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Abstract: To reduce the greenhouse effect, it is important to reduce not only carbon dioxide but also
methane emissions. Methane gas can be not only a fossil fuel (natural gas) but also a renewable
energy source when it is extracted from biomass. After biogas has been purified, its properties
become closer to those of natural gas or methane. Natural gas is an alternative energy source that
can be used for spark-ignition engines, but its physicochemical properties are different from those of
gasoline, and the spark-ignition engine control parameters need to be adjusted. This article presents
the results of a study that considers a spark-ignition engine operating at different speeds (2000 rpm,
2500 rpm, and 3000 rpm) and the regulation of the timing of intake valve closure when the throttle is
partially open (15%), allowing the engine to maintain the stoichiometric air–fuel mixture and constant
spark timing. Studies have shown a reduction in engine break torque when petrol was replaced by
natural gas, but break thermal efficiency has increased and specific emissions of pollutants (NOx, HC,
CO2 (g/kWh)) have decreased. The analysis of the combustion process by the AVL BOOST program
revealed different results when the engine ran on gasoline as opposed to when it ran on natural gas
when the timing of intake valve closure changed. The volumetric efficiency of the engine and the
speed of the combustion process, which are significant for engine performance due to the different
properties of gasoline and natural gas fuels, can be partially offset by adjusting the spark timing and
timing of intake valve closure. The effect of intake valve timing on engine fueled by natural gas more
noticeable at lower engine speeds when the engine load is low.

Keywords: spark-ignition engine; natural gas; intake valve close timing; volumetric efficiency;
combustion; energy and ecological performance

1. Introduction

Climate change is driving the development of the EU transport sector based on the
two key criteria that have been set out in the Transport White Paper [1]: the rational use of
existing resources in transport and the improvement of ecological transport characteristics
in order to achieve climate-neutral greenhouse gas emissions. This is very important for
the assessment of individual emission groups, where the hazard criterion can be assessed
through the prism of recalculated CO2 emissions [2]. The first problem can be solved
using renewable and/or alternatives to fossil fuels as energy sources [3,4]. The use of
such resources is based on the use of biofuels [5–7] and electrification strategies [8,9]. It
is clear that the development of an electric vehicle that does not emit emissions is the
ultimate goal for the final stages of the switch to greener sources of energy, [10,11], but
there are some existing problems that slow down the use of vehicles, such as the still
underdeveloped charging stations network [12,13] as well as expensive and technologically
sophisticated battery recycling technologies [14], and it should also be noted that the energy
infrastructure resources that are currently available for electric vehicles are insufficient,
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although they continue to develop at an adequate rate. Additionally, judging by the prism
of “green energy”, it can be said that its share now accounts for a small share of total energy
production [15–17]. In this situation, with a rational assessment of the existing resources,
the internal combustion engines that are already on the market are being improved [18–21]
in order to ensure that the transport sector is able to undergo a smooth transition towards
the climate-neutral emission targets that have been set [22,23]. Several development
scenarios are possible for this purpose to be achieved, from the use of alternative fuels
to the optimization of engine design/control parameters [24,25]. The complex synergy
within these solutions allows for the issues surrounding increasing the efficiency of engine
operation processes and controlling the exhaust emissions that result from these processes
to be solved in an optimized way, which ensures the practical realization of the second task.

SI engines use valve timing control to increase volume efficiency by an average of ~5%
over the speed range that a vehicle can travel [26]. However, this is more effective when it
is combined with partial-cylinder disconnection at low speeds, where fuel economy of up
to 17% can be achieved [27]. However, making specialized modifications to the camshaft
mechanism can increase the volumetric efficiency by up to 7% at high speeds [28]. As
the residual gas fractions and the effective degree of compression decrease, a drop in gas
temperature and pressure can occur. This is the main reason why worse combustion can be
observed during valve timing [29]. With the use of a turbocharger in the SI engine and with
the optimization of valve timing angles, an instantaneous increase in turbine operating
efficiency can be observed due to the higher amount of exhaust energy that is entering the
turbine [30]. A Miller cycle and different profile cams are used during this process and are
distributed for use for both full and part load modes. The overall engine efficiency of both
methods increases by approximately 1% [31]. Consequently, the use of a hydraulic valve
timing device can improve the engine power parameters by up to 13.5% and can reduce
fuel consumption by 16.1 g/kWh during the Otto–Atkinson mixed cycle [32]. Ericsson
timing has improved the engine power and thermal efficiency in engines with a gas-to-gas
heat exchanger [33]. Atkinson cycle engines with variable valve timing (VVT) technology
are widely used in hybrid electric vehicles (HEVs), and this delays the closing of the intake
valve and results fuel consumption that is lower by up to 30% [34].

