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ARTICLE INFO ABSTRACT

Keywords: The main objective of the paper is to reveal a few aspects related to combustion quality of a diesel
Diesel engine engine fueled in diesel-gas mode with diesel fuel and compressed natural gas. The total amount of
DF mode

heat released per cycle will be higher when the engine is fueled in dual-fuel mode due to higher
LHV and because of the gaseous state of CNG. For low and medium loads the total quality of heat
Heat release rate released per cycle will increase with 10 % and for higher loads it will reach levels with 25 %
Indicated mean pressure higher. The heat release rate of the preformed mixture will double its value for low and medium
Emissions loads and will reach thresholds up to 3.5 times higher (interval —15; —5°CA); admitting CNG into
cylinder will help the preformed mixture to reach stoichiometric values and thus improving the
fast combustion phase. Fueling the engine in dual fuel mode with diesel fuel and CNG will have a
negative effect on the maximum heat release rate; there will be a 10 % drop in maximum HRR for
low loads when the energetic substitution coefficient reaches 36 % and 14 % at high loads when
the xc is 26 %. The gaseous state and a higher LHV of CNG will have a good impact on indicated
mean effective pressure for all studied regimes when the engine is fueled in DG mode: for low and
medium loads 30 % and for high loads 20 % increase will be recorded. Gaseous state of CNG will
lead to a higher percentage of preformed mixture and thus the fast combustion phase will extend
for longer periods for all studied regimes when the engine is fueled in DG mode (20 % longer for
low and medium loads and 30 % for high loads). The diffusive combustion phase will become
shorter due to a lower quantity of the main dose when CNG is injected into the intake manifold
(10-15 % shorter for low loads and 7 % at high loads).

CNG
Compressed natural gas

1. Introduction
1.1. International context

The demise of diesel engines started as a phenomenon related to worldwide reality: international research presented the negative
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Abbreviations

AVL - Anstalt fiir Verbrennungskraftmaschinen List automotive research institute which fabricates the test bench
equipment’s

BSFC -  brake specific fuel consumption

°C - Celsius degree

°CA - crank angle degree

CheNgydiesel — hourly consumption of CNG/diesel

CHy4 - methane

CNG -  compressed natural gas

CO, — carbon dioxide

DF - dual fuel

DG - diesel-gas

(dp/de

Jmax Maximum pressure rise rate
dQ/da  heat release rate

HC - unburned hydrocarbons

H; - lower heating value

HRR -  heat release rate

ICE - internal combustion engine

imep — indicated mean effective pressure

L- real air quantity currently used for combustion
L - theoretical necessary air needed to burn the entire fuel used per cycle
LHV -  lower heating value

MFB -  mass fraction burned

NOy — nitrous oxides

p in-cylinder pressure

P. - engine effective power

Pmax —  in-cylinder peak pressure

PM - particle

ppm parts per million

Q- heat release characteristic

Q.vi—  available heat per cycle

Veii—  cylinder volume coresponding to the crankshaft position angle
Vs — cylinder diplacement

Xe — diesel fuel substitute ratio with CNG, % energetic
o crankshaft angular position

A- air excess ratio

Pair air density

impact that diesel emissions had on the health of people who live or work in urban areas [1-3]. To answer to this situation European
governments, promote more strict laws to cut down both vehicle and stationary engines emissions; more sever testing procedures and
performant testing equipment are developed to have more accurate data (eq: Real Driving Emission test realized with PEMS - portable
emission measurement system). In this global reality, scientists are analyzing the possibility to improve combustion and the
post-treatment system and to find alternative fuels less pollutant than diesel and gasoline, [4,5]. CNG (compressed natural gas)
represents a viable solution for fueling diesel engines in dual fuel mode not only because it is easily reachable but also for its low price,
the possibility that one can fuel the vehicle in households and for its physical and chemical proprieties that make it a clean alternative
solution as compared to the conventional fuels (gasoline and diesel fuel).

The worldwide increasing attention to reduce diesel engine emissions and the need to discover alternative and more clean fuels
bring compressed natural gas to scientists’ attention. As compared to a conventional diesel engine, in DF (dual fuel) fueling mode the
data show an important drop in CO5 (consequence of lower carbon content of CNG) emission, smoke and nitrogen oxides. On the other
hand, hydrocarbons and CO emissions growth is recorded for certain engine operating regimes. Also, when the diesel engine is fueled
in DF mode with CNG and diesel fuel, higher in-cylinder pressure, pressure rise rate, mean indicated pressure, power and torque are
recorded; brake specific energetic consumption is also recorded to be significantly lower when the diesel engine is fueled in DF mode
due to lower heating value (48.6 MJ/kg as opposite to 41.7 MJ/kg of diesel fuel) and gaseous state of CNG. Diesel engines fueled in DF
mode with diesel and compressed natural gas are intensively studied [6-11]; Aklouche [12] presents a synthesis of the benefits that
diesel engine fueled in DF mode has when it uses as alternative fuel CNG or biogas; Egtisquiza [13], shows operating differences of a
supercharged diesel engine when it is fueled both in standard and DF fueling modes. Mahla [14] shows that the negative impact of CNG
on HC (hydrocarbons emission) can be reduced when using an EGR (exhaust gas recirculation) system properly calibrated for DF
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Table 1

