Energy Conversion and Management 269 (2022) 116145

Contents lists available at ScienceDirect

RS
Energy
Conversion
¢Management

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

FI. SEVIER

Check for

Effect of natural gas direct injection (NGDI) on the performance and knock @&
behavior of an SI engine

Mahdi Aghahasani ?, Ayat Gharehghani ", Amin Mahmoudzadeh Andwari ™", Maciej Mikulski ©,
Juho Kénno
& School of Mechanical Engineering, Iran University of Science and Technology, Narmak, Tehran, Iran

b Machine and Vehicle Design (MVD), Materials and Mechanical Engineering, University of Oulu, P.O. Box 4200, FI-90014 Oulu, Finland
€ School of Technology and Innovation, Energy Technology, University of Vaasa, Wolffintie 34, FI-65200 Vaasa, Finland

ARTICLE INFO ABSTRACT

Keywords:

Numerical modelling
Dual-fuel engine

Natural gas direct injection
Emissions

Knock

The unique properties of natural gas (NG), including high availability and lower cost compared with other fossil
fuels, make it attractive in internal combustion engine (ICE) application. NG is composed mainly of methane and
has greater knock resistance than gasoline, enabling higher compression ratios (CR). In contrast with the
distinctive advantages, the NG fueled engines suffer from lower power and torque outputs. To address the
subject, this study proposes an approach employing NG direct injection (NGDI) strategy (with higher volumetric
efficiency unlike port injection), enabling a higher CR irrespective of knock limit. This work applies reactive
computational fluid dynamics (CFD) to investigate spark ignited co-combustion of direct-injected NG with port-
admitted gasoline. The results are validated against experimental data. In all simulated cases, the equivalence
ratio (i.e., @ = 1) and the total input energy are kept constant. Engine performance is evaluated for three CRs
(10.5, 11.5, and 12.5:1), five proportion of CNG (Rcng) and at part- and full-load conditions at an engine speed of
1500 rpm. Results indicated that while running Reng = 100 % with a CR of 10.5:1, carbon monoxide (CO) and
carbon dioxide (CO2) emissions were decreased by 29.3 % and 23.5 % respectively, compared to Reng = 0 %. The
corresponding emission reduction at CR = 11.5:1 was 27.1 % and 24 %; at CR = 12.5:1 they were 29.6 % and
23.5 % respectively. At each CR, the knock intensity at full load fell significantly as the percentage of NG
increased. At a CR of 12.5:1, ringing intensity (RI) at full load decreased by 88.6 % when using Reng = 100 %,
instead of Reng = 0 %. Under the same conditions, Reng = 25 % cut RI by 56 %.

soot emissions [5,6]. Changing the fueling method and using alternative
fuels both offer potential to reduce emissions [4,5]. Selection of suitable

1. Introduction

Increasing environmental regulation and restrictions on vehicle
emissions make it imperative to adopt new methods to reduce pollution
[1,2]. Techniques such as atomization and gasoline mixing mode in
spark ignition (SI) engines affect thermal efficiency as well as engine-out
emissions [2,3]. Specifically, at stoichiometric conditions, there are
local rich regions in the combustion chamber which can lead to more

alternative fuels such as ethanol, methanol, hydrogen and liquefied or
compressed NG depends on many factors [8,6]. One of the most
important is availability of that fuel in the study area [7,9,12], so NG,
which can be produced in different ways, is one of the most suitable
alternative fuels for ICEs [13]. Between 1996 and 2016, identified NG
reserves have increased by 51.1 %, from 123.5 to 186.6 trillion m® [14].

Abbreviations: aBDC, after bottom dead center; aTDC, after top dead center; BSFC, brake specific fuel consumption; bTDC, before top dead center; CD, combustion
duration; CAD, crank angle degree; CA50, crank angle where 50 % of heat released; CFD, computational fluid dynamics; CNG, compressed natural gas; CO, carbon
monoxide; CO2, carbon dioxide; CR, compression ratio; DI, direct injection; EGR, exhaust gas recirculation; EVO, exhaust valve opening; GDI, gasoline direct in-
jection; GPI, gasoline port injection; H/C, hydrogen/carbon ratio; H20, water; ICE, Internal combustion engine; IMEP, indicated mean effective pressure; IVC, inlet
valve closure; NG, natural gas; NGDI, natural gas direct injection; NO, nitric oxide; NOx, oxides of nitrogen; PFI, port fuel injection; RCNG, proportion of CNG; RI,
ringing intensity; RNG, renormalization group theory; RPM, revolutions per minute; SI, spark ignition; SOC, start of combustion; SOI, start of injection; UHC, un-
burned hydrocarbons.
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Many studies have been conducted on the parameters affecting com-
bustion in ICEs [12,13] These indicate that the use of alternative fuels
[10,11], like hydrogen [19] and NG, instead of conventional liquid fuels,
has a great impact on fuel-air mixture formation, combustion quality
and emissions [20,21]. Further familiarity with the fuel-air mixing
mechanism and combustion method will help ICE manufacturers to
optimize their products [22,17].

Many studies have examined the use of alternative fuels considering
dual-fuel mode [27] as one of the most effective ways to increase energy
savings [28] and reduce emissions from SI engines [23,24]. The most
widely studied alternative fuels are alcohols [4,5], hydrogen [29] and
NG [30,31]. Those that fuel with excellent characteristics [11,18],
perfect technical process and low cost [12], like NG, are considered the
most complete alternative fuel for vehicles. As a gaseous fuel, unlike
gasoline and other liquid fuels, NG does not need to be atomized and
evaporated [34,35], and so suits formation of a homogeneous and
complete mixture with air, thus improving combustion efficiency
[16,20].