Spark-ignition (SI) engines that use natural gas (NG) as a fuel source are characterized
by lean combustion, which causes variations in the optimal air-to-fuel ratio when the engine
load and fuel composition change. This results in lower combustion temperatures, slower
methane compound oxidation processes, and higher hydrocarbon (HC) emissions [19].
Another emerging problem is that the natural gas is injected into the intake manifold when
it is in a gaseous state, which reduces the vaporization heat while simultaneously reducing
the volumetric efficiency to 3% [35]. The use of natural gas and valve timing techniques
together allows each method to cancel out the disadvantages of the other. However, it
should be emphasized that optimal values should be established for each speed and load
range in order to ensure that the resulting emissions fall within the EURO 6 standard [36].
The use of natural gas and the Miller cycle can provide additional thermal efficiency gains of
up to 5.5% despite an average effective pressure drop of up to 3% [37]. Engine exhaust using
the valve timing and skip cycle strategy can be reduced in both the 1200 rpm and 1800 rpm
categories. In previous studies, the reductions in nitrogen oxides were shown to range from
35% to 28%, and the engine exhaust from hydrocarbons was shown to range from 54% to
47% in the 1200 rpm and 1800 rpm categories, respectively. [38]. The influence of exhaust
gas residuals (ExR) in the cylinder on the indicated specific fuel consumption (ISFC) and
on engine pollutant emissions in a methane-fueled SI engine by changing the exhaust valve
timing were investigated. NOx emissions decreased significantly (from 1800 to 600 ppm)
when the ExR increased at 1250 rpm, while the NOx dropped from ~1100 ppm to ~500 ppm.
However, carbon monoxide (CO) and total hydrocarbons (THC) increased by ~75% [39].

The purpose of this study was to determine the ability of the intake valve close (IVC)
timing effect to change the energy and ecological performance of an engine after replacing
gasoline (G) with natural gas at different engine speeds. It is important to evaluate the
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influence of IVC time on engine parameters, as many vehicles use an adjustable IVC
timing system or may operate using Atkinson cycle engines (e.g., hybrid vehicles), so the
effects of different fuels should be evaluated at different IVC times. In the test, the engine
throttle opened by a small percentage (15%), allowing the evaluation of NG flow inertia
and volumetric efficiency at a low engine load.

2. Materials and Methods

The technical data for the NISSAN HR16DE spark-ignition engine, the engine that
was used in the present research, are presented in Table 1. The engine is equipped with a
gasoline fueling system (fuel injection into the intake manifold, provided by the NISSAN
(Yokohama, Japan) and an alternative gas injection system through which natural gas can
be supplied. The opening and closing times (IVO and IVC) of the engine intake valves
are controlled by a hydraulic variable valve timing (VVT) actuator that is controlled by
an engine control unit (ECU). During the test, the engine control unit (ECU) was replaced
with a MOTEC M800 programmable controller, which allowed the intake valve close (IVC)
timing and the spark timing (ST) to be adjusted. The fuel injection quantity was regulated
based on the information from the wideband oxygen (O2) sensor, the BOSCH LSU 4.9. This
allowed for the excess air ration (lambda) to be controlled.

Table 1. Technical characteristics of engine HR16DE.

Parameter The Units Value

Engine type Spark ignition
Cylinder arrangement In-line 4

Cooling Water
Displacement dm3 1.598

Cylinder bore and stroke mm 78.0 × 83.6
Maximum power kW (at rpm) 84 (6000)
Maximum torque Nm (at rpm) 156 (4400)
Compression ratio 10.7
Number of valves 16 (DOHC)

Intake valve open (IVO) CAD bTDC 1 24 . . . −11 (VVT)
Intake valve close (IVC) CAD aBDC 2 24 . . . 59 (VVT)

Intake valve duration (IVD) CAD 228
Exhaust valve open (EVO) CAD bBDC 3 24
Exhaust valve close (EVC) CAD aTDC 4 4

Exhaust valve duration (EVD) CAD 208
1 CAD bTDC—crank angle degrees before top dead center. 2 CAD aBDC—crank angle degrees after bottom dead
center. 3 CAD bBDC—crank angle degrees before bottom dead center. 4 CAD aTDC—crank angle degrees after
top dead center.

An eddy current-type engine load stand was used to set the brake torque (MB), specifi-
cation is in Table 2. To maintain a stable operating temperature, the engine and the load
bench were cooled using a plate heat exchanger throughout all the experiments. Gaseous
fuel consumption was measured using the Coriolis type mass flowmeter, the intake air
mass of the engine was measured with an HFM 5 m, and the temperature of the exhaust
gas was measured using a K-type thermocouple. The piezoelectric pressure sensor that
was integrated into the spark plug was used to measure the in-cylinder pressure, and the
photoelectric encoder was used to determine the position of the crankshaft. The output
signals from the pressure and encoder sensors were processed and recorded (100 cycles)
with the LabView Real Time module. The composition of the exhaust gas (volume concen-
tration of the individual components) was determined using a gas analyzer. Experiment
test bench scheme is presented in Figure 1.
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Table 2. The main specifications of the instruments and equipment.