Compressed natural gas composition [17].
Chemical element Proportion (vol%)
Methane 87.0-96.0
Ethane 1.8-5.1
Propane 0.2-2.5
Isobutane 0.01-0.3
N-Butane 0.01-0.3
Isopentane 0.01-0.14
N-Pentane 0.01-0.14
Hexane 0.01-0.06
Nitrogen 1.3-5.6
Carbon dioxide 0.1-1.1
Oxygen 0.01-01
Hydrogen 0.02

Table 2

Physical and chemical properties of CNG and diesel fuel [18].
Proprieties CNG Diesel fuel
Lower heating value [MJ/kg] 48.6 42,5
Lower heating value of stoichiometric mixture air-fuel [MJ/kg] 2.67 2.79
Cetane number - 52.1
Octane number 130 -
Autoignition temperature [°C] 650 180-220
Theoretical air for complete fuel combustion 17.2 14.3
Carbon content [%] 75 87
Molar mass [kg/kmol] 17.8 170-198
Density [kg/m3] 0.65 820-860
Boiling temperature [°C] —161.5 190-280
Specific heat [kJ/(kg*K)] cp/cv 2.3/1.8 2.05/1.75
Ignition limit [%(v)gas in air] LI-/—LS 5-/-15 0.6—/-7.0

fueling mode. The behavior of a stationary engine fueled in DF mode is analyzed by Jamrozi [15]; M Mbarawa [16] show the influences
that CNG has on autoignition delay and exhaust gases temperature when the engine is fueled in DF mode.

1.2. Comparison between CNG and diesel fuel proprieties and brief display of CNG’s influences on engine’s performances and emissions
when it is fueled in DF mode

As it can be observed in Table 1, the main element of CNG is methane; this is the reason why physical, chemical proprieties and
influences on combustion of compressed natural gas are similar to those of CHg.

Table 2 depicts the differences between GNC and diesel fuel; presetting the test bed based on this datasheet is essential for good
experimental investigation data acquisition.

Lower heating value and the gaseous state of CNG will have a positive impact on brake specific energetic consumption, Table 2.

The high-octane number of compressed natural gas will give it strong knock resistant features and will make the alternative fuel
suited for combustion in high compression engines, Table 2.

Because of the high auto ignition temperature of CNG, Table 2, the fuel needs to be ignited by secondary energy source: spark
ignition system, diesel pilot injected into combustion chamber or a very hot surface (glow plug). In diesel-gas (DG) fueling mode, the
CNG is injected into intake manifold to be blended with the air and then admitted into cylinder as a homogenous charge. Inside the
cylinder the injected pilot of diesel fuel will self-ignite; starting from diesel fuel’s flame nuclei the combustion will propagate into the
homogeneous preformed mixture.

When fueled in DF mode with diesel and CNG, the diesel engine emits lower CO,, PM (particle matter), and nitrogen oxides. Lower
carbon content of CNG, Table 2, will explain the lower CO, and PM emission. According to Ref. [19] the most favorable temperature
conditions for Zeldovich mechanism are between 1930 and 2080 °C; as the CNG’s highest burning flame temperature according to
Ref. [20] is 1960 °C the temperature conditions to produce nitrogen oxides are less favorable; also, NOyx emission will have lower levels
because of the CNG injection there will be less air available.

At the opposite end, emission of HC and CO increase in certain engine speed or load, when the engine is fueled in DF mode with
CNG and diesel fuel. The main reasons for high HC emission are flame quenching due to low in cylinder temperatures, lean mixtures
and trapping of fuel in combustion chamber crevices (piston top land, fire ring and cylinder wall); some other reason could also be the
air-CNG mixture passing directly from intake manifold to exhaust manifold during valve overlapping. CO emission may be effect of in-
cylinder low temperature, swirl and tumble currents and lean mixture that allow incomplete combustion to happen.



S. Rotaru et al. Heliyon 10 (2024) 35010

1.3. CNG influence on diesel engine fueled in DF mode (international literature review)

There is a large variety of articles globally that analyze the influence of compressed natural gas on diesel engine operating regime,
when it is fueled in DF mode. This chapter groups the analyses on the parameter of concern: in-cylinder pressure, autoignition delay,
heat release rate, brake specific consumption, power and torque, exhaust gas emission. The chapter also presents some adjustments or
challenges described in technical literature.