Conventional gasoline engines require fuel additives to prevent
knock at full load: these additives rise cost and emissions. However, the
high-octane number of NG helps smooth operation and reduces engine
knock [14,15], particularly at high load [8,10]. High knock resistance at
high load improves combustion efficiency. NG also has acceptable CO2
reduction potential [36,37] because its hydrogen/carbon (H/C) ratio of
3.8-4.0:1 is significantly higher than gasolinés ~ 1.8:1 [33,38].
Compared with combustion of ordinary gasoline, combustion of NG
produces more Hy0 than CO;, Port fuel injection (PFI) fueling systems
for NG are already available for light-duty vehicles on the market.
However, due to the low power density of NG, its use in PFI competes for
air in the intake manifold. This is a disadvantage of using NG in todays
conventional engines. Furthermore, even if NG is compressed to 250 bar,
its volumetric energy density is still only one quarter of gasolinés, thus
posing a significant energy storage challenge on the vehicle. Thus,
simultaneous use of gasoline and NG [39,25] offers a more appropriate
solution for long-distance travel with lower pollution and cost [40,41].

Gas engines with port fuel injection suffer from a reduction in power
density at full load due to the displacement of NG with intake air
[24,19]. Compared with gasoline direct injection (GDI) performance, a
reduction of about 30 % in output torque is observed [32,41]. Recent
research using an engine with a special fuel system, including GDI
strategy with direct injection of NG, showed best progress at low load
[13,22]. Ultimately, NG direct injection (NGDI) has established benefits
towards methane slip reduction in low temperature combustion con-
cepts. Recently, Mikulski at al. [42] proven that NG stratification in
dual-fuel reactivity controlled compression ignition engine, improves
low-load combustion efficiency by as 11 percentage points.

In an SI engine, NGDI can improve the volumetric efficiency of the
engine by reducing pumping losses and preventing the fuel from being
replaced by inlet air [26]. NGDI injects the fuel after closing the inlet
valve, so it does not replace air. Consequently, the volumetric efficiency
improves [27,28]. The combustion quality of NGDI engines mainly de-
pends on the quality of the fuel-air mixture. In turn, the formation of the
mixture depends on many factors, such as piston crown, type and
location of injectors, nozzle geometry, spray pressure, etc. [29,34]. The
results of an experimental study on a SI engine equipped with NG and
Gasoline showed that at 50 % and 80 % engine throttle position, engine
brake power was reduced by 19.25 % and 10.86 %, respectively and in a
same manner followed by brake specific fuel consumption (BSFC)
reduction by 15.96 % and 14.68 %, respectively when the engine was
fueled with CNG compared to that fueled with gasoline [42,45]. Another
study concluded that a 25 % reduction in fuel consumption for gasoline
and NG co-injection mode compared to only gasoline in a turbocharged
SI engine wherein the CR was increased from 9.5:1 to 11.5:1 due to the
high octane number of methane while maintaining desired required
performance [43]. However, based on the performed research to date,
far too little attention has been devoted investigating the influence of
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direct injection of NG (timing and percentage) on the combustion and
emission characteristics (especially knock) of gasoline SI engine repre-
senting a NGDI port fuel gasoline (dual fuel) engines. Accordingly, the
major objective of this study is to investigate how NG direct injection
combined with gasoline port injection fueling system affects the knock
phenomenon in the combustion of engine. The effect is investigated
numerically for CRs ranging from 10.5:1 to 12.5:1. Engine efficiency,
exhaust emissions and combustion characteristics are studied at various
Reng and CRs for part- and full-load conditions. In all studied cases, total
input energy is kept constant for each CR. Converge CFD software
coupled with Chemkin Solver is employed in the investigation, wherein
the numerical results validated against the experimental data for Reng
=100 % and Rcng = 0 %. The engine speed chosen for all studied cases
is 1500 rpm and combustion considered stoichiometric (equivalence
ratio = 1). The rest of the paper is organized as follows: Section 2 ex-
plains the details of the numerical model and solver setting for valida-
tion of CFD results versus experimental. Section 3 discusses engine
performance parameters and emissions along with knock behavior for
different CRs and various Rgyg at part and full load. The conclusions are
drawn in Section 4.

2. Numerical model

Engine combustion and emissions were simulated using the CFD
software Converge Studio. Converge needs various settings such as
initial condition and input variables to create an appropriate CFD model.
This section describes the computational grids and solver settings.

2.1. Computational model, tools and methods

The study uses a single-cylinder engine made by Ford [41], which is
representative of a novel gasoline-NGDI fueling system. The engine has
two separate fuel systems which can work together. Such a system, with
gasoline port fuel injection and side-mounted DI injector for NG, pro-
vides high flexibility in engine operation and optimizing performance in
different operating conditions. Fig. 1 shows the setup and arrangement
of injectors. The DI injector is located between the intake valves at a 60°
angle relative to the cylinder axis. This study comprises comparisons of
neat gasoline PFI and different R¢ng, based on four energy blends of NG:
25 %, 50 %, 75 % and 100 % NGDI. The start of injection (SOI) for NGDI
was chosen to be —120 CAD aTDC, so SOI occurs after inlet valve closure
(IVC). The test was carried out in part-load mode with a constant engine
speed of 1500 rpm. The ambient air pressure and the temperature were
equal to 1 atm and 25 °C, respectively. Table 1 summarizes the speci-
fications of the engine.