Equipment Type Specifications Error

Engine load stand Eddy current type Maximum speed 6000 rpm,
maximum brake torque 480 Nm

Torque: ±0.9 Nm
AMX200/100

Coriolis mass flowmeter RHEONIK RHM 015
Measuring range ±0.10%0.004 . . . 0.6 kg/min

Intake air mass meter BOSCH HFM 5
Measuring range ±2%8 . . . 370 kg/h

Exhaust gas temperature sensor K-type thermocouple Measuring range ±0.5%0 . . . +1250 ◦C

Cylinder pressure sensor AVL ZI31_Y7S
Measuring range Sensitivity 11.62 pC/bar

0 . . . 200 bar

Crankshaft position sensor Photoelectric encoder Signal repeatability -
A58M-F 0.1758 CAD

Exhaust gas analyzer AVL DiCom 4000

Measuring range:
CO2–0 . . . 20% ±0.1%
CO–0 . . . 10% ±0.01%

HC–0 . . . 20,000 ppm ±1 ppm
NOx–0 . . . 5000 ppm ±1 ppm

O2–0 . . . 25% ±0.01%

Figure 1. SI engine NISSAN HR16DE test scheme: 1—engine; 2—load stand AMX200/100; 3—load
bench control unit; 4—in-cylinder pressure measuring equipment AVL DiTEST DPM 800; 5—ECU
MOTEC M800; 6—throttle control mechanism; 7—fuel injector; 8—spark plug with in-cylinder
pressure sensor AVL ZI31; 9—oxygen sensor; 10—crankshaft position sensor; 11—exhaust gas
temperature sensor; 12—air mass meter; 13—control computer; 14—NG cylinder; 15—air mass meter
indicator; 16—fuel consumption meter; 17—AVL DiCom 4000 exhaust gas analyzer; 18—gas injector;
19—mass flow meter RHEONIK RHM015; 20—high-pressure gas reducer.

Experimental engine tests were performed at a fixed throttle position where the throttle
was opened to 15%; at a fixed-ignition spark timing of ST = 22 CAD bTDC; and at a fixed
excess air ratio of λ = 1. These fixed engine control parameters enabled the IVC time to
influence the changes in the fuel energy flow to the cylinders, the combustion parameters,
and the engine performance, allowing them to be evaluated. The engine ran at three
different speeds: n = 2000 rpm, n = 2500 rpm, and n = 3000 rpm. With the engine running
at medium speed when the throttle opened 15% the engine power is sufficient to drive
in the city at a car speed of 50–60 km/h [40] The experiments used E95 summer gasoline
fuel that had been labeled for the different engine speeds as G_2000, G_2500, and G_3000
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and natural gas that had been labeled as NG_2000, NG_2500, and NG_3000. The main
fuel properties are given in Table 3. The analysis of chemical kinematics was not evaluated
in this study, because the subject of the study was related to the valve timing effect of
converting gasoline to NG fuel.

Table 3. Fuel properties.

Parameter The Units Gasoline (G) Natural Gas (NG)

Density kg/m3 740 * ~0.74 **
Octane number 95 ~120

Lower heating value (LHV) MJ/kg ~44.0 ~47.5
Stoichiometric mixture (A/F) kg/kg ~14.7/1 ~17.2/1

Boiling temperature ◦C 25–215 *** −162*,**
Specific heat of vaporization kJ/kg ~380 ~550

Freezing point ◦C −40 *** −162 ***
Auto-ignition temperature ◦C ~400 ~540

Adiabatic flame temperature ◦C ~2150 ~1890
Flame spread rate m/s ~0.5 ~0.41

H/C ratio ~0.163 ~0.316

Chemical
element/component % (mass)

Carbon: ~0.836 Methane: 91.97
Hydrogen: ~0.139 Ethane: 5.75

Oxygen: ~0.025 Propane: 1.30
Butane: 0.281

Nitrogen: 0.562
Carbon dioxide: 0.0

* at 20 ◦C. ** at 0 ◦C and 101.3 kPa pressure. *** at 101.3 kPa pressure.

The MOTEC M800 engine control unit changes the intake valve phase 6 times every
5 CAD by delaying the intake valve closing time (IVC) from 24 CAD aBDC to 54 CAD
aBDC (for gasoline labelled as G_IVC24, G_ IVC29, G_ IVC34, G_ IVC44, G_ IVC49, and
G_ IVC54 and for natural gas labelled as NG_ IVC24, NG_ IVC29, NG_ IVC34, NG_ IVC44,
NG_ IVC49, and NG_ IVC54). For every measurement point, each experiment was re-
peated twice, and the intake valve closing time (IVC) was changed from 24 CAD aBDC to
54 CAD aBDC and vice versa (from 54 CAD aBDC to 24 CAD aBDC). Every parameter was
measured 8 times, so after each experiment had been repeated, all the parameters had been
measured 16 times.

Fuel supply is estimated by calculating the mass of fuel per cycle per cylinder, mg/cycl:

mcycl =
B f ·τ·106

n·i·60·2 ; (1)

where: Bf—hourly fuel consumption, kg/h; τ—the number of strokes per cycle, τ = 4;
n—engine speed, rpm; and i—the number of cylinders in the engine, i = 4.

Supply of energy per cycle to the cylinder, J/cycl:

Ecycl = mcycl ·LHV; (2)

where: LHV—lower heating value of fuel, MJ/kg.
The combustion process in the engine cylinder was analyzed in the AVL BOOST

program by creating a numerical model of the engine that was being tested [41] and by
using the BURN subroutine. The experimentally measured data were used for the analysis
of the combustion process: in-cylinder pressure, fuel consumption, air consumption, and
fuel properties, among others. Numerical analysis determined the rate of heat release
(ROHR) (J/CAD), in-cylinder temperature (K) and temperature rise (K/CAD), in-cylinder
pressure rise (MPa/CAD), and the rate at which the fuel mass fraction burned during the
entire engine cycle. The results of the experimental research and of the numerical analysis
of the combustion process provide an opportunity to comprehensively evaluate the effect
of the intake valve timing of spark-ignition engine gasoline fuel changes on a natural gas.
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3. Results and Analysis
3.1. Analysis of the Energy Performance

The energy performance of the engine was measured when the engine was running
on conventional gasoline fuel (G). The engine throttle was open at 15%, and the excess air
ratio λ = 1. The changes in the engine performance at various engine speeds and that were
obtained by changing the intake valve closing (IVC) timing were studied.

