

- engine design and operating parameters: - fuel physicochemical characteristics: is
¢..« 1S the cylinder aftercharging coefficient due  the liquid-fuel density, kg/m?; C, H, S and O are
to delayed intake-valve closing; ¢, is the cylinder ~ the mass fractions of carbon, hydrogen, sulphur
scavenging coefficient due to valve overlap; g, and oxygen, respectively;

. . . L - fresh cylinder-charge parameters: p,T,
is the charge-velocity attenuation coefficient in x :

the cylinder section considered; &, is the intake- &€ the —ambient-air - pressure  (MPa) and
system resistance coefficient referred to its nar- temperature (K), respectively; R is the universal
Y . . gas constant, R=8.314 kJ/(kmol-K).

rowest cross-section; AT is the charge tempera-

ture increase during intake, °C.
The excess-air ratio for the dual-fuel engine is:

2,1:10° - 7-D%-S-T,-{ Py - 0. 0 .{1_ ~9. P,

3,024557-10°° (B2 +&,)-n* - 2*-S* - D*-(1+a?)
L hf-(dn-coswarhv-ocv-coszon)Z-T0 (5)

gd

(e-1)-(T, +AT) -V, - p, -{1,078-[§+ H +%-(s —0)] R-T,-(L—k,)+k, -194,88-[339-C +1030- H —109-(0—5)]}

where k, is the coefficient of diesel-fuel The diesel-cycle exponent m is approximated
substitution by gaseous fuel. by a sixth-order polynomial:
m=b-¢° b, -¢* +b;- " ~b, ¢’ +b,-0* ~b; -p+b, (6)
where ¢ is the engine crank angle measured b, —b, are polynomial coefficients that depend
from the start of visible combustion, °CA. on the engine operating mode and fu

The excess-air ratio for the hypothetical gas engine is:

3,024557-10° (B2 + &, )-n*-7°-8%-D* - (1+ )

B ) 2 2 7
L h-(d,-cosa, +h,-a,-cos’a,) T, )
. Py (61 (T, +AT)-V,, - p, -[339-C +1030-H ~109- (0 - S)]

9,7965-10" - 7-D?-S-T, 4 Py Prog €| 1—

and a compression ratio ¢ =16, into Equations
Equations (4-7) apply to high-speed naturally ~ (4), (5) and (7) gives the following excess-air
aspirated diesel engines of the 4Ch11.0/12.5type,  ratios: for the diesel cycle, 4, =1,51, within the

with a pear-shaped mixture-formation chamber in permissible range for high-speed automotive and
the piston, a five-hole nozzle and volumetric-film  tractor diesels with either volumetric mixture
mixture formation. The equations canalso be used  formation (1=15..18) or film mixture
for other sizes of high-speed naturally aspirated formation (1 =1.45...1.55) [13]; for the dual-fuel

diesel engine, but this requires the approximating cycle, 4, =154 and for the hypothetical gas

polynomial in Equation (6), obtained by analysing ) . i
experimental indicator diagrams of the particular ~ CYCle with gas delivery per cycle corresponding to
the dual-fuel cycle, 4, =1.58.

engines, or a known value or variation of the

combustion-shape exponent m. Substituting the obtained excess-air ratios into
Substituting the design, operating, combined ~ Equation (3) gives the combustion durations: for
design and operating, fuel physicochemical and the diesel cycle, ¢,, =102 °CA; for the dual-fuel

fresh-charge parameters for t_he rated operating  cycle, ¢ =99.8 °CA; and for the hypothetical
mode of the 4Ch11.0/12.5 engine, at n=2200rpm gas cycle, p, =97.3 °CA.
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Thus, Equations (4), (5) and (7) were used to  mode of the 4Ch11.0/12.5 engine, with £=16 at
investigate the range of excess-air ratios for the ~ n=2200 rpm and the manufacturer-recommended
4Ch11.0/12.5 engine, with the specified  fuel-delivery advance angle ¢, =26 °CA before

compression ratio £=16, at the rated speed o, goaq centre, which also determines the
n=2200rpm for the diesel, dual-fuel and jniection advance angle. The coefficients of

hypotheticql gas cycle_s. Substit_ution o_f the polynomial (6) were: b, = 4.6356672865-10°%;
corresponding A values into Equation (3) yielded .
b, =9.868196676314-10;

a combustion-duration range of 97.3-102 °CA for
these cycles of the investigated engine. Shorter b, =8.26629672852353-10*;
combustion durations correspond to higher b, —3.46001472767643-10%;
_coeff|0|ents and vice versa, indicating that.an b, — 7.74144657194142.10° ;
increased excess-air ratio reduces combustion

duration. b, =9.75561964770009-107 ;