Close-cycle modelling was used to simulate combustion. So, com-
bustion simulations were performed using Converge Studio v3.0 as a
CFD solver from the inlet valve closing (140 CAD bTDC) to exhaust valve
opening (150 CAD aTDC). The base grid size is 4 mm and numbers of

(@) ®)

Fig. 1. Modelled geometry imported to Converge Studio (a) left side view; (b)
front view.



M. Aghahasani et al.

Table 1

Geometry and operational specifications of the engine.
Parameter Specification
Displacement [cm®] 626.4
Stroke [mm] 100.6
Bore [mm] 89.04
Geometric compression ratio 10.5:1
Number of intake/exhaust valves 2/2
Spark plug NGK, 0.7 mm gap
Exhaust valve open/close [CAD aTDC fired] 150/-350
Intake valve open/close [CAD aTDC fired] 350/-140

adaptive mesh refinement (AMR) were considered for the more sensitive
sections. 3 AMR were used to simulate a better distribution of temper-
ature, pressure and CNG with embedding level of 3 for the cylinder re-
gion. 2 AMR were used to predict the precise velocity and pressure of
CNG injection with embedding level of 3 for the CNG injector. There-
fore, the duration of each simulation was increased at the expense of
acceptable accuracy. The total number of grids for different piston po-
sitions was varied between 600,000-1,700,000. Converge Studio solved
conversion of mass, energy and momentum, besides passive and species
transport equations during modelling. Converge used the Sage model
with set of Chemkin-formatted input files to model combustion. Sage
solver modules used Cvodes solver (solves initial value problems for
ordinary differential equation systems) to simulate the combustion [44].
Converge used Hiroyasu and Kadota [45] and Zeldovich NO model [46]
to simulate emission such as NOx and soot. Atomization of fuel spray
droplets was modelled by Kelvin-Helmholtz model (predicts the first
break-up of droplets and is based on the wave model) in connection with
the Rayleigh-Taylor model (KH-RT). The RT model predicts the future
breakup of the droplets and is examined along with the KH model [47].

In the spray modelling, the No Time Counter (NTC) collision model,
which involves stochastic (randomly determined) sub-sampling of the
parcels within each cell, was used to model droplet collision and coa-
lescence. The NTC collision model employs the direct simulation Monte
Carlo method [48].Wall heat transfer affects thermodynamic properties
and combustion. Simulation of the heat transfer between wall and tur-
bulent flow needs to consider density and Prandtl number in each step of
the solution [48]. Converge Studio generated mesh automatically at
each time step of the solution. Embedded sections included liner, head,
and piston as boundaries, with spark and nozzle as an embedded region
in this modelling.

2.2. Solver setting

Turbulence was modelled using the RNG k-epsilon model. The
temperature of cylinder head, cylinder wall and piston surface were set
at 450 K. Chemical formulae of NG and gasoline considered CH4 and
ICgH;g, respectively. A skeleton chemical reaction mechanism consid-
ering 48 species and 152 reactions, proposed by Liu et al. [49], was used
to simulate combustion. In all studied cases, total input energy was kept
constant for each CR. As stated, the equivalence ratio for all cases was
1.0. Table 2 provides more details of the test engine operating charac-
teristics during data collection, which were also used to adjust the nu-
merical solver.

Table 2

Engine operational performance.
Parameters Characteristics
Engine speed 1500 rpm
Equivalence ratio 1.0
Gasoline (E10) LHV(MJ/kg) 42.02
Natural gas (NG) LHV(MJ/kg) 46.93
AFRSTOICH (E10) 14.1
AFRSTOICH (NG) 16.2
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2.3. Validation of numerical model

The simulation was performed for low load with an initial pressure of
0.55 bar and an initial temperature of 340 K at IVC and 1500 rpm. The
injection duration of NG was 42 CAD, and the SOI was 120 CAD bTDC
for all cases. Table 3 lists the measurement instruments. Fig. 2 and Fig. 3
compares the simulation results with experimental data, thus validating
the numerical results obtained from the CFD solver. The trends show the
variation of in-cylinder pressure and HRR with crank angle. For both
100 % gasoline PFI and 100 % NGD], the trends of simulation are similar
to those of the experiment. For almost all points, the difference between
the simulation and experimental in-cylinder pressure is less than 1.5 bar.
This equates to less than 1 % for the maximum pressure point.

3. Results and discussion

As well as evaluating different proportions of NG, the numerical
simulation also investigated three different CRs. Their combined effects
on knock and engine performance for both full- and low-load conditions
are discussed here. The results are considered under the following five
headings: engine efficiency; thermodynamic properties; combustion
characteristics; exhaust emissions; and knock.