The maximum brake torque MB was reached when the engine was running on gasoline
(G_2000) with an IVC timing of 39 CAD aBDC and MB = 70.7 Nm (Figure 2). When the
IVC timing was advanced from 39 to 24 aBDC, the brake torque MB reduced by ~1% due to
the unused inertia of the intake gas mixture. Delaying the IVC timing from 39 to 54 CAD
aBDC MB reduced it by ~3% due to the air–fuel mixture partially returning to the intake
manifold. Due to the low velocity of the engine, the flow inertia of the gas mixture was low,
and the volumetric efficiency of the engine decreased when the IVC timing was delayed.
Increasing the engine speed to G_2500 and G_3000 MB reduced the volumetric efficiency
by an average of 22% and 37% compared to G_2000, which was likely due to the hydraulic
resistance in the throttle (opened at 15%). The decrease in MB was also affected by the
increasing mechanical losses of the engine. At engine speeds of 2500 and 3000 rpm, the
change in IVC timing is negligible, as the increased inertia of the intake air–fuel mixture is
inhibited by the throttle. When the engine was running on natural gas (NG_2000), the MB
reduced by ~8% compared to when G_2000 was used due to the lower fuel mass that was
entering the cylinder per cycle, decreasing the volumetric efficiency.

Figure 2. Brake torque when running on gasoline and natural gas and changing intake valve close timing.

With NG, the fuel mass per cycle (mcycl) decreased (Figure 3). One of the reasons for
this was the different air mass that is required for a stoichiometric NG–air mixture (λ = 1),
which has ~16% more air mass (17.2 kg) per kilogram of gas compared to gasoline (14.7 kg)
(Table 2). The second reason is that natural gas has a lower density, which means that the
same fuel mass requires a larger cylinder volume compared to petrol. The third reason is
the decreased inertia of the air/NG mixture. Although the lower heating value of NG (LHV)
is ~8% higher (47.5 MJ/kg) compared to gasoline (44.0 MJ/kg), it does not compensate
for the ~22% less mass of NG per cycle (Figure 3). NG supplies ~15.5% less energy to the
cylinder per cycle (Ecycl) (Figure 4). During engine operation, the NG_2000 and IVC timing
were delayed from 24 to 34 CAD aBDC, and the brake torque MB increased insignificantly
(up to 0.2%), but with further IVC timing delays (up to 54 CAD aBDC), the MB decreased
significantly, approximately 5%, due to the lower NG density and inertia, which decreased
the mass and energy of the fuel entering the cylinder. During engine operation, NG_2500



Energies 2022, 15, 398 7 of 21

and NG_3000 MB were reduced by ~8% compared to G_2500 and G_3000, and a more
significant effect of IVC timing on the mass and energy of the NG entering the cylinder was
observed compared to gasoline.

Figure 3. Fuel mass entering the cylinder over the cycle with gasoline and natural gas and while
changing the intake valve close timing.

Figure 4. Fuel energy entering the cylinder during the cycle with the engine running on gasoline and
natural gas and while changing the intake valve close timing.

The graphs of the indicator cylinder pressure (Figure 5) correlate with fuel energy
that is transferred to the cylinder per cycle and confirm the reasons for the changes in the
brake torque. The maximum brake torque MB is generated at G_2000 and at an IVC timing
of 39 CAD aBDC (Figure 2). In this mode, the maximum pressure in the engine cylinder
(Figure 5a) is able to be reached due to the increased volumetric efficiency. Delaying the
IVC timing, the maximum in-cylinder pressure decreased significantly due to the engine’s
lower volumetric efficiency. Increasing the engine speed (G_2500, G_3000) prevents the
cylinder from filling with a fresh flammable mixture (because the throttle is only 15% open),
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which reduces the maximum in-cylinder pressure (Figure 5b,c). However, at higher engine
speeds, the intake valve control has little effect on the maximum in-cylinder pressure.
When the throttle is 15% open, it damps the increase that is in seen in the gas flow inertia,
and there is little variation in the engine’s volumetric efficiency.

Figure 5. Changes in in-cylinder pressure with the engine running on gasoline and natural gas and
while changing the intake valve close timing: (a) 2000 rpm; (b) 2500 rpm; and (c) 3000 rpm.

When the engine was running on natural gas (NG_2000), the maximum in-cylinder
pressure was significantly reduced (Figure 5a) compared to gasoline, as NG degraded the
engine’s volumetric efficiency by introducing less energy to the cylinder. The maximum



Energies 2022, 15, 398 9 of 21

in-cylinder pressure also decreased when the IVC timing was 54 CAD aBDC. Increasing
the engine speed (NG_2500, NG_3000) also resulted in a significantly lower maximum
in-cylinder pressure compared to gasoline (Figure 5b,c). The effect of IVC timing on the
in-cylinder pressure during gas-induced operation is visible, but no significant variations
can be seen.