a) In-cylinder pressure

According to a part of the studied papers, when the engine is fueled in DF mode, the in-cylinder pressure is higher than the one
recorded when the engine is running in standard mode (e.g. Refs. [6,12]). The main factors that influence this parameter is lower
heating value and the gaseous state of CNG. Injecting CNG into manifold will increase the proportion of premixed charge and as
consequence the rapid combustion faze will have a higher proportion; less heat will be lost at cylinder wall and higher in-cylinder
pressure will be recorded. There is also a part of literature that states that the in-cylinder pressure will decrease with the rise of
CNG quantity admitted into the cylinder (e.g. Refs. [7,10,21]). Incorrectly applied injection advances or mass of the diesel fuel pilot
too little for engine to operate when it is fueled in DF mode, may create conditions for incomplete combustion.

b) Autoignition delay

The duration of autoignition delay will be up to 7°CA longer when the engine is fueled in DF mode. Main reasons for this phe-
nomenon to happen are lower in-cylinder oxygen quantity and, as read in some articles, lower in cylinder temperature at the end of
compression stroke as the specific heat of CNG is much higher than that of air. Some authors would mention a chemical inhibiting
reaction of diesel fuel when it meets CNG; this will presumably result in a cetane number decrease (e.g. Ref. [21]).

c) Heat release rate
There are two main contrary directions presented by the analyzed literature.

- The heat release rate will increase due to longer autoignition delay; a much larger quantity of diesel fuel will vaporize, and more
flame nuclei will appear, setting favorable conditions for combustion to propagate into the homogenous charge (e.g. Refs. [6,12]).
- If the CNG mass, diesel fuel pilot timing or quantity are not very precise controlled for a specific operating point, partial combustion
may appear, and the heat release rate will decrease (e.g. Ref. [10]).
d) Brake specific consumption

According to the documentation consulted for this article, BSFC (brake specific fuel consumption) is higher for low loads when
engine is fueled in dual fuel mode; low in-cylinder temperatures and low swirl and tumble currents will create conditions for
incomplete combustion (e.g. Refs. [12,22,23]). The flame will quench at the cold cylinder wall or in homogeneous lean mixture. The
passing of air-CNG mixture from intake manifold to exhaust manifold during valve overlap will also increase the BSFC.

Above 40 % loads, the DF fueling mode is more efficient. Lower heating value of CNG, greater than that of diesel fuel, is the main
reason of higher efficiency of diesel engine when it is fueled in DF mode; also, higher temperatures and higher ratio of preformed
mixture will improve the rapid combustion faze. Due to a rapid combustion, the gas will exchange less heat with the cylinder wall and
this factor will increase the in-cylinder pressure and the specific mechanical work (or lower BSFC for same amount of specific me-
chanical work). Some research shows a drop of 50 % of the total cost when using the engine fueled in DF mode when compared to
standard operating mode.

e) Nitrogen oxides emission

The studies show a drop in NOy and there are two main reasons for this phenomenon: lower air quantity (as there is a percentage of
air substituted by CNG) and a lower in-cylinder temperature reached when the engine is fueled in DF mode. Some of cited papers will
show an increase of nitrogen oxides rise due to knock occurrence (e.g. Refs. [9,12,24,25]).

f) Unburned hydrocarbons emission

HC record growing emissions as high as 800 % when the engine is fueled in DF mode as compared to diesel standard operating
mode in lower loads; this phenomenon is due to fuel trapped in crevices, due to flame quenching in lean preformed mixture and due to
HC passing from intake manifold in exhaust manifold at valves overlap. At higher loads the HC emission is still higher in DF fueling
mode but with less than 250 %; the improvement of combustion is the main factor that determines a drop in HC emission with engine
load (e.g. Refs. [7,9,10]).

g) Carbon dioxide emission
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Table 3

Engine K9K K792 main characteristics [30].
Features Unit Value
Bore mm 76
Stroke mm 80.5
Compressing ratio - 18.3:1
Effective torque Nm 150
Effective power kw 50
Supercharging pressure bar 1.8
Diesel fuel injection pressure bar 1600

The lower carbon content of compress natural gas is the first factor that influences the CO, emission of diesel engine when it is
fueled in DF mode; the lower heating value of CNG will determine an even lower level of carbon dioxide emission (e.g. Refs. [7,11,12,
22D.

h) Carbon monoxide

CO emission can be a method of quality evaluation of combustion; CO emissions can reach higher levels with up to 20 % when the
engine is fueled in DF mode. The drop in the quantity of air is the main factor that determines a higher CO emission. For lower loads
where the in-cylinder temperature drops the flame quenching determines higher carbon monoxide (e.g. Refs. [23,26]).

i) Smoke emission

In many of the studied papers, the smoke emission drops when engine is fueled in DF mode especially due to less complex fuel
molecules and due to the fac that CNG has 7 % less carbon. In some of the cases the smoke emission would drop with 80 %. At low loads
there is the possibility that the combustion will stop suddenly due to low temperatures or due to lean preformed mixtures. In this
situation the molecules will dehydrogenate and create smoke flakes (e.g. Refs. [10,16]).