3.1. Heat release and efficiency

Indicated mean effective pressure (IMEP) is the basis for evaluating
engine efficiency. Engine IMEP is affected by the homogeneity of fuel
mixture, so gasoline PFI strategies providing the best homogeneity offer
better engine performance. In combined fuel mode, behavior depends
upon the Reng. Fig. 4 shows that for combined fuel mode, the best IMEP
for all three CRs is for Reng = 50 %. IMEP declines with increasing or
decreasing Reng. Additionally, the highest IMEP is related to the CR =
11.5:1. For all ignition modes, ignition timing is selected as that CA50 is
placed in the range of 7-9 CAD aTDC and the maximum output torque is
obtained. This ignition time was not suitable for maximum efficiency
with the CR = 12.5:1, so IMEP was reduced in this case. As shown in
Fig. 5, the highest flame propagation speed happened in Reng = 0 % (.
e., only gasoline). As Reng increases (especially above Reng = 50 %) the
flame propagation speed and as a result the combustion speed decreases.
The higher combustion speed leads to constant volume combustion
(ideal combustion for Otto cycle), which improves the thermal efficiency
and IMEP. Further increasing in Reng value will drop the combustion
speed leading to lower IMEP. Ze Liu et al. [51]pointed out that in gas-
oline port injection plus NG gas direct injection (GPI + NGDI) mode of
operation, the increasing of NG prpportion by more than 30 % the IMEP
dropped drastically.

Tables 4 and 5 list engine outputs such as gross work and total in-
cylinder heat release for part- and full-load conditions. The reduction
of gross work and total heat release in the combined fuel mode
compared to the Reyg = 0 % is apparent. The maximum amount of gross
work in the combined fuel and part-load mode is achieved with Reng =
50 %. Fig. 4 shows the effect of Reyg on gross work (J), total heat release
(J), and IMEP. The highest total heat release occurs for the Rgyg = 50 %
ata CR = 10.5:1, while the highest gross work rate is for the Reng = 0 %.
The main reason for high gross work in the case of Rgyg = 0 % is the
early injection of gasoline (-540 CAD aTDC), thus creating better

Table 3
Measurement instruments.

Apparatus Production type

Motec M800

Parker Pilot

Coriolis fuel meter CMF010
AVL 365X

AVL GU21C

Ignition and injection timing
Throttling regulators

Fuel flows

Crank angle position
In-cylinder pressure
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Fig. 2. Pressure trace validation (a) 100 % gasoline PFI; (b) 100 % CNG DI (Experimental data adapted from M. Pamminger et al. [41]).
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Fig. 3. Heat release rate trace validation for 100 % gasoline PFI and 100 %
CNG DI (Experimental data adapted from M. Pamminger et al. [41]).
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mixture distribution. Although Reng = 50 % shows the best performance
in combined fuel mode at part load, at full load, Reyg = 100 % shows
better heat-release performance.

3.2. Thermodynamic properties

Temperature and pressure inside the cylinder are the important
thermodynamic properties discussed in this section. Fig. 6 shows
changes of in-cylinder pressure at part load and with CR = 10.5:1 when
using different percentages of CNG. At —35 CAD aTDC, while combus-
tion has not yet begun, the pressure increases with addition CNG. The
main reason is direct injection of CNG after closing the air inlet valve,
which improves the volumetric efficiency. That is one of the main ad-
vantages of direct injection of CNG. As shown in Fig. 6, the highest peak
pressure is with Reng = 100 % (36 bar) and the lowest peak pressure is
with Reng = 0 % (34.06 bar). However, note that contrary to expecta-
tions, Reng = 50 % displays a higher peak pressure than Reng = 75 %.
This reversal of the general trend could be due to the dominance of the
effect of higher combustion speed of gasoline fuel for Reng = 50 %
mode. This effect may be overcoming the higher amount of pressure
inside the cylinder before combustion with Reng = 75 %.

Fig. 7 also shows the changes of in-cylinder pressure at part load for
different Rcng, but with CRs of 12.5:1 and 11.5:1. The volume of the
combustion chamber at TDC is equal for all three CRs. As the CR in-
creases, the peak pressure grows for all fuel combinations. However, the
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Fig. 4. IMEP, total heat release and gross work for various case studies.
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Fig. 5. Contours of flame propagation for various case studies at full load and CR 12.5:1.

Table 4 Table 5
Engine output characteristics of each case study for part load. Engine output characteristics of each case study for full load.

Compression Case Gross Work Total Heat Release =~ IMEP Compression Case Gross Work Total Heat Release =~ IMEP

Ratio ()] ) (bar) Ratio [6)] ) (bar)

CR 10.5:1 Gasoline 394.5 933.6 6.30 CR 10.5:1 Gasoline 784.5 1802.6 12.54
0.25 390.7 931.0 6.24 0.25 777.8 1800 12.43
CNG CNG
0.50 393.1 936.4 6.28 0.50 761.54 1792.5 12.17
CNG CNG
0.75 390.2 933.2 6.23 0.75 767.78 1798 12.27
CNG CNG
1.00 384.5 933.2 6.14 1.00 764.47 1800.7 12.21
CNG CNG

CR 11.5:1 Gasoline 448.4 1021.5 6.48 CR11.5:1 Gasoline 890.33 1979 12.87
0.25 444.4 1024.3 6.42 0.25 880.85 1979.6 12.73
CNG CNG
0.50 444.8 1028.5 6.43 0.50 863.34 1974.5 12.73
CNG CNG
0.75 437.2 1027.9 6.32 0.75 867.26 1973.5 12.54
CNG CNG
1.00 434.1 1023.6 6.28 1.00 862.2 1978 12.46
CNG CNG

CR 12.5:1 Gasoline 479.1 1113.0 6.32 CR 12.5:1 Gasoline 962.85 2156 12.71
0.25 467.8 1115.9 6.17 0.25 941.85 2145 12.43
CNG CNG
0.50 470.7 1120.5 6.21 0.50 913.14 2130 12.60
CNG CNG
0.75 457.7 1121.5 6.04 0.75 933.08 2155.9 12.31
CNG CNG
1.00 455.6 1116.7 6.01 1.00 927.87 2157.5 12.25
CNG CNG

maximum pressure with 100 % gasoline fuel, which was in fifth place for
CR = 10.5:1, rises to second for CR = 11.5:1 and to first place with CR =
12.5:1. This primarily is due to the fact that the increase in CR raises the
temperature of the combustion chamber. This accelerates the combus-
tion rate for Rgng = 0 % because gasoline ignites at a lower temperature

(340 °C) than NG (540 °QC).