To account for other important factors b, =4.93690990913365-107.
affecting combustion, including injection timing, The variable exponent m for the gas engine is
the sixth-order polynomial of the I. I. Wiebe  getermined using the equation proposed by

combustion-shape exponent m (6) is used. Its A p Kuzmenko [25], taking Equation (7) into
variation was investigated in previous work  account:

through analysis of experimental indicator The variable exponent m for the gas engine is:
diagrams and heat-release curves for the rated

h-(d, -COSaV+mav-coszav)2~T0

3,024557-10° (2 + £, )-n*-7* -2 D* (14 0
9,7965-10 . 7-D*-S-T, - po-gociad'g{l— Ao rdo) ( )}%pr

m =10,639- 2. +0,00025 |-
0, py-(e-1)-(T, +AT)-V, - p, -[339-C+1030-H -109-(0-9)]
3,024557-10° -(fo +, )-n* 2* 87D (1+0?) (8)
TO' po'(ﬂcad'g' 1- h\/z (d hv ) )2 T _(pc'pr
\d, -cose, +h, -, -cos’ &, ) -
.9"'18. ’ -0,3125 g_"'l
40 0,8-p,-(e-1)-(T, +AT) 11

2 3 4 5
D508 005 2 | 49,05 4 | 15686 % | +8688 &
5000 0, 2 o o

where @ is the ignition advance angle; ¢, is  mode of the 4Ch11.0/12.5 engine, with n=2200

the current crank angle measured from the startof ~ rpm and & =16. In this case, the excess-air ratio
visible combustion. was 4, =1.58.

_Equati_on (7) accounts for the a(_:tual excess_—air Using Equations (6) and (8), and assuming that
ratio, which depends on the design, operating,  the combustion-shape exponent in the dual-fuel
combined  design and  operating, fuel  cycle takes values characteristic of both the diesel

physicochemical and fresh-charge parameters for ~ and gas engines, we obtain the following
the hypothetical gas cycle at the rated operating relationships:
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My = @=k)-(b 0" ~b, 0"+, 0" b, 49" by b, )k,

, 3,024557-10° (B2 +&,)-n*-7°-8%-D* - (1+a*)
9,7965-10* - 7-D?-S T, { Py - o €| 1— . ~9,-p,
: 2 2
o h-(d,-cosa, +h, -, cos’a,) T,
110,639 . +0,0002!
0, Py (6—1)-(Ty +AT) -V, - p, -[339-C +1030-H ~109- (0 - S)]
©)

3,024557-10° (B + &, )-n* - 2*-S*-D* - (1+a?)
TO' Po Peag "&- 1- 2 —@. P
h-(d,-cose, +h,-a,-cos’ a,) T,

0,8-p, - (6-1)-(T, +AT)

—-0,3125;-

2 3 4 5
.3—”.“—50()—28,025-{&] +98,o45.(ﬁj —156,86-(ﬁ] +86,88.(ﬁJ (b 0" b, 07 +b, 0" —b, -7 +b, 7 b+
¢Z gDZ gDZ

z

Pressure during compression:

p=p,-|1- (Bn+&,) 0 -7*-S° - D*-(1+a’) .
| 3024557-107-h’-(d, -cosa, +h, -, -cos’ ,)* T,

(1,41—%) (10)

&

;{(l—cow) +Z-(1—0052(p)](g—1) +1

Temperature during compression:

wc'pr'(T0+AT)
2 £ ).n2.2%.52.D* - (1+ a2
(,,clad.g.{po.[l (B+&,) 0" 7 1+ a?) ﬂ_%pr