1.4. DF fueling mode optimization and system challenges

Some cited authors present means to optimize the DF fueling mode only by adjusting diesel fuel pilot mass or timing, or by creating
operating regime specific substitution ratio.

A growth in diesel fuel pilot quantity can lead to a higher in cylinder pressure, a lower autoignition delay, a drop in CO emission but
will have a negative effect on NOx emission (52 %) and HC emission (over 150 %) (e.g. Refs. [8,21]).

The reduction of diesel fuel pilot injection advance has the effect of a shorter autoignition delay and a drop in NOx emission but will
influence negatively the total burning time (the combustion will end late into expansion) and the CO and HC emission(e.g. Ref. [8]).

Lower cooling liquid temperatures can have a negative impact over combustion (partial combustion can occur) and will determine
the CO, HC emission and brake specific consumption to reach higher levels (e.g. Ref. [9]).

Some of the authors calculate substitution diagrams of diesel fuel with CNG that take into consideration the engine speed and load,
determining this diagram precisely would have operating costs lower with 50 % in DF mode as opposite to diesel conventional
operating mode (e.g. Ref. [23]).

1.5. Challenges of diesel engine operating when it is fueled in DF mode with CNG and diesel fuel
The most frequent challenges met when a diesel engine is fueled in dual fuel mode with CNG and diesel fuel are.

- Coking of the diesel injector orifices is a problem that occurs when the injector injects only 10 % of the required amount of diesel
per cycle. This causes the injector tip temperature to rise, which in turn causes the volatile fractions to vaporize and the heavy
fractions to coke. The solution is to add a copper jacket around the injector tip to protect it thermally.

- Compliance with pollution standards requires the development of a very precise electronic diesel and CNG injection control system

that can set optimal ratios for the two fuels (depending on engine speed and load) so that pollution standards and as well as power

and torque requirements are met, (e.g. Ref. [23]).

CNG direct injection, although it solves the problem of pollutant emissions, still requires research to improve the diesel/gas

injector.

The rate of cylinder pressure rise in diesel-gas mode is higher than in mono-fuel mode, which results in a more pronounced

combustion noise, and inaccurate control of the advance or pilot quantity of diesel fuel can lead to knock (e.g. Refs. [27-29]).

The storage of CNG at 240 bar requires a high-pressure cylinder mass (which can represent as much as 25 % of a car’s net payload)

and a big percentage of net volume to be occupied; the small space and low net payload of cars makes them less eligible for ret-

rofitting with this type of system compared to LPG.



S. Rotaru et al. Heliyon 10 (2024) 35010

9 I

0[]

]

18

=

21

Fig. 1. The CNG-diesel engine test bench, comprises the following main equipment.
2. Experimental investigation setup

The main objective of this chapter is to provide objective data on CNG influence on combustion performance of a K9K diesel engine,
Table 3, fueled in DF mode using compressed natural gas as alternative fuel. The engine is operated first in standard mode to collect
benchmark data. Data recorded when the engine is fueled in DF mode will be compared to the benchmark and conclusion related the
influence of CNG will be drawn. The engine will be operated at 2000 rpm (highest torque specific engine speed) and at 40 %, 55 % and
70 % loads. The smoke emission will represent the parameter used to limit the specific energetic substitution ratio of diesel fuel with
CNG.

The engine used for the experimental investigation is a Renault K9K K792 model; it’s features are presented in Table 3.

Specific for DF fueling mode, four electronic controlled injectors for gaseous fuels were connected to the intake manifold by the
help of 4 nozzles welded onto the intake manifold after compressor.

The CNG fueling system contains the following components:

The high-pressure tank (tested for 260 bar) has 10 mm thick steel wall and stores CNG at 230 bar; it must pass very strict testing [31,
32] and it is guaranteed for 20 years.

The manual shut off valve (tested for 350 bar) is connected to the high-pressure tank and cuts the CNG flow to the pressure reducer,
[33]. The high-pressure flow pipe that is testes for 250 bar connects the manual shut-off valve to the pressure reducer; it has an 8 mm
diameter and a 1.5 mm thick wall, [33].

- The pressure reducer (model: Landi-Renzo NG 2-2) has a two-stage pressure reducing capacity; pressure is dropped to 3 bar (the
intermediary lever is 10 bar); the pressure reducer also has an electronic shut off valve used for emergency cases when the system
operates faulty [33].

- The manometer used to measure the fueling pressure. It can measure pressure up to 6 bar.

- The injecting module (4 injectors) is connected to the intake manifold with hose specific for CNG usage.

- The injector electronic control module Unichip Q00897 is a plug and play system type. It can apply corrections taking into
consideration engine speed, load, temperature and several other parameters, [34].