Another reason for this is that the fuel-air mixture for Reyg = 0 % has
lower specific heat than in the combined gasoline-NG mode: this causes
the fuel-air mixture temperature to rise faster, resulting in faster com-
bustion. Of course, this rapid rise in peak pressure with pure gasoline
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also increases the likelihood of engine knock, especially at full load. This
is discussed in detail in Section 3.5. Tables 6 and 7 show maximum in-
cylinder pressures and temperatures at part load and full load
respectively.

3.3. Combustion characteristics

The study investigated three key combustion characteristics: start of
combustion (SOC); crank angle degree where 50 % of fuel burned
(CA50); and combustion duration (CD). Ignition timing for all cases was
adjusted to obtain maximum output torque. According to studies in this
field, under full load at low speeds, GDI performance is limited due to
knock, and so therefore the CA50 position should be 20-30 CAD aTDC.
But with gasoline PFI and NGDI, the optimal ignition time is when the
CA50 is 7-9 CAD aTDC [25,23]. Therefore, it can be said that all the
studied cases lead to the maximum output torque of the engine. Fig. 8
shows the SOC and CD for all three CRs with different Reyg at part load.
As can be seen, first the SOC is retarded by increasing the Regng, then
advanced. 25 % of NG has the longest delay among the other cases.

Tables 8 and 9 show combustion characteristics of each case study at
part load and full load respectively. It should be noted that combustion
duration was calculated from the difference between CA90 (crank angle
degree where 90 % of fuels burned) and CA10 (angle where 10 % fuels
burned). Fig. 8 depicts these approximate values of combustion
duration.

As can be seen at both load points, the shortest combustion duration
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is with Rgng = 0 % and CR = 12.5:1. This mainly is due to the high
combustion speed of gasoline compared to NG, and also because of
gasolinés low auto-ignition temperature. In the combined gasoline/CNG
mode, the greatest reduction in combustion duration as CR increases is
for the Reng = 50 %.

3.4. Exhaust emissions

Fig. 9 shows the mole fractions of CO and CO, at the moment of
exhaust valve opening (EVO) for the three different CRs and all five fuel
combinations at part load. As can be seen, as CR rises, CO pollutants in
the combined fuel modes decrease slightly, but CO; increases slightly.
Both outcomes in response to the increase of the CR in the combined fuel
modes stem from the higher temperature of the combustion chamber in
the higher CRs, resulting in more complete combustion. On the other
hand, Fig. 9 also shows that increasing Rcng leads to a significant
reduction in CO and COs. This is because methane has the lowest carbon
to hydrogen ratio among fossil fuels. At CR = 10.5, the amounts of CO
and CO, for the Reng = 100 % are lower by 29 % and 23.5 % respec-
tively than with Reng = 0 %. Ze Liu et al. [51] pointed out that the
gasoline port injection plus NG direct injection (GPI + NGDI) mode has a
positive effect on CO reduction. They pointed out that, 120°bTDC of NG
direct injection timing minimises CO emissions. The GPI + NGDI mode
under this condition reduces CO by 47.5 % on average compared with
the pure gasoline data.

Fig. 10 illustrates the amount of NOx at the moment of EVO for all
three CRs and all five fuel compounds at part load. It is apparent that an
increase in CR leads to a reduction in NOx for all fuel compounds.
Because combustion in all cases was stoichiometric, the amount of mole
fraction-O; in the combustion chamber after combustion is very low (on
a scale of 10°®). On the other hand, as shown in the Fig. 9, a higher CR
and the consequential rising engine temperature means combustion is
more complete, resulting in increased carbon dioxide. This reduces the
oxygen in the combustion chamber available to react with nitrogen, and
hence less NOx forms at high CRs.

Fig. 10 shows that increasing the Reng from 25 % to 100 % leads to a
reduction in NOx. This is a consequence of a reduction in the maximum
temperature of the combustion chamber. The mixture’s specific heat
capacity rises as the Reng increases, and since the total energy released
for all fuel compounds is approximately equal, the rate of temperature
rise diminishes with increasing Reng, thus reducing the amount of NOx.
Table 10 shows the amount of unburned hydrocarbons (UHC) pollutant
at the moment of EVO (-150 CAD aTDC) for all three CRs and the five
fuel compounds. It can be seen that the amount of UHC is on the same
scale for the 10.5:1 and 11.5:1 CRs, but the amount of UHC growth
sharply when raising the CR to 12.5:1. This highest CR entails a greater
displacement course, so the piston is in a lower position than in the

4 Gasoline i 200
25% CNG / = i
3.5 50% CNG
75% CNG /
3 ——100% CNG y 150
(b) )
25 S
~
Z
2 £100 %
o
1.5 xl
=
1 —> 50
0.5

0= ; ;
-30 -20 ~-10 0 0 20 30 40 50
Crank Angle(Degree aTDC)