T, +AT +

3,024557-107%-h?-(d, -cose, +h, -, -cos’ ,)* - T,

T =
1+ ¢cpr(T0+AT)
(B2 +&,)-0 77 -52.D* - (L+ o)
el 1- in " Sin —o.-p LT
{(””” ¢ {pf’ ( 3,024557-107 -1 -(d, -cosa, +h, -a, -cos? @, )2 T, || 7 P (11)

(o,ufgj
n
&

;{(1—005@ +% -(1—cos 2@)} (e-D+1

The total specific utilised heat of combustion is £[339-C+1030-H-109-(0-S)]  (12)
determined from the I. I. Wiebe formula [19], Q, = 4184-[(1+ 7 ) A1 +1]

taking the elemental composition of the fuel into ' ' 0d

account:

where ¢ is the heat-utilisation coefficient
during visible combustion; &=0.9 is adopted
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The total specific utilised heat of combustion for the dual-fuel cycle is determined as:

£:[Qq Gy (=K )+k Qg -V, |

% = k,-0,928-V_- p, -10° (13)
4,184-(1+ Ay -1y ) (L+7,)+| Gy -1,078-(1-k,) + - 19_
"o

Pressure during combustion [19]: The heat-capacity factor is determined from

the heat-capacity ratio [19]:

0,8705-q, -Ax,_, +103,947- p, - (K_, -V, —V,)
- K (14) k_,+1
K, ,=—2""

k_,—1

-2

2

12" Vo ™V

(17)
Temperature during combustion:
Here, T, and x_, are the average

temperature and heat-release fraction over the
interval considered; A is the excess-air ratio. This
approximately accounts for changes in the
thermophysical properties of the working fluid as
the initial mixture is converted into combustion
products.

Thus, variable thermophysical properties
averaged over elementary intervals are used in the

PV, -10°

Tl
vV, R

(15)

When determining the increase in internal
energy, the temperature dependence of heat
capacity and the effect of changes in working-
fluid composition were included within the
adopted empirical approximation. An average

heat-capacity ratio was used for each elementary calculation:
interval of the combustion process [19]: . The current molar volume of the working fluid
k_, =1259+ 76,7 —(0,005+%j- %, (16)
1-2 m. -X
V, =M, |1+ H (18)

19,04-1-(nc+”m

For dual-fuel operation, the current molar volume of the working fluid is determined taking the
substitution coefficient k, into account:

(de +kr '(mHg _de))‘X
My +kr '(mHg _de):|

Vy =M, {1+

(19)

19,04- 4, {mcu +K, (Mg —mgy) + 2

charge quantity is determined from the cylinder
Residual gases are taken into account when  displacement, volumetric efficiency, charge
determining the total charge quantity at the end of  density and molar mass:
intake:
Vi 7,

M, =M, (1+7,) (20) M, :—/umix (21)

where y, is the residual-gas coefficient. In this During combustion, changes in the molar
way, the results of cylinder filling and scavenging  quantity and composition of the working fluid are
are included in the initial conditions for  additionally accounted for using the functions
calculating compression and combustion. f=Vy(@), =V, (@, f=u,(p), and

The effect of gas exchange is accounted for f = s4ee (@) . These relationships contain the
integrally when determining the quantity and state

of the working fluid in the cylinder. The fresh- heat-release fraction x, excess-air ratio A and

fuel elemental-composition characteristics; the
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substitution coefficient k, is also included for  are used to calculate the state and specific volume
dual-fuel operation. The resulting characteristics ~ Of the working fluid.

The current molecular mass of gases in the diesel cycle is:

44,01-n, -x+9,01-x-m, +32-(nc +n}j~(ﬂ—x)+105,844-/1-(nc +”11Hj

" 4, 76-/1-[% +m4HJ+ mH4' X (22)
The molecular mass of gases in the dual-fuel cycle is:
Hnisg = (e +Ke +(Ne —Ney)) (12,01 X +137,844- Agy) +(Myyg +K, - (M —My) )+ (101 x+34,461- A,
mixg 4’76./19(1.(nCd+kr'(an_ncd))+(de +kr.(mHg—de)).x (23)

4
Specific volume in the diesel cycle:
v, ={2,8715.10 [T, + AT + (o - p, - (T, +AT)-<¢C.ad &Py (1-(B2+&,) 0?7257 D?(1+a? )3,024557 -