Although the engine power not only depends on the engine brake torque but also on
the engine speed, we are able to see that maximum power (14.8 kW) was reached when
the engine was running at G_2000 and when the IVC timing was 39 CAD aBDC (Figure 6).
After advancing the IVC timing to 24 CAD aBDC, the engine power decreased by ~1%,
and when it was delayed to 54 CAD aBDC, the power decreased by ~3%. Increasing the
engine speed (G_2500 and G_3000) reduced the engine power by an average of 3% and
5.7%, but the MB decreased by an average of 22% and 37% compared to when the engine
was running at G_2000 (Figure 2). The effect of IVC timing is less pronounced when the
engine speed is increased. Although delayed IVC timing usually has a positive effect on an
engine’s volumetric efficiency as the intake air–fuel mixture rate increases, this positive effect
does not occur when the throttle is only 15% open. Studies by other researchers have shown a
positive effect when the intake valve is closed late when there is an average engine load [42].

Figure 6. Engine power with gasoline and natural gas and intake valve close timing.

The replacement of gasoline with natural gas reduced engine power by 7–9% through-
out the study. A more significant effect of IVC timing on engine power can be seen. The
engine power increased slightly during NG_2000 and when the IVC timing was delayed
from 24 to 39 CAD aBDC, but the power decreased by 5% when the IVC timing was delayed
further. During engine operation at NG_2500 and NG_3000 in the IVC timing range from
24 to 39 CAD aBDC, the power varied little, but when the ICV timing experienced the
largest possible delay (54 CAD aBDC), the power decreased by 2.5%.

When the engine speed increased from 2000 rpm to 2500 rpm and from 2500 rpm to
3000 rpm when the engine was running on gasoline, the brake-specific fuel consumption
(BSFC) increased by ~7% and ~12% from 252.6 g/kWh, respectively (Figure 7). This
is mainly due to the increasing mechanical and hydraulic losses of the engine and the
decreasing engine power (Figure 6). When the engine was running at G_2000, the minimum
BSFC was reached when the IVC timing was 39 CAD aBDC. Advancing the IVC timing to
24 CAD aBDC BSFC increased the BSFC by ~1%, and delaying it to 54 CAD aBDC increased
the BSFC by ~3% due to the increased engine power and fuel consumption. When the
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engine was working on gasoline at 2500 and 3000 rpm and at a throttle of 15%, the IVC
timing had little effect on the BSFC.

Figure 7. Brake-specific fuel consumption when the engine was running on gasoline and natural gas
and while changing the intake valve close timing.

Throughout the study range, the replacement of gasoline with natural gas reduced
the BSFC in the range of 13–16% because the lower heating value (LHV) of natural gas
is ~8% higher. Moreover, natural gas burns more efficiently due to its simpler molecular
structure. The minimum BSFC was set to NG_2000 when the IVC timing was 34 CAD aBDC.
Delaying the IVC timing to 54 CAD aBDC increased the BSFC by 3.4%. When the engine
was running on gas and when the engine speed increased from 2000 rpm to 2500 rpm and
from 2500 rpm to 3000 rpm, the BSFC increased by ~6% and ~12%. However, changing the
IVC timing control from 24 to 54 CAD aBDC had no significant effect on fuel consumption.

With the engine running at G_2000, the maximum break thermal efficiency (BTE) was
reached when the IVC timing was 39 CAD aBDC, resulting in the BTE = 0.324 (Figure 8).
When the IVC timing advanced to 24 CAD aBDC, the BTE decreased by ~1%, and when it
was delayed to 59 CAD aBDC, the BTE decreased by ~3%. Increasing the speed to 2500
and 3000 rpm reduced the BTE by ~7% and ~11% as the mechanical and hydraulic losses
of the engine increased. IVC timing regulation in the range of 24 . . . 54 CAD aBDC at
engine speeds of 2500 and 3000 rpm was inefficient because when the throttle is 15% open,
it damps the air–fuel mixture inertia.

Replacing gasoline with natural gas at the engine speeds of 2000 rpm, 2500 rpm,
and 3000 rpm increased the BTE by ~9%, ~10%, and ~8%, respectively. When the engine
was running at NG_2000, the IVC timing of 34 CAD aBDC achieved a maximum thermal
efficiency of BTE = 0.352. Increasing the IVC timing to 54 CAD aBDC reduced the BTE by
~4%. At engine speeds of 2500 rpm and 3000 rpm, the IVC timing is of little significance.
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Figure 8. Brake thermal efficiency while running on gasoline and natural gas and while changing the
intake valve close timing.