Fig. 7. Comparison of pressure vs crank angle for different Reng. (@) CR = 12.5:1; (b) CR = 11.5:1.
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Table 6
Maximum in-cylinder temperature and pressure (part load).
Compression Case EVO Max. EVO Max.
Ratio Pressure Pressure Temp. Temp. (K)/
(bar) (bar)/ X) CAD aTDC
CAD aTDC
CR 10.5:1 Gasoline 2.44 34.1/15.9 1451.2 2570.9/
21.3
0.25 2.45 34.3/14.8 1439.8 2514.8/
CNG 18.8
0.50 2.47 35.5/14.5 1440.7 2508.0/
CNG 19.9
0.75 2.50 34.4/14.5 1441.7 2488.2/
CNG 21.6
1.00 2.50 36.0/13.6 1423.7 2473.0/
CNG 20.8
CR 11.5:1 Gasoline 241 38.4/14.1 1430.5 2577.5/
19.5
0.25 2.42 37.3/15 1423.1 2527.4/
CNG 16.6
0.50 2.41 38.1/13.6 1429.6 2525.9/20
CNG
0.75 2.40 36.7/14.3 1410.0 2495.0/21
CNG
1.00 2.48 39.5/12.9 1413.5 2479.4/
CNG 19.7
CR 12.5:1 Gasoline 2.16 42.6/12.7 1284.6 2600.9/
17.4
0.25 2.16 39.1/12.4 1271.6 2440.0/
CNG 19.3
0.50 2.19 41.8/13 1273.4 2511.2/
CNG 17.6
0.75 2.21 38.4/14.6 1270.9 2403.0/
CNG 19.8
1.00 2.24 40.8/12.7 1274.0 2418.0/
CNG 18.5
Table 7
Maximum in-cylinder temperature and pressure (full load).
Compression Case EVO Max. EVO Max.
Ratio Pressure Pressure Temp. Temp.
(bar)/ X))/
(bar) (X)
CAD aTDC CAD aTDC
CR 10.5:1 Gasoline 4.82 76.3/12.4 1481.4 2685.1/
15.1
0.25 4.88 75.88/11.2 1486 2596.4/
CNG 14.4
0.50 4.91 70.57/13.2 1477.2 2495.8/
CNG 17
0.75 4.93 72.88/11.4 1465.6 2500.1/
CNG 17.1
1.00 4.92 71.1/12.9 1448.8 2484.6/
CNG 19.8
CR11.5:1 Gasoline 4.75 84.9/10.6 1458.1 2688.1/
14.3
0.25 4.78 84.5/10.5 1456 2630.5/
CNG 13.9
0.50 4.83 80/12 1453.9 2537.9/
CNG 14.9
0.75 4.83 80.6/11.4 1436 2546.2/
CNG 16.7
1.00 4.88 75.412.1 1435 2469.9/
CNG 19.5
CR 12.5:1 Gasoline 4.36 95.1/9.4 1337.8 2712.5/
12
0.25 4.41 90.5/10.7 1339.5 2620.4/
CNG 13.7
0.50 4.43 83.3/10.9 1332.3 2439.8/
CNG 16.2
0.75 4.42 87.8/10.4 1313.3 2531.9/
CNG 16.1
1.00 4.45 85.2/11.4 1308.6 2471.6/
CNG 16.1
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engine’s initial state (CR = 10.5:1). Because the fuel injection angle is
constant, when the piston surface is lower it is less able to create tumble
in the fuel-air mixture. As a result, the mixing quality suffers and in-
homogeneity is created in the combustion chamber, leading to incom-
plete combustion and more UHC.

Fig. 12 shows how CO, CO,, NOx, soot and temperature are
distributed for a CR of 10.5:1 at 18 CAD aTDC. It is immediately
apparent that CO, CO; and temperature are highest for Reng = 0 %, and
their values decline as the Rgng increases. Conversely, as shown in
Fig. 11 soot rises with the Reng percentage. One of the main causes of
this soot formation is poor fuel mixing during stratified charging
[36,37]. It should be borne in mind that the engine is not designed
primarily for direct fuel injection, so is not well-suited for mixing fuel
and air with this type of injection. And because SOI started from —120
CAD aTDC, there is not enough time to create a homogeneous mixture,
resulting in soot formation.

It is evident from Fig. 12 that the amount of CO and CO; declines as
Reng increases, but there is also a clear inhomogeneity in the distribu-
tion of pollutants at Reng = 25 %. This inhomogeneity lessens signifi-
cantly as Reng rises. To better understand this, Fig. 13 depicts the
equivalence ratio distributions for 25 % and 100 % CNG, at 10 CAD after
SOIL. The amount of fuel penetration, and consequently tumble created
in the combustion chamber, is greater with Reng = 100 %, due to higher
injection pressure and the higher momentum of NG. This improves
mixing in the combustion chamber, resulting in a more homogeneous
distribution of CO and CO5 when Reng = 100 %.