-10%-h? -(dn -cosa, +h, -a, -cos’ a, )_2 -To‘l) -, P, >71]~[1+ o, p, (T, +AT)-{¢;C_ad -g-[p0 :
-(1—(,85 +§in)- n’.z*-S*.D* -(1+ ozz)~3,024557~102 -h? -(dn -cosa, +h, -a, -cos’ a, )72 ~T0’1)’1 -, pr}’l- (24)

Tt (-2 +&,) it a?-52D* (140 )-3,024557 107 -h? (d, -cosa, +h, -, -cos’ar, ) T, ) -

et ~{1+(g—1)~2'1 ~[l+ at —(Cosgo+oc'l m)}}

Specific volume in the dual-fuel cycle:

v, ={0,8316-10% [T, + AT + (o, - p, -(T, +AT)~<(pc_ad e py- (1= (B2 +&,) 0?7257 D? (1+a? ) 3,024557-

102 ! h\;z (dn 'COSC{V + hv 'av 'COSZ av )72 'Toil) _(pc : pr >7l]'[1+¢c : pr (TO +AT)'{(pc.ad '5'[p0 :

(1-(p2+&,)n* 2% 5% D*-(1+a?)-3,024557-10% -h;? -(d, -cosar, +h, -, -coS® ocv)’2 T,) - p F 05
Tt (B2 +&,) 0Pt -S?-D*-(L+a?)-3,024557-10° -h;-(d, -cosa, +h,-a, -cos?a, ) T, ) (25)

.[(nCd K, +(ngy —ngy )) 137,844+ (myg +K, +(myy —m ))~34,461][4,76-(n0d k- (ngg —ngy )1

et -{l+(g -1).27 -[1+ a’t 7(COS(p+ot’1 -J1-a?-sin? (ﬂﬂ}

Thus, the developed mathematical model  medium properties, and the diesel-fuel
provides an integrated description of combustion  substitution coefficient. The obtained
and the working process in diesel and dual-fuel  relationships form the basis for calculating and
operation. It accounts for the wvariable comparing the heat-release fraction and rate,
combustion-shape exponent, heat-release  cylinder pressure and temperature, and for
dynamics, fuel elemental composition, excess-air  assessing changes in the engine working process
ratio, residual gases, gas exchange, working-  during the transition to dual-fuel operation.
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6. MATHEMATICAL MODELLING RESULTS
The calculated exponent m and heat-release fraction are shown in Figs. 1 and 2.

7

6 Rated operation of a 4-cylinder
naturally aspirated diesel, 16Cr,
2200 rpm

W

—o— my, diesel mode

—&— My, gas-diesel mode

a~

—=— m,, gas-engine mode

N

Variable combustion shape parameter, m
w

".‘._..Il'.".‘. .
R s

0
O\ﬁo.l 0.2 073 0.4 0.5 0.6

i i s

Ratio of crank angle to combustion duration, ¢/¢, (deg/deg)

Fig. 1. Variation of the combustion exponent with crank angle.
The exponent m is predominantly negative for the diesel cycle and positive for the dual-fuel cycle
(Fig. 1).

1.0 T i 1530000040000
un s e = Lo < it
H""‘ MWW r‘,wf"*‘*' Lo

= 0.8 e ’/,r /
g ' =
S
& Fa A
3 0.6 P ; :
5 / Rated operation of a 4-cylinder
a / naturally aspirated diesel, 16Cr,
% / / 2200 rpm
:-‘c; 0.4 / i —s— x,, diesel mode
.":Tl:) / / —— X, gas-engine mode

- . / —4— X,q, gas-diesel mode

/ —— Experimental x,,, diesel mode
0.0

350 360 370 380 390 400 410 420 430 440 450 460
Crank angle, °CA

Fig. 2. Integral heat-release characteristics.
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dx . . respect to crank angle, giving the differential
The heat-release rate % is obtained by characteristics shown in Fig. 3.
differentiating the heat-release fraction with

0.12

0.10 r‘

Rated operation of a 4-cylinder
naturally aspirated diesel, 16Cr,
/ 2200 rpm

—— Experimental dx/d¢, diesel mode

=
=
&

—=— Axy, diesel mode

—% Axgyq, gas-diesel mode

\\ —o— Ax,, gas-engine mode

<)
=]
&

ol

Relative combustion rate, dx/d¢

o
=y
S

=

I

e

POOMesesiscsal

350 360 370 380 390 400 410 420 430 440 450 460
Crank angle, °CA

0.00

Fig. 3. Differential heat-release characteristics.
The indicated parameters of the diesel and dual-fuel cycles are shown in Fig. 4.

p, MPa
10

[ . : 2300
Rated operation of a 4-cylinder

B naturally aspirated diesel, 16Cr,
2200 rpm.