3.2. Numerical Analysis of the Combustion Process

In the AVL BOOST program, the rate of heat release (ROHR) per cylinder was de-
termined via the numerical analysis of the combustion process in the engine (Figure 9).
Calculations were performed with the engine running on gasoline and on natural gases at
IVC timings of 24, 39, and 54 CAD aBDC. The correlation of ROHR with the fuel energy
that was transferred to the cylinder per cycle, the in-cylinder pressure (Figure 5), and the
brake torque (Figure 2) is visible in all the engine operating modes. The maximum ROHR
was achieved when the engine was running at G_2000 (Figure 9a) and when the IVC timing
was 39 CAD aBDC due to good engine volumetric efficiency and maximum fuel input to
the cylinder (Figure 4). When the IVC timing was advanced (24 CAD aBDC), the ROHR
decreased because the engine had lower volumetric efficiency. When the IVC timing was
delayed (54 CAD aBDC), the ROHR decreased and shifted towards the exhaust side. This
adversely affected the engine’s BTE (Figure 8). When the engine speed was increased
while it was running on gasoline (2500 rpm and 3000 rpm), the maximum ROHR decreased
significantly due to the engine having lower volumetric efficiency, but the effect of IVC
timing became less significant (Figure 9b,c).

ROHR was significantly reduced compared to gasoline at different engine speeds and
with natural gas, as NG deteriorated the volumetric efficiency (Figure 9). The very signifi-
cant effect of IVC timing on ROHR can be seen when the engine was running at NG_2000.
With a delay in the IVC timing from 24 to 39 CAD aBDC, the maximum ROHR increased;
when the IVC was delayed by up to 54 CAD aBDC, it decreased significantly because
the combustion process had shifted significantly towards the exhaust stroke (Figure 9a).
The effect of IVC timing on the maximum ROHR at NG_2500 and NG_3000 was reduced
(Figure 9b,c). A comparison of natural gas with gasoline shows a slower intensity and
longer ROHR in the study range due to the lower gas burning rate (Table 3).

In order to maintain the same amount of energy in the cylinder per cycle (Ecycl), after
changing gasoline to natural gas, the throttle should be opened wider in order to increase
the fuel flow and the volumetric efficiency. As natural gas has a lower combustion speed,
the ST adjustment should also be considered and should be more advanced in order to
obtain the maximum ROHR value simultaneously. In that case, the ROHR, in-cylinder
pressure, MB, and PB difference would be insignificant. Additionally, opening the throttle
wider would increase the speed and inertia of the air/NG mixture intake; in this case,
adjusting the IVC timing would have a greater impact on the engine’s volumetric efficiency.
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Figure 9. The rate of heat release when the engine is running on gasoline and natural gas and while
changing the intake valve close timing: (a) 2000 rpm; (b) 2500 rpm; and (c) 3000 rpm.
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The temperature in the cylinder as determined by the numerical analysis of the
combustion process is shown in Figure 10. When the engine was running at G_2000, a
maximum combustion temperature of 2304 K (24 CAD aTDC) was reached when the IVC
timing was 39 CAD aBDC. This is due to the amount of energy that was brought into the
cylinder by the fuel and the efficient combustion process. When the IVC timing was 54 CAD
aBDC, the volumetric efficiency of the engine deteriorated, and a maximum temperature
of 2206 K (−4.3%) was reached 10 CAD later due to slower combustion (Figure 10a).
With the engine speeds of 2500 rpm and 3000 rpm at 39 CAD aBDC IVC, the maximum
combustion temperature varied slightly (2257 K (−2%) at 24 CAD aTDC and 2322 K (+1%)
at 24 CAD aTDC) (Figure 10a,b), because the decreased volumetric efficiency and ROHR
were compensated for by faster combustion processes taking place in the cylinder, resulting
in lower amount of heat being transferred to the cooling system. The regulation of IVC
timing has no significant effect in the study range because cylinder filling is limited by a
throttle of 15%.

When the engine was running at NG_2000, a maximum combustion temperature of
2100 K was reached when the IVC timing was 39 CAD aTDC. The combustion temperature
decreased by 8.8% compared to G_2000 and peaked 5 CAD later. When the engine was
running NG_2500 and NG_3000, and when the IVC timing was 39 CAD aBDC, the max-
imum combustion temperature decreased by 3.8% and 1%, respectively, compared to at
NG_2000 (Figure 10).

The exhaust gas temperature decreased at all the engine speeds that were measured
(Figure 11) as the fuel changed from gasoline to natural gas. The exhaust gas temperature
was affected by the decreased combustion temperature (Figure 10). At same moment
of IVC (29 CAD aBDC), the exhaust gas temperature decreased by 1.5% for G_2000 and
NG_2000, 1.6% for G_2500 and NG_2500, and 1.4% for G_3000 and NG_3000. When
the engine was running at G_2000 and NG_2000, and when the moment at which IVC
occurred was delayed, the exhaust gas temperature increased. The G_2000 exhaust gas
temperature increased by 0.7% and by 0.6% for NG_2000 when the moment at which IVC
occurred changed from 29 to 44 CAD aBDC. The increase that can be observed in the
exhaust temperature is due to the higher volumetric efficiency and the increased amount of
fuel in the cylinder when the engine speed is lower (Figure 5), leading to an increase in the
cylinder and exhaust temperature. Further increasing engine speed reduced the exhaust
gas temperature, while the moment at which IVC occurred was delayed due to the reduced
volumetric efficiency and the decreased combustion temperature.

Figure 10. Cont.
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Figure 10. Combustion temperature in the cylinder with the engine running on gasoline and natural
gas and while changing the intake valve close timing: (a) 2000 rpm; (b) 2500 rpm; and (c) 3000 rpm.