Fig. 1 shows the general setup of the experimental test bed.
1-supercharged 4-cylinder K9K diesel engine; 2-electric eddy current brake; 3- water cooling unit or the eddy current brake; 4-AVL
data acquisition unit; 5-oscilloscope; 6-compressed natural gas injection system control unit; 7-control unit and power unit for
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accelerator pedal actuator servo motor; 8-servomotor for accelerator pedal operation; 9-accelerator pedal; 10-electronic engine control
unit; 11-control unit and power unit for for eddy current brake; 12-air volume flow meter; 13-pressure tank for the storage of com-
pressed natural gas; 14-manual CNG shut-off valve; 15-CNG pressure regulator/reducer; 16-pressure gauge for measuring CNG supply
pressure; 17- mass flow meter for measuring the quantity of CNG consumed; 18-flame extinguisher; 19-block of compressed natural gas
injectors; 20-diesel tank; 21-mass flow meter for measuring the quantity of consumed diesel fuel; 22- exhaust gas analyzer; 23-opacim-
eter; 24-cooling fan; 25-crankshaft position sensor; 26-in-cylinder pressure transducer; 27-diesel fuel injector; 28- turbocharger.

During the experimental investigation the following data has been recorded: air volume, diesel fuel and CNG mass consumption;
air, engine, exhaust gases, oil and eddy current brake temperature; engine torque; in-cylinder pressure; boost pressure; exhaust gases
composition.

All these parameters were used to calculate the following.

- Coefficient of air excess

It represents the ratio of the quantity of air available in the cylinder to the quantity of air theoretically required to burn the fuel
admitted per cycle, [35].

L

/1:1: (€Y

where L is the quantity of air consumed and L; is the theoretical quantity of air required to burn the same quantity of fuel completely.
When using both fuels the theoretical air required is calculated with the following formula:

Le=Choy * Ligye + Chaiesar * Ltdiesel @

The theoretical air consumption for one kg of CNG is 17.2 kg and for one kg of diesel fuel it is 14.4 kg.
To determine the quantity of air allowed into the cylinder in 1 h we use the formula:

L= pair * Vaireon 3

where p,i, is the air density at the temperature at the time of intake into the intake manifold and Vair cons the hourly air consumption in
cubic meters.

- Indicated mean pressure, [36].
Represents the indicated mechanical work in relation to the cylinder displacement. The indicated mean pressure is an essential

criterion for comparing engines with similar performances. Analytically it is calculated with the formula:

720

imep = Z [pcili # (Vegar — Vcili)] / Vs @
i1

where p.;_; is the pressure recorded in the cylinder and V;_; is the cylinder volume corresponding to the crankshaft position and Vs is
the cylinder displacement, [37].

- Specific energetic substitution coefficient of diesel with CNG, [37].
Represents the percentage of the total amount of diesel normally consumed per hour substituted with an amount of compressed
natural gas x.. The formula is used to determine the energy substitution coefficient:

Chene * Hiene

X, = * 100 ()]
" Chene * Hieng + Chaieset * Higiesel

where Cheng Chgieser is the hourly consumption of compressed natural gas or diesel, Higne Hipieset lower heating value, [37].
- Heat release rate, [38].

It is given by the relationship:

Aa Aa
(k - 1) * Qavl

where Q,y is the available heat per cycle, dQ/da is the heat release rate, k is the adiabatic exponent; p; pi;1 are the pressures read
from the diagram at the set resolution (1.3 °RAC); V1 ; and V¢ j+1 are the instantaneous cylinder volumes.

(k 4y P tPi Vei+1— Ve, + Veit 41+ Ve *p,Al—pi>
2 2

dQ/da= 6)

- Heat release
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Fig. 2. Variation of heat release with crankshaft angular position at 40 % engine load.
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Fig. 3. Variation of heat release rate with crankshaft angular position at 40 % engine load.

To determine the amount of heat released by the combustion process, the 2following relation will be used:

_ [dQ
Q- / Ra @
Analytically, the formula [38], will be used:
d
Quiy1 = —Q) *da + Qui 8
da ai+1

3. Results and discussions
3.1. Results at 40 % engine load

Injection of compressed natural gas causes an increase in heat release per cycle, for all the studied values of energetic substitution
coefficients, Fig. 2; the lower heating value of compressed natural gas, higher than that of diesel fuel, causes an increase in heat release
per cycle. Lower flame temperature of natural gas but also areas of lean homogeneous charges (especially for specific energetic
substitution of diesel with CNG coefficients lower than 25 %) can lead to a delay in heat release per cycle. At highest specific energetic
substitution coefficien, the homogeneous charge is close to a stoichiometric mixture and the heat is released earlier on the cycle.

8
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Fig. 4. Variation of maximum heat release rate with specific energetic substitution of diesel with CNG at 40 % engine load.
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Fig. 5. Variation of indicated mean pressure with specific energetic substitution of diesel with CNG at 40 % engine load.