8 H{—— Experimental p?dicsél ‘mode

2100

1900
—&— Theoretical py, diesel mode

T| =+ Theoretical pyq, gas-diesel mode 1700

|| = Experimental T, diesel mode

—=— Theoretical Ty, gas-diesel mode 1500

5 H—* Theoretical Ty, diesel mode

1300

1100

Cylinder gas temperature T, K

900

2 / 700
1 § 500
04 : . : . : . . .

300 320 340

300
360 380 400 420 440 460 480
@, °CA

Fig. 4. Cylinder gas pressure and temperature versus crank angle for the diesel and dual-fuel cycles of the
4Ch11.0/12.5 engine.

The calculations predict a lower peak pressure  a substitution coefficient k., = 0.5 was used in the
and a higher maximum temperature for the dual-  mogel.
fuel cycle (Fig. 4). The results indicate the need to
coordinate gas supply and pilot-fuel quantity [23];
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The theoretical and experimental diesel-cycle
characteristics (Figs. 2-4) were compared at the
rated operating mode of 2200 rpm.

The normalised root mean square error
(NRMSE) was used for quantitative comparison:

1
\/Z(yth,i‘j - yexp,i‘j )2
S —

where y,., and vy, .. are, respectively, the

theoretical and experimental values of the j-th
characteristic at the i-th comparison point; n, is

the number of value pairs; and vy, and y,, ., are

the deviation limits adopted in the calculation and
presented in Table 4.

s, = MAE 1000 )
ymax,j - ymin,j
Table 4
Comparison errors for theoretical and experimental diesel-cycle characteristics
Characteristic Fig. Ymin Ymax RMSE NRMSE, %
Heat-release fraction x 2 0 0.998784 0.070375 7.05
Heat-release rate dx/dp (°CA)™ 3 0 0.107070 0.017066 15.94
Pressure p (MPa) 4 0.373001 8.880019 0.275024 3.23
Temperature T (K) 4 964.2673 2045.2418 159.9321 14.80
The maximum normalised root mean square  coefficient. This creates a contradiction to

error among the considered characteristics is
15.94%, corresponding to the heat-release rate
(Fig. 3). The lowest value, 3.23%, was obtained
for pressure. These estimates quantitatively
characterise the differences between the
experimental and theoretical diesel-cycle curves
at the rated operating mode.

The substitution coefficient k, accounts for

the reduction in the cyclic share of heat released
by diesel combustion and its replacement by the
cyclic share from gaseous fuel in the dual-fuel
cycle. In the theoretical study, k, =0.5, i.e. 50%

substitution, was adopted on the basis of the
literature review. Analysis of the theoretical
indicator diagrams p, = f () for the diesel cycle
and p,, = f(e) for the dual-fuel cycle showed a
peak diesel-cycle pressure p,, =8.88MPa at
¢4 =366, compared with p,, =6.495MPa at
¢, =367 for the dual-fuel cycle, and a
maximum diesel-cycle temperature T, =2045 K

Z

at ¢, =371, compared with T, =2227K at
@, =377 for the dual-fuel cycle. Therefore,

mathematical modelling of the diesel and dual-
fuel engine working cycles indicates that, with
other operating conditions equal, the dual-fuel-
cycle diagram shows lower efficiency. Increasing
the substitution coefficient k, with other

conditions equal is therefore inadvisable, whereas

decreasing it moves away from the objective of
determining the maximum diesel substitution
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resolve: increase k., at the expense of efficiency,
or decrease k, at the expense of substitution. In

addition, the mathematical model investigated
diesel and dual-fuel engine cycles under standard
atmospheric conditions at the rated operating
mode. Further investigation of k, therefore

requires experiments that account for the actual
atmospheric parameters of the working fluid and
different engine operating modes.