Figure 11. Exhaust temperature of the engine running on gasoline and natural gas and while changing
the intake valve close timing.
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Delaying IVC decreases the stability of the combustion process and increases the
indicated mean effective pressure (IMEP) and cycle-to-cycle variation COVIMEP (Figure 12).
At the lower engine speed of 2000 rpm, the IMEP variation increased by 4.6 and 103.7%
when the engine was running on gasoline and when IVC was delayed from 24 to 39 and
to 54 CAD aBDC. The change from gasoline to natural gas increased the COVIMEP by
17.6% between G_24 and NG_24, by 48.4% between G_39 and NG_39, and 45.9% between
G_54 and NG_54. Delaying the IVC resulted in an increase in the cycle-to-cycle variation,
as retarding the IVC reduced the amount of air and fuel that could enter the cylinder,
decreasing the maximum values of ROHR, combustion speed, and stability.

Figure 12. Indicated mean effective pressure variation engine running on gasoline and natural gas
and while changing the intake valve close timing.

The experimental results that were obtained while testing the performance of an SI
engine fueled by natural gas and at a low power correlate the data that were generated by
other researchers. Changing gasoline to natural gas decreased the volumetric efficiency,
the generated power, and the torque; however, the BTE increased [36,43,44]. The results
obtained by other researchers show that increasing the IMEP and opening the throttle
wider while an engine is running on natural gas will generate a BTE that is similar to the
one that is generated when the engine is running on gasoline. Additionally, it is likely
that the higher intake speed for an air/NG mixture with higher inertia would have greater
influence on the engine’s volumetric efficiency at different IVC timings. However, in the
presence of a low air/NG speed and a partially open throttle, in order to maintain better
engine performance, it is recommended to combine an internal combustion engine running
on NG with a hybrid powertrain [45].

3.3. Ecological Indicators

The results of the ecological indicators that are presented were obtained when the
throttle was partially open (15%). Using different fuels, changing the engine speed, ad-
justing IVC timing the volumetric efficiency of the engine is changing. The mcycle and
the Ecycle of the fuel changes and the engine creates a different MB and PB. Specific emis-
sions (g/kWh) were analyzed to better estimate ecological indicators of the engine. The
highest e NOx (1.61 g/kWh) emissions are visible when the engine is running at G_2000
and when the IVC is 24 CAD aBDC (Figure 13), which is also the case when the intake
valve closes as it normally would (without delay), resulting in the minimum quantity of air
and fuel being returned to the intake manifold. Additionally, at a lower engine speed, a
longer amount of time is required to fill the cylinders; therefore, the volumetric efficiency
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of the engine increases. This also results in increased an in-cylinder pressure (Figure 5) and
combustion temperature as well as the increased formation of NOx. Delaying the moment
at which the intake valve closes reduced NOx emissions by 28.7% when the engine was
running at G_2000 and when the IVC changed from 29 to 49 CAD aBDC. When the engine
was running at NG_2000, the NOx emissions decreased by 31.3% compared to when it was
running at G_2000 at 29 CAD aBDC IVC, where a decrease in the combustion temperature
was observed (Figure 10) as well as the reduced formation of NOx. The combustion temper-
ature decreased due to less Ecycl and slower gas combustion. Delaying the IVC time further
decreased NOx emissions by 43.2% compared to when the IVC was 29 and 49 CAD aBDC. A
similar tendency is also visible when the engine rpm increases, as delaying the IVC allows
part of the air–fuel mixture to be returned back to the intake manifold and reduces the end
pressure of the compression stroke, combustion temperature, and in-cylinder pressure.

Figure 13. Changes in the specific NOx emissions from an engine running on gasoline and natural
gas and while changing the intake valve close timing.

At all the measurement points, larger carbon dioxide (CO2) emissions were found in
the exhaust gases from the engine when it was running on gasoline (Figure 14). Comparing
the CO2 emissions from G_2000 and NG_2000 CO2, a decrease of 23.7% is observed at
29 CAD aBDC IVC when the fuel changed from gasoline to natural gas. NG comprises
a simpler hydrocarbons structure and less carbon molecules, resulting in the reduced
formation of CO2. Significantly lower BSFC of gas (Figure 7) and higher BTE (Figure 8)
also have a positive effect. Delaying the moment of IVC to 49 CAD aBDC increased the
amount of CO2 emissions that were present in the exhaust gas by 2.6% (NG_2000) and 1.5%
(G_2000). At a lower engine rpm, and when the IVC was delayed, the amount of fuel in the
cylinder decreased (Figure 7), and the combustion duration was prolonged, resulting in an
increased exhaust gas temperature (Figure 11) and increased CO2 emissions. Increasing the
engine speed also increased CO2 emissions. When the engine was powered by gasoline,
the amount of CO2 emissions increased by 7.6% and 13.6% when the IVC was 29 CAD
aBDC and when the engine speed increased from 2000 rpm to 2500 rpm and from 2500 rpm
to 3000 rpm, respectively. At same comparison points, the CO2 emissions increased by
6.9% and 14.8% when the engine was being powered by NG. The specific CO2 emissions
increased due to the decreased engine power, but the CO2 concentration in the exhaust gas
varied insignificantly.



Energies 2022, 15, 398 17 of 21

Figure 14. Change of the specific carbon dioxide emissions from an engine running on gasoline and
natural gas and while changing the intake valve close timing.