For the lowest x., a lower number of flame nuclei that appeared (due to the lower preinjection quantity) will have a negative impact
on the HRR on the interval —15°CA — 5°CA. The partial vaporization of the main dose will improve the premixed mixture quality; the
flame propagates into the preformed mixture, and, for the lowest substitution coefficient, the highest heat release rate is achieved; this
can explain the growth on nitrogen emission recorded in Ref. [39] for x. equal to 16,6. Increasing the amount of CNG causes the
maximum heat release rate to decrease. The decrease in the heat release rate after the specific energetic substitution coefficient exceeds
20 % may be mainly due to the lack of air (displaced by CNG) to sustain the combustion or because of the diffusive combustion phase
that becomes predominant. The maximum HRR is recorded close to 15°CA for both DG and standard fueling modes, Fig. 3.

An increase in the maximum heat release rate up to a specific energetic substitution coefficient of 16,6 %. Over this threshold the
heat release rate decreases; the main reason may be the lack of air which is replaced by CNG or because of a more predominant
diffusive combustion phase of the main dose of diesel fuel occurs, Fig. 4.

The CNG injection has a positive effect on the indicated mean pressure. Increasing the fast combustion phase percentage, reduces
the contact time of the in-cylinder fluid with the cylinder surfaces and thus more heat is converted into mechanical work per cycle,
Fig. 5.

Admitting CNG into engine’s cylinders will increase the percentage of the preformed mixture and will have the effect of decreasing
the amount of diesel fuel that will burn in the diffuse combustion phase and thus reducing this period, which will result in an exhaust
gas temperature drop up to 50K, Fig. 6.

Air excess ration and air consumption will keep a descending trend for all the studied specific energetic substitution coefficients at
low engine loads. Injecting GNC into intake manifold will displace a part of the air quantity admitted into the cylinder; also a higher L,



S. Rotaru et al. Heliyon 10 (2024) 35010

670
660
650
640

630

Tev [K]

620
610

600

xc [%]

Fig. 6. Variation of exhaust gases temperature with specific energetic substitution of diesel with CNG at 40 % engine load.

1,80 96,00

413 94,00
1,70 =
~
1,65 92,00 ‘%b
1,60 \f* 90,00 é
— -
2155 . 8800 2
1,50 ;
Z

1,45 HG00

1,40 84,00

0,00 10,00 20,00 30,00 40,00
Xc [%]
—A -air consumed

Fig. 7. Variation of coefficient of air excess and air consumption with specific energetic substitution of diesel with CNG at 40 % engine load.

needed for CNG will lower the value of air excess coefficient, Fig. 7.

Considering the time of autoignition, the end of the fast combustion phase and the end of the diffusive combustion phase, we can
say that compressed natural gas admission leads to a 5 % increase in the average duration of the preformed mixture combustion phase
at low loads; the rapid combustion phase in the case of diesel fueling extends over 22°CA while at the maximum value of the specific
energetic substitution coefficient it extends over 24°CA, Fig. 8. The CNG injection reduces the average duration of the slow combustion
phase mainly by reducing the quantity of the main dose of diesel fuel, Fig. 8.

3.2. Results at 55 % engine load

The heat release quantity per cycle is higher when engine is fueled in DG mode; the higher LHV of compressed natural gas favors a
higher quantity of heat released per cycle. Fewer flame nuclei (due to reduced pilot quantity) and the lean homogeneous mixture that
determine flame quenching may be the main reasons that the same amount of heat is recorded later during the cycle (in the interval
—5°CA - 20°CA) when the engine is fueled in DG mode for low specific energetic substitution coefficients. At highest x. the same
quantity of heat is recorded faster on the cycle than when engine is running in standard mode; higher quality of the preformed mixture
due to a larger quantity of GNC leads to a better combustion, Fig. 9.

During auto ignition delay, the most part of the diesel fuel preinjection will vaporize. This will result in an increase of HRR of 15J/
°CA in the interval —10°CA - 10°CA, Fig. 10. Injecting CNG into the intake manifold will determine lower heat release rates on this

10
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Fig. 9. Variation of heat release with crankshaft angular position at 55 % engine load.

interval, for low x.. For the highest x., the HRR increases with 15 % mostly due to a closer to stoichiometric preformed air-diesel-CNG
mixture. The maximum HRR is recorded on 15°CA — 20°CA interval for all specific energetic substitution coefficients and in standard
operating mode.

At medium loads, similar behavior to low engine loads can also be observed for the maximum rate of heat release: at the lowest
value of the specific energetic substitution coefficient the heat release rate reaches the highest level; high maximum HRR can lead to
higher in-cylinder temperatures, and this may explain the increase in nitrogen oxide emissions recorded in Ref. [40] for this x. value.
As x. increases, the HRR will reduce its value; when the specific energetic substitution coefficient reaches 25 %, the HRR will have a
lower value than that recorded when the engine runs in standard mode; the main dose of diesel fuel will burn in the diffusive phase and
this will have a negative impact on maximum HRR, Fig. 11.

For medium loads, when the engine is fueled in DG mode, the specific mechanical work produced has higher values. The lower
heating value of the CNG and the gaseous state of CNG which will increase fast burning phase and reduce heat losses at the cylinder
wall, have a good influence on the indicated mean pressure, Fig. 12.