7. DISCUSSION OF RESULTS

The mathematical modelling results shown in
Figs. 1-4 characterise the patterns of combustion
and heat release, as well as changes in cylinder
pressure and temperature in the diesel and dual-
fuel cycles at the rated operating condition.
Quantitative comparison of the calculated
characteristics with the experimental diesel-cycle
curves (Table 4) defines the model accuracy
limits, while comparison of the two calculated
cycles reflects changes in the working process
during the transition to dual-fuel operation.

The transition to dual-fuel operation at a
substitution coefficient k, =0.5 changes the

variable combustion-shape exponent
characteristic and redistributes heat release over
the crankshaft angle (Figs. 1-3). Under the
adopted identical initial conditions, the dual-fuel
cycle is characterised by a lower calculated
maximum pressure but a higher maximum
temperature than the diesel cycle (Fig. 4). In study
[8], an increase in maximum pressure and heat-
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release intensity was recorded under different
operating conditions. The difference is associated
with load, excess-air ratio, pilot-fuel quantity,
mixture-formation method and combustion
duration, which determine the effect of LPG on
the working process.

The NRMSE values are 7.05% for the integral
heat-release fraction, 15.94% for the heat-release
rate, 3.23% for pressure and 14.80% for
temperature (Table 4). The best agreement was
obtained for the pressure curve, whereas the
greatest deviation was characteristic of the
differential heat-release characteristic. The
maximum value of 15.94% defines the existing
accuracy limit of the model when applied at the
rated operating condition and indicates
satisfactory adequacy of the mathematical model.

In the mathematical model, mass exchange
between thermodynamic systems is taken into
account in integral form when determining the
guantity and state of the working medium in the
cylinder. The amount of fresh charge is
determined through cylinder displacement,
volumetric efficiency, charge density and molar
mass, while the total charge quantity at the end of
intake is determined with allowance for the
residual-gas coefficient according to relationships
(20) and (21). During combustion, changes in the
molar quantity and composition of the working
medium are taken into account by the
relationships f=V,(p), f =V, (@),

f =t (@) and =, (p), which include the

heat-release fraction x, excess-air ratio A,
elemental fuel composition and, for the dual-fuel
cycle, substitution coefficient k,. These

characteristics are used to calculate the state and
specific volume of the working medium.

This method of accounting for gas exchange
provides a comparative calculation of the diesel
and dual-fuel cycles of the investigated naturally
aspirated diesel engine under the adopted
operating conditions. Verification of the
established patterns under load and speed
conditions is the subject of the second part of the
study.

In addition, according to equations (12) and
(13), the calculated values of the total specific
utilised heat of combustion for the diesel cycle,
q, =388.16 kJ/kg, and for the dual-fuel cycle,

q,, = 323.91kJ/Kkg, are determined with allowance
for the excess-air ratios 4, =1.51 and Aga =1.54,
substitution coefficient k., =0.5 and working-
medium composition. Therefore, gas supply and
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pilot-fuel quantity must be coordinated with the
actual operating conditions; fuel efficiency should
be evaluated from the consumption of both fuels,
while energy efficiency should be assessed as the
ratio of useful engine work to the total energy
supplied with diesel fuel and LPG.

The combination of the variable-exponent I. I.
Wiebe model with its quantitative comparison
against the experimental diesel-cycle curves
characterises the dual-fuel process of a production
naturally aspirated diesel engine with external
LPG mixture formation. The obtained
relationships can be used for the initial selection
of gas supply and pilot-fuel quantity and for the
development of control devices and algorithms.
Experimental refinement of these relationships
for load and speed conditions is presented in the
second part of the study.

8. CONCLUSIONS

The variable-exponent 1. I. Wiebe model,
supplemented by relationships for the excess-air
ratio, residual gases, gas exchange, working-
medium composition and variable heat capacity,
was used to calculate heat release, pressure and
temperature in the diesel and dual-fuel operating
modes of the 4Ch11.0/12.5 naturally aspirated
diesel engine.