3.5. Knock investigation

Increasing the CR in ICEs improves efficiency. Equation (1) is the
mathematical basis of this principle. From Equation (1) it can be
perceived that the Otto cycle efficiency depends directly upon the CR,
wherein K for combustion products of the fuel/air mixture is often
considered at approximately 1.3. T3 and T; are equivalent to Tpax and
Tmin, respectively. V, and V; are the cylinder volume at TDC and BDC,
respectively. This equation explains why raising the CR increases Otto
cycle efficiency [50,52]:

T,— T, AR 1
Mo =1 = Mo = 1= (7]> =1 geT M

Consequently, the use of higher CRs to improves thermal efficiency
and allow reduction in engine size is highly regarded by engineers.
However, the increased probability of knocking in the engine limits the
ability to raise CRs. Knocking damages the engine, increases noise and
reduces thermal efficiency. Various methods have been proposed to
reduce the possibility of knock, including the use of exhaust gas recir-
culation (EGR), lowering the equivalence ratio, reducing the inlet air
temperature and using fuels with better knock resistance properties
[51,54]. NG has a higher-octane value and higher auto-ignition tem-
perature than gasoline, underpinning CNGs potential as a knock-
reducing fuel that paves the way for higher CRs and thus greater effi-
ciency. An important method for evaluating knock in ICEs is to measure
ringing intensity (RI). Equation (2) has been introduced by Eng [55] for
RI to indicate the tendency for engine knock. The RI (MW/m?) is a
measure that correlates with the acoustic energy of the resonating
pressure wave:

2
B (D)
%o(;—)o\/yoRame 2

Eng suggested using a time-based peak pressure rise rate (PPRR), as
opposed to the crank angle-based rate, as a way of removing the engine
speed affiliation [53,55]. A term p is used to relate PPRR, as the principal
input force that drives the combustion chamber into acoustic resonance,
to the largest peak-to-peak amplitude of the induced pressure oscilla-
tions. Term f was determined experimentally and is used thus: AP = f.

RI ~
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Fig. 8. Comparison of CD and SOC for various case studies.

Table 8
Combustion characteristics of various case studies under part load.
Compression Ratio Case SoC CD CA50
(CAD bTDC) (CAD) (CAD aTDC)
CR 10.5:1 Gasoline 3.7 21.40 8.74
0.25 CNG 1.6 19.72 8.23
0.50 CNG 3.0 20.77 7.65
0.75 CNG 1.9 20.78 8.77
1.00 CNG 4.3 22.57 7.69
CR 11.5:1 Gasoline 3.0 19.55 7.97
0.25 CNG 0.4 18.14 8.25
0.50 CNG 0.4 18.16 8.73
0.75 CNG 0.3 18.85 8.81
1.00 CNG 2.0 20.02 7.77
CR 12.5:1 Gasoline 1.1 16.09 8.43
0.25 CNG 0.1 19.09 7.50
0.50 CNG 1.0 16.98 7.95
0.75 CNG 1.8 21.36 8.06
1.00 CNG 1.3 20.10 7.99
Table 9
Combustion characteristics of various case studies under full load.
Compression Ratio Case SoC CD CA50
(CAD bTDC) (CAD) (CAD aTDC)
CR 10.5:1 Gasoline 3.56 15.78 6.53
0.25 CNG 2.46 15.87 6.34
0.50 CNG 2.51 19.93 6.6
0.75 CNG 3.76 19.76 6
1.00 CNG 3.45 20.3 6.89
CR 11.5:1 Gasoline 2.46 13.98 6.21
0.25 CNG 1.99 14.19 6
0.50 CNG 1.28 16.65 6.44
0.75 CNG 3.4 17.88 6.03
1.00 CNG 5.2 22.8 6.18
CR 12.5:1 Gasoline 0.48 10.33 6.43
0.25 CNG -0.1 12.2 7.2
0.50 CNG 0.17 18.7 6.45
0.75 CNG 2.99 16.89 6.66
1.00 CNG 3.47 18.87 6

(dp/dt)max. Maria et al. [56] expected that p should decrease consider-
ably with peak pressure and boost level. According to other researchers,
the best value for p for accurate prediction of the knock phenomenon is
0.05. Studies show that RI rises with increasing equivalence ratio and
inlet temperature and decreasing CA50 [54]. In the case under study, the
equivalence ratio, inlet temperature and CA50 are the same for all cases:
the only variable is fuel composition. The RI value was calculated for all

three CRs and all five fuel compounds, for both part- and full-load
conditions (Fig. 14). As expected, RI values rise with increasing CR
and they are much lower for the part load, due to the low initial pres-
sure. Fig. 14 also shows that RI values declines with increasing Reng-
Other studies have proposed different values as an acceptable upper
limit of RI, the most common of which is 5 MW/m? [57]. However, a
number of sources have put forward more cautious limits of 2 MW,/m?
and 3.5 MW/m? [58,59].

As illustrated in Fig. 14, none of the RI values at part load reaches
even the most conservative of these limits, indicating the probability of
knocking is very low. But the increase in RI in the full-load mode is
considerable: the RI value exceeds all three limits when using gasoline as
a pure fuel with a CR of 12.5:1, so there is a high probability of signif-
icant knocking in this mode. Raising the Rcng provides a notable
reduction in RI. For example, the fuel composition with just 25 % of CNG
cuts RI by 56 % at full load and CR = 12.5:1. For Reng = 100 %, the RI
value falls below 1 MW/m? at the same conditions.