The decrease of the exhaust gas temperature in DG mode for medium loads, demonstrates that the diffusive combustion phase is
getting shorter; this phenomenon was also observed at low loads and is mainly due to the increase of the proportion of preformed
mixture; increasing x. coefficient will cause a reduction of the main dose of diesel fuel; this will shorten the diffusive combustion phase,
Fig. 13.

The amount of air admitted into the cylinder decreases with the rise of specific energetic substitution of diesel with CNG as more air
will be displaced by the alternative fuel, Fig. 14; this will have little impact on the air excess coefficient that varies around the values
1.43; air excess coefficient is also influenced by the quantity of each fuel used: for highest x. at medium loads the reduction o diesel fuel
quantity will determine a reduction of necessary air of 41 % and the injected mass of CNG will need a 32 % higher theoretical mass of

11
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Fig. 11. Variation of maximum heat release rate with specific energetic substitution of diesel with CNG at 55 % engine load.

air; the 10 % drop in air admitted into the cylinder will lead to a 1,42 air excess coefficient.

The duration of the rapid burning phase increases because the injected mass of CNG increases the proportion of preformed mix-
tures; Reducing the qunatity of the main dose of diesel fuel per cycle results in a decrease in the quantity of fuel that burns during the
moderate combustion phase (the percentage of diffuse combustion duration decreases in relation to the total combustion duration),
Fig. 15.

3.3. Results at 70 % engine load

When the engine is fueled in DF mode with diesel fuel and CNG, the recorded heat released quantity is higher than that recorded in
standard operating mode. The higher LHV and the gaseous state of compressed natural gas increases the percentage of preformed
mixture that will burn in fast combustion phase producing more heat per cycle. As the x. will increase, the quantity of heat released by
the diesel fuel pilot will be recorded sooner on the cycle, Fig. 16. This phenomenon can also be observed on heat released rate diagram.
As the quantity of CNG admitted into the cylinder is larger, the HRR of the preformed mixture (air-diesel fuel preinjection-CNG) will
reach higher values because the preformed mixture is closer to stoichiometric value.

Around 5°CA when the main diesel fuel is injected, the HRR records a small drop (period when the outer layer of the diesel jet fuel
vaporizes). The maximum HRR is also recorder in the 15°CA — 20°CA interval for high loads, Fig. 17.

The maximum heat release rate reaches lower values as the specific energetic substitution of diesel with CNG reaches higher values
mainly due to the fact that most of the injected GNC quantity burns in the preformed mixture of the preinjection and the combustion of

12
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Fig. 13. Variation of exhaust gases temperature with specific energetic substitution of diesel with CNG at 55 % engine load.

the main dose will get a diffusive feature with negative impact on maximum HRR, Fig. 18.

The higher LHV of compressed natural gas helps to increase the amount of heat released per cycle; the gaseous state of the
alternative fuel causes an increase in the percentage of preformed mixture; these two factors cause the mean effective pressure to
increase, Fig. 19.

Although the amount of air admitted into the cylinder is only slightly influenced by the injection of CNG, the air excess ratio will
drop with 5 % due to a larger L needed by compressed natural gas, Fig. 20 (observed also in Ref. [41]). This can have positive impact
on nitrogen oxides emission.

Injecting CNG into the cylinder increases the amount of preformed mixture; for all specific energetic substitution coefficients the
duration of rapid combustion increases. A 6 % drop of diffusive combustion can also be noted for the highest specific energetic
substitution of diesel fuel with CNG mainly due to a lower main dose diesel fuel quantity. Total combustion will be 9 % longer in DG
mode for maximum x., Fig. 21.

3.4. Engine load influence when engine is fueled in DF mode with CNG and diesel fuel
Increasing engine load increases the amount of heat released, Fig. 22, as more fuel will be used and higher in-cylinder temperatures
will be reached. Injecting compressed natural gas into the intake manifold determines a growth in the amount of heat release per cycle;

as the load increases, heat release becomes more sensitive to compressed natural gas injection.

13
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The maximum heat release rate is positively influenced by increasing engine load, Fig. 23. In standard operating mode a 60 % HRR
growth is recorded (higher in-cylinder temperature will create optimal condition for combustion); as the specific energetic substitution
of diesel fuel with CNG will grow, the maximum HRR will be less sensitive to the engine load; for highest x., the maximum HRR will
grow with 35 %; this phenomenon happens due to the lower number of flame nuclei that appear in DG fueling mode.