At the theoretical substitution coefficient k,
0.5, redistribution of heat release, a lower
calculated maximum pressure and a higher
maximum temperature were established in the
dual-fuel cycle compared with the diesel cycle
under the adopted identical initial conditions. This
confirms the need for coordinated regulation of
LPG supply and pilot-fuel quantity.

Comparison with the experimental diesel-
cycle curves at a rotational speed of 2200 rpm
yielded NRMSE values of 3.23% for pressure,
7.05% for the heat-release fraction, 14.80% for
temperature and 15.94% for the heat-release rate.
Thus, the maximum relative root-mean-square
error was 15.94%, which indicates the adequacy
of the mathematical model.

For equal fuel mass fractions, the calculated
LPG energy fraction is approximately 51.9%,
owing to the different lower heating values of
diesel fuel and LPG. Therefore, assessment of
fuel and energy efficiency requires the
consumption and lower heating values of both
fuels to be taken into account.

The obtained relationships provide a basis for
refining the dual-fuel working-process model and
developing algorithms for controlling gas supply
and pilot-fuel quantity. Experimental verification
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of the modelling results under load and speed
conditions is the subject of the second part of the
study.

References

[1] Kovalev, S. O. (2019). Development and research
of the D-240-LPG gas engine converted from a
tractor diesel engine. Internal  Combustion
Engines, (2), 18-25.

[2] Aydin, M., Irgin, A., & Celik, M. B. (2018). The
impact of diesel/LPG dual fuel on performance
and emissions in a single cylinder diesel generator.
Applied Sciences, 8(5), 825.

[3] Mohsen J. M., Al-Dawody M. F. (2022). The

combustion characteristics of compression

ignition engine fuelled partially by LPG-Diesel
blends (Simulation study). Al-Qadisiyah Journal

for Engineering Sciences, 15(3), 156-163.

Liu, J., & Dumitrescu, C. E. (2018). Flame

development analysis in a diesel optical engine

converted to spark ignition natural gas

operation. Applied Energy, 230, 1205-1217.

[5] Bari, S., & Hossain, S. N. (2019). Performance of a
diesel engine run on diesel and natural gas in dual-
fuel mode of operation. Energy Procedia, 160,
215-222.

[6] Tang, D., Liu, N., Wang, J., Zhao, C., & Luo, F.
(2020). Effect of load on combustion cyclic
variation in  CNG/diesel dual-fuel engine.
International Journal of Energy for a Clean
Environment, 21(1), 25-39.

[7] Toledo, E., Guerrero, F., Amador, G., & Toledo, M.
(2022). Experimental assessment of the
performance and fine particulate matter emissions
of a LPG-diesel dual-fuel compression ignition
engine. Energies, 15(23), 9035.
https://doi.org/10.3390/en15239035

[8] Tchato Yotchou, G. V., Issondj Banta, N. J., Kabini
Karanja, S., & Ngayihi Abbe, C. V. (2023).
Experimental study on the effect of load and
air+gas/fuel ratio on the performances, emissions
and combustion characteristics of diesel-LPG
fuelled single stationary CI engine. Engineering
Reports, 5(9), e12654.
https://doi.org/10.1002/eng2.12654

[9] Maza Rubina, A., & Lastra Espinoza, L. (2006).
Developing of the thermal calculation of the
gasodiesel engine with internal formation of the
mix air gas and validation by the experimentation.
Tecnia. 16(2), 93-108.

[10] Li, T., Zhao, P., He, H., Wang, C., Zhang, H.,
Chen, Z., & Chen, H. (2025). Dual-fuel dual-direct
injection: An efficient and clean combustion
technology for diesel engines. Journal of the
Energy Institute, 119, 102006.
https://doi.org/10.1016/j.joei.2025.102006

[11] Belousov, E., Marchenko, A., Gritsuk, I. V.,
Savchuk, V., Bulgakov, N., Mitienkova, V.,
Ahieiev, M., Samarin, O., Vrublevskyi, R.,
Volodarets, M., Kalashnikov, Y., & Pronin, S.