Knock intensity (KI) has been used in order to validate numerical
results of knock based on Kalghatgi et al. [61]. KI is defined as the dif-
ference between the maximum and minimum of the knock signal. It is
determined by the evolution of the pressure wave with time following
autoignition in the hot spot, that is knock onset. Bradley and colleagues
[60-63], Pan et al. [64] and Bradley et al. [65] have concluded (based
on the studies conducted by Zeldovich [66] and Oppenheim [67]) that
the development of the pressure wave is dependent on the velocity of the
autoignition wave (u,) as it traverses through the hot spot and is given as
follow:

a,  (a,\ " for\"
w=3=() (&) ®

Here, x is the distance from the center of the hot spot. The critical
parameter £ (resonance parameter) is the ratio of the local speed of
sound, a, to ug,:

¢= (i) “@
Uq

The ignition delay, 7;, is the time taken for autoignition as marked by
heat release at a given temperature and pressure [66-68,70]. An
Arrhenius type equation with a pressure correction can be fitted to these
kinetically derived data by ignoring larger values of 7; (greater than 15
ms in Kalghatgi et al. [69,71]) and 7; can be modeled by:

7 = Aexp (I—T})p’” (5)
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Table 10
Comparison of mole fraction-UHC for different cases under part load.

Mole fraction-UHC (x10°®)
Compression Ratio

Reno CR =10.5:1 CR =11.5:1 CR =12.5:1
0% 2.19 2.09 8.65
25 % 752 12.2 782
50 % 8.54 3.9 263
75 % 4.34 63 15,356
100 % 40.6 12.88 8960
The speed of sound is given by:
a=/yRT )

where v is the ratio of specific heats and R is the specific gas constant.
A fixed value of.

375 m?%2K ™! for yR was assumed in Kalghatgi et al. [61]. From
equation (5), the gradient of ignition delay with temperature is:
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Fig. 11. Comparison of soot for various case studies at part load.

Thus from equation (3):

_ (T (o)
ta = Br; ) \ ox

Note that the gradient of temperature with distance in equation (8) is
negative because the temperature in the hot spot is high at the center
and decreases away from the center. Bradley and Kalghatgi [72] showed
that when u, is small, the maximum amplitude of the pressure pulse,
APpqy, following autoignition can be approximated by:

®

APma)c g2
Loy ©
Also, by definition of KI, it is assumed:
APmax = g (10)
2
Hence, from equations (4), (6), (8)-(10):
-2
KI=2Z (a_r) an
Ox

where Z is given by:
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Table 11 compares KI at CA50 == 8 with the experimental value [39].
As can be seen, the numerical simulation confirms the experimental
results with good accuracy. Since the temperature in Equation (13) is a
function of pressure, it can be concluded that the simulation accurately
predicted the in-cylinder pressure trace.

4. Conclusions

This study makes a numerical evaluation of how varying proportions
of NG and different CR affect the combustion characteristics and knock
behavior of a NGDI engine. Five different fuel combinations and three
CRs (10.5:1, 11.5:1 and 12.5:1) are investigated at part- and full-load
conditions. The main results can be summarized as follows:

11
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Table 11
Validation of KI against measured data (CR = 10.5, WOT, Reng = 50 %).

Fuel

KI experimental data KI simulation results

50 % CNG 0.8 bar 0.75 bar

e The fueling strategy producing the highest IMEP is for Reng = 0 %,
where gasoline is homogeneously mixed with the air. With this
fueling, a CR of 11.5:1 achieves the best IMEP for both part- and full-
load conditions. Reng = 0 % mode also produces the highest gross
work in all cases but Reng = 50 % has a higher heat release at part-
load than other fuel combinations. The lowest IMEP values occurred
in Reng = 100 % cases.

e At part load and with CR = 10.5:1, increasing R¢ng leads to higher
maximum cylinder pressure: for Reng = 100 %, the maximum
pressure is 5.9 % higher than with Reng = 0 %. This advantage di-
minishes with increasing CR. In general, the Reng = 50 % mode has
the closest performance to Reng = 0 %.

e Combustion characteristics such as CA50, SOC and combustion

duration is affected by changes in Reng. SOC, as measured in CAD

bTDC, first is retarded by increasing the R¢ng, then advanced. The

SOC also decreases as the CR is raised. Combustion duration shortens

with increasing CR because of the consequential rise in temperature

and the lower auto-ignition temperature of gasoline compared with

NG. The shortest combustion duration is related to Reng = 0 % and

CR =12.5.

Raising the CR reduces the amount of CO but causes a slight increase

in CO2. This is due to the higher combustion temperature and

consequently more complete combustion. Both CO and CO, emis-
sions decline with increasing Reng because NG has a lower carbon
content than gasoline. For the CR ratio of 10.5:1, CO is reduced by

14.4 %, 24.7 %, 23.8 % and 29.3 % for the 25 %, 50 %, 75 % and 100

% of CNG fuels, respectively compared with pure gasoline PFI (Reng

= 0 %). The corresponding reductions for COy are 5.3 %, 10.8 %,

17.9 % and 23.5 %, respectively. Increasing Rcng reduces NOx

emissions but leads to more soot and UHC.

RI value is low in the part-load state due to the low inlet gas pressure.

The highest RI value occurs at full load when Reng = 0 % and CR =

12.5:1. The RI value rises with increasing CR but falls with increasing

Reng. With a CR of 12.5:1, the RI value reduces by 56 %, 66 %, 74.6

% and 88.6 %, respectively for the 25 %, 50 %, 75 % and 100 % of

CNG fuels compared with Reng = 0 %. Consequently, NGDI is very

efficient for supercharged/turbocharged engines with high CRs.
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