From the analysis of Figs. 24 and 25 the following conclusions can be drawn.

o when the engine is fueled in standard mode, increasing the load causes a decrease in the rapid combustion phase (20 % drop from
40 % to 70 % engine load); higher temperatures at high loads cause a higher quantity of diesel fuel to vaporize; in the preformed
mixture more flame nuclei will appear; the combustion speed thus increases. CNG injection requires a reduction in the amount of
diesel fuel; fewer flame nuclei will result, and a lower combustion speed will be recorded, when the engine is fueled in DG mode.
The use of CNG makes the fast burn phase less sensitive to increasing engine load (5 % drop is recorded when engine load reaches
70 % from 40 %).

o increasing the engine load, increases the duration of the diffusive combustion by up to 19 % when engine is fueled in standard
mode; a larger quantity of diesel fuel is need due to higher loads; this will not have enough time to vaporize and will burn in the
diffusive phase. When fueling the engine in DG mode, the amount of diesel fuel used per cycle is reduced as a part of mechanical
work is done with CNG. Shorter average periods for diffusive combustion are recorded because of the gaseous state of CNG (at
highest x. a 22 % drop will be recorded for 70 % engine load). Fueling the engine in DG mode makes diffusive phase more sensitive
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to engine load increase: for standard fueling mode the diffusive combustion phase grows with 20 % when the engine load increases

with 30 %

o when the engine is fueled in DG mode the diffusive combustion phase records a 27 % growth for same engine load increase at x.

equal to 26 %.
4. Conclusion

- Heat release

For all the studied regimes the released heat quantity is higher when the engine is fueled in DF mode. At low and medium loads the
total qunatity of heat released per cycle will increase with 10 % and with 25 % higher for 70 % load. As the load increases, the released
heat is higher and it will be more sensitive to CNG injection; for all loads, the injection of CNG will have good influence on combustion

mostly because of the lower heating value and the gaseous state of CNG.

- Heat release rate and maximum heat release rate

There are two main phases that can be observed on HRR diagrams for each studied regime: the combustion of the diesel fuel
preinjection pilot and the combustion of the diesel fuel main injection pilot. For all the studied cases the combustion of diesel fuel
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Fig. 19. Variation of indicated mean pressure with specific energetic substitution of diesel with CNG at 70 % engine load.

preinjection is positively influenced by CNG injection because of the gaseous state of the compressed natural gas that will help the
premixed mixture to reach stoichiometric value; for all the studied cases the HRR will reach higher value on —15°CA - 5°CA interval;
the HRR of the preformed mixture will double its value for low and medium loads and will reach thresholds up to 3.5 times higher.
Maximum HRR will be recorded during the combustion of the main dose of diesel fuel. As the most part of the CNG quantity admitted
into the cylinder burns in the preformed mixture of the preinjection, the maximum HRR will reach lower values as x. grows because the
quantity of the diesel main dose will decrease; a 10 % drop in maximum HRR is recorded for low loads when the energetic substitution
coefficient reaches 36 % and 14 % drop is recorded at high loads when the xc is 26 %.

- Indicate mean pressure
Lower heating value and gaseous state of CNG will have a good impact on engine’s mechanical work for all loads and for all studied
cases when the engine is fueled in DG mode. Increase in fast combustion phase will determine lower in-cylinder retention periods of the
combustion fluid; lower heat quantities lost to cylinder wall will increase the amount of mechanical work per cycle; for low and
medium loads 30 % and for high loads 20 % increase in indicated mean effective pressure will be recorded.

- Air excess coefficient

For all studied cases, A will reduce as the CNG quantity will grow. There are two main reasons for this phenomenon to happen: the
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Fig. 21. Variation of fast/diffusive combustion faze average duration with specific energetic substitution of diesel with CNG at 70 % engine load.

quantity of air admitted into the cylinder will drop (being displaced by CNG) and the higher theoretical air qunatity will be necessary
as the compressed natural gas quantity will grow. Analyzing air excess coefficient may provide information on combustion quality: at
all engine loads a drop in A can have a positive impact on nitrogen oxides emission and a negative impact on CO emission.

- Exhaust gases temperature

For the studied engine loads, in DF fueling mode, the exhaust gases temperature will drop for all specific energetic substitution of
diesel with CNG (a drop of 10 % is recorded at higher x, value for low and medium loads); this proves that the diffusive combustion will
have shorter periods in DG fueling mode due to lower main dose diesel fuel quantity.

- Average duration of fast combustion phase
In standard mode the fast combustion phase will decrease with engine load; due to higher in-cylinder temperatures more flame
nucleus will be formed and the premixed mixture will burn faster. Injecting compressed natural gas into the intake manifold will grow
the premixed mixture quantity; longer fast combustion phases will be recorded as x, will be higher (20 % longer for low and medium

loads and 30 % for high loads). When the engine is fueled in DF mode, combustion will be less sensitive to engine load increase.

- Average duration of diffusive combustion phase
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In standard operating mode, longer diffusive combustion phases will be recorded as the engine loads grows. Injecting CNG in intake
manifold will shorten the diffusive combustion phase, for all the studied cases; in DG fueling mode, the engine will produce mechanical
work using CNG during the fast combustion phase, and this will reduce the diesel fuel quantity that burns in diffusive combustion
phase (10-15 % shorter for low loads and 7 % at high loads). When the engine is fueled in DF mode with diesel fuel and CNG the
diffusive combustion is more sensitive to engine load.
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