[4]

236

(2020). Research of the gas fuel supply process on
the compression stroke in ship’s low-speed gas-
diesel engines. SAE Technical Paper 2020-01-
2107. https://doi.org/10.4271/2020-01-2107

[12] Zhang, C., Zhao, W., Miao, T., & Wu, H. (2016).
Development and application of a control scheme
to reduce insufficient operation of an NG-diesel
dual-fuel automobile. Proceedings of the
Institution of Mechanical Engineers, Part D:
Journal of Automobile Engineering, 230(1), 61—
69. https://doi.org/10.1177/0954407015578039

[13]Marchenko, A. P., Parsadanov, I. V. &
Dmytrychenko, M. F. (2014). Dvyhuniv
vnutrishnyoho zhorannya: Vol. 1. Teoriya
robochykh  protsesiv  [Internal  combustion
engines: Vol. 1. Theory of working processes] (A.
P. Marchenko, Ed.). NTU "KhPI".

[14]Babych, O. S. (2003). Prystriy dlya rehulyuvannya
potuzhnosti hazodyzelya (UA 52926 C2).

[15] Kovalev, S., & Patlatyuk, K. Development and
Research of a Gasodiesel Control System with a
Diesel Fuel "Ignition Dose" Corrector. Scientific
Collection "InterConf+" , (37), 331-341.

[16] Jeong, D. S., Suh, S. W., Oh, S. M., & Choi, K. N.
(1993, November). Development of a Mechanical
CNG-Diesel Dual Fuel Supply System. In Seventh
International Pacific Conference and Exposition
on Automotive Engineering.

[17] Ergeng, A. T., & Koca, D. O. (2014). PLC
controlled single cylinder diesel-LPG engine.
Fuel, 130, 273-278.

[18] Willi, M. L. (1998). U.S. Patent No. 5,771,857.
Washington, DC: U.S. Patent and Trademark
Office.

[19] Vibe, 1. I. (1962). Novoye o rabochem tsikle
dvigateley. Mashgiz.

[20] Linkov, O. Yu. (2004). Selection and justification
of mixture formation and combustion parameters
in a high-speed diesel engine operating on
alternative fuel (Extended abstract of Candidate's
thesis, National Technical University "Kharkiv
Polytechnic Institute™).

[21] Razleytsev, N. F. (1980). Modelirovanie i
optimizatsiya rotsessa sgoraniya v dizelyakh.
Vyshcha Shkola.

[22] Marchenko, A. P., Osetrov, A. A., & Lynkov, O.
Yu. (2013). Mathematical model of the fuel
combustion process in a diesel engine. Internal
combustion engines , (1).

[23] Hall, C., & Kassa, M. (2021). Advances in
combustion control for natural gas—diesel dual
fuel compression ignition engines in automotive
applications: A review. Renewable and
Sustainable Energy Reviews, 148, 111291.

[24] Fawole O. G., Cai X. M., Mackenzie A. R. Gas
flaring and resultant air pollution: A review
focusing on black carbon. Environmental
Pollution. 2016. Vol. 216. P. 182-197. DOI:
10.1016/j.envpol.2016.05.075.



[25]Kuzmenko,

PROBLEMELE ENERGETICII REGIONALE 4 (72) 2026

A. P. (2012). Improving the

performance of a small-displacement gas engine
with spark ignition by selecting parameters that

determine

the combustion process (Doctoral

dissertation, degree of Candidate of Technical

Information about authors.

Lysenko Roman, PhD Student
in Industrial Mechanical
Engineering, Department of
Agroengineering and Technical
Service. Research interests:
diesel engines, petrol engines,
alternative sources.

ORCID:
https://orcid.org/0009-0007-
9867-5581

E-mail:
romandmytrovich@gmail.com

237

Sciences: speciality 05.05. 03 "Engines and power
plants” / A. P. Kuzmenko).

Ryaboshapka Vadym, Candidate of
Technical Sciences, Associate
Professor, Department of
Agroengineering and Technical
Service. Research interests: biofuels,
internal combustion engines, tractors
and automobiles.
https://orcid.org/0000-0003-1812-
1030

E-mail:
vadymryaboshapka@gmail.com



https://orcid.org/0009-0007-9867-5581
https://orcid.org/0009-0007-9867-5581
mailto:romandmytrovich@gmail.com
https://orcid.org/0000-0003-1812-1030
https://orcid.org/0000-0003-1812-1030
mailto:vadymryaboshapka@gmail.com