Changing the fuel from gasoline to natural gas reduced the amount of HC emissions in
the exhaust gas (Figure 15). When IVC occurred (29 CAD aBDC), HC emissions decreased
by 49.8% between G_2000 and NG_2000, by 40.7% between G_2500 and NG_2500, and by
49.4% between G_3000 and NG_3000. This decrease occurred due to the reduced amount
of carbon molecules entering the cylinder, as NG has a lower C/H ratio than gasoline does
(Table 3). Increasing the engine speed to 3000 rpm led to a decrease in the HC emissions as
the exhaust gas temperature rose and an increase in the oxidation rate of the unburnt fuel
in the exhaust manifold.

Figure 15. Change of the specific HC emissions from an engine running on gasoline and natural gas
and while changing the intake valve close timing.

Specific emissions of pollutions have been reduced with NG, but more accurate
environmental performance can be assessed with additional tests when the engine develops
the same torque using different fuels. However, based on the available results, it can be
predicted that using NG will generate significantly less maximum torque.
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4. Conclusions

The energy performance and ecological effect of adjusting the IVC time after replacing
gasoline with natural gas was investigated using a spark-ignition engine with a variable
valve timing system. With the engine running at various speeds, the following results were
obtained while recreating a low-speed city drive with a partially opened throttle (15%), a
constant spark timing of 22 CAD bTDC, and an excess air ratio λ = 1:

1. When the engine was running on natural gas in the medium engine speed range, the
MB was reduced by ~8% compared with gasoline. Although LHV of NG is ~8% higher
compared with gasoline, the energy content in the cylinder was reduced by ~15.5%,
because an NG reduces the amount of air in the cylinder (decreases volumetric
efficiency), and stoichiometric mixture requires ~16% less fuel mass for the same
amount of air. As a result, mcycl of NG was ~22% less. IVC timing adjustment had
different effects on engine performance at different fuels and engine speeds.

2. The closure timing control of the intake valve has a significant effect on the energy
performance of the engine at a moderate (2000 rpm) speed at partially opening throttle
when using both gasoline and NG. Using gasoline (G_2000), maximum brake torque
and power and minimum BSFC were achieved when the IVC timing was 39 CAD
aBDC. Advancing the IVC time to 24 CAD aBDC, the brake torque was reduced by
~1%. Delaying the IVC time to 54 CAD aBDC resulted in MB being reduced by 3%.
NG occupies a certain volume and reduces the density of the intake mixture that is
allowed into the cylinder; the mixture has less inertia, and when the IVC is delayed
for longer, part of the NG is pushed back into the intake manifold due to lower inertia,
and it reduces the volumetric efficiency of the engine. The negative effect of the IVC
timing delaying on energy performance is more pronounced in the case of NG_2500 and
NG_3000, because partially opening the throttle (15%) reduces gas velocity and inertia.

3. When the engine was running at G_2000, the maximum ROHR, pressure, and temper-
ature (2304 K) in the cylinder were reached when the IVC timing was 39 CAD aBDC.
By further delaying the IVC timing to 54 CAD aBDC due to the reduced fuel energy
per cycle in the cylinder, the maximum temperature of the ROHR and the pressure
decreased by 4.3%. In the case of NG_2000, the maximum in-cylinder pressure was
reached when the intake valve closed at same time—39 CAD aBDC. Due to a decrease
in the burning rate of NG and slower ROHR reduced the maximum burning temper-
ature by 8.8%, with the maximum value being 5 CAD later than it was at G_2000.
The trend of slower natural gas combustion persists with increasing engine speeds
to 3000 rpm. Changing gasoline to natural gas increased the cycle-to-cycle variation
due to the fact that IVC was delayed, as delaying the IVC reduces the amount of air
and fuel entering the cylinder, decreasing the maximum values of ROHR, combustion
speed, and stability. The engine performance (fueled by NG) could be improved by
opening the throttle wider and by creating a higher IMEP in the cylinder. Slower gas
burning requires early spark timing.

4. Using NG in the engine, specific emissions of NOx are ~30% lower than gasoline
due to slower combustion ant lower combustion temperatures. Increasing the engine
speed and maximum delay of IVC reduced the specific emissions of NOx, because
the NOx concentration decreased more intensely, due to poorer volumetric efficiency,
compared to the change in engine power. After switching from gasoline to NG
emissions of CO2 decreased ~23%. The CO2 specific emissions for NG and gasoline
at 2000 rpm are the lowest at IVC timing to 29–34 CAD aBDC as maximum BTE is
achieved. Delaying the IVC to the maximum reduces BTE, and the combustion process
is prolonged; therefore, the exhaust gas temperature increases. Increasing engine
speed to 3000 rpm with throttle 15% due to poorer volumetric efficiency reduces BTE
and increases CO2 emissions. At this engine speed, IVC timing adjustment has a
negligible effect, because the throttle does not allow to improve volumetric efficiency.

5. Low engine speeds are sufficient to ensure high BTE and low emissions of the engine
at low power. Adjusting IVC timing and spark timing can further improve engine
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performance, but engine torque using NG will be lower. The lower torque of engine
powered by NG can be significantly increased by increasing the throttle, opening
percentage, in conjunction with IVC timing and ST regulation and thus improving the
volumetric efficiency and BTE of the engine.
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