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The natural gas can readily serve as the replacement fuel for internal combustion engines.
This work tested the SI engine when running on a hydrogen-enriched compressed natural
gas (CNG) mixture. The modelling has been implemented at a range of engine speeds from
1000 to 5500 rpm with a full load, direct injection, and a spark-ignited engine with a
compression ratio of 10. Engine performance influences were examined, especially
regarding brake power, brake thermal efficiency (BTE), and brake specific fuel
consumption (BSFC), in addition to the combustion characteristics like cylinder
temperature and pressure. A Lotus Engine Simulation program was used for analyzing and
modeling. The results demonstrated that the best performance and combustion
characteristics were with mixtures that have increased in the H, percentage. The results
show that the brake power and BTE increased, and the BSFC decreased with the increase
of hydrogen in the mixture. It was found that the brake power and BTE increased by 2%
and 21% for HCNG 25, and the best reduction in BSFC was 6% for HCNG 20 compared
to the CNG. It was also observed that maximum cylinder pressure (Pmax) and temperature
(Tmax) increase with increasing percentage of Hy in the mixture.
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1. Introduction

(LNG) [6], [7], and CNG enriched with hydrogen (HCNG) [8],
[9]. Nguyen et al. [10] Experimentally examined the Sl engine

The worsening air pollution and the increasing oil prices pushed
authors and engine manufacturers to look for gasoline-based
fuel to enhance engine performance and reduce emissions.
Methane, or natural gas, is suitable because it is relatively low-
cost, partially clean, and easy to access. Methane has become a
substitute fuel for engines for a long time. Hydrogen has the
potential to replace gasoline. Hydrogen is a clean fuel with a
wider flammability range [1], [2]. Moreover, hydrogen features
a high flame speed and auto-ignition temperature [3]. Many
works have already used the addition of various gaseous and
Alcohol fuels to gasoline to have better engine performance and
cleaner emissions [4]. In terms of using natural gas (NG) in
internal combustion engines, these include three main methods,
namely compressed natural gas (CNG) [5], liquefied natural gas
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performance fueled by CNG. They noticed that as the engine
was run on CNG, the BSEC was higher by 14% while the
engine brake power decreased by 19%. Lee et al. [11]
investigated the impact of utilizing CNG to run an Sl engine as
an alternative fuel instead of gasoline on thermal efficiency at a
full load. For them, improved thermal efficiency was noticed
when the CNG was used as the fuel, and this was because of the
CNG's higher-octane number than gasoline. The compression
ratio (CR) influence on the combustion and performance of an
Sl engine working by the mixture of gasoline and CNG was
examined experimentally by [12]. At the engine CR (12), it was
observed that an intense knock and the indicating mean
effective pressure (IMEP) was 7 bars when running with
gasoline fuel. At the same time, no knocking was noticed on the
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engine running with CNG, even at CR 16. They reported
running the engine with CNG fuel could work more efficiently,
even at CR 16. Cheenkachorn et al. [13] examined the impact
of adding LNG into a heavy-duty diesel engine for dual-fuel
operation. LNG was the main fuel source, ignited by a tiny
quantity of pilot-injected diesel spray, which auto-ignited the
NG-air blend. They discovered that the CO, and NOx emissions
were lower than the pure diesel; however, the CO and HC
emissions were higher. The effect of compression ratio (CR)
and natural gas composition were experimentally investigated
on the characteristics of the Sl engine performance and
combustion fueled by the LNG [14]. They discovered that the
cylinder pressures increased as the CR increased while peak
combustion pressure decreased with longer combustion
duration [15]. They noticed that BTE increases with longer
combustion time, and the BSFC decreases with the CR increase.
Thus, they reported that LNG has a slightly higher laminar
flame speed due to the higher concentration of ethane in it.

On the other hand, some works added hydrogen (H2) in
different percentages with the natural gas (HCNG). A
comparative work on the Sl engine performance using CNG
and a mixture of CNG with hydrogen of different ratios from
0% to 100% was carried out [16]. They discovered that the best
performance was achieved with the 30% hydrogen in blends
(HCNG 30%) compared to the CNG and other HCNG blends.
Wongwuttanasatian et al. [17] experimentally verified the SI
engine performance operating on HCNG15, HCNG20, and
HCNG30 mixtures (with 15%, 20%, and 30% hydrogen
content) and compared it with the engine on pure CNG.
Compared with that of pure CNG, it was observed that the
BSFC decreased for the engines operated by HCNG. In terms
of the hydrogen percentage impact in the mixture, they reported
that the torque and brake power of the engine reduced as the
hydrogen percentage was increased from 15 to 30%. In
addition, the thermal efficiency for the pure CNG, HCNG15,
HCNG20, and HCNG30 were 21.59, 22.31, 23.20, and 23.75%,
respectively. The impact of adding hydrogen to the CNG on Sl
engines' performance and combustion characteristics was
examined numerically by [18]. They observed that the highest
BTE, the most significant power output, and the lowest BSFC
of the engine were obtained for the 20HCNG mixture (i.e., 20%
hydrogen addition). They found that the torque values were
4.60, 4.51, 4.42, 4.34, and 4.25 Nm for HCNG20, HCNG15,
HCNG10, and HCNG5 mixtures. For the HCNG20 blend, the
peak cylinder pressure and temperature were reduced by 5.2%
and 5.9% compared with CNG. The main objective of the
present work is to provide a new academic addition to the field
of the use of HCNG as an alternative fuel for the operation of
S| engine-type internal combustion engines. In addition, the
work's originality lies in using the Lotus program to determine
the characteristics of different ratios of compressed natural gas
and hydrogen (HCNG) and examine their effect on the
performance of the Sl engine.

2. Modeling Setup and Test Procedure

2.1. Engine Specifications

The current modeling used a Spark-ignition engine, gasoline
fuel, four-cylinder, four-stroke, and turbocharged intake type.
Details of the Spark Ignition are illustrated in Table 1 and Fig.
1. These engine specifications are utilized to build the engine
model in the Lotus Engine Simulation (LES) program.

Table 1: Features of the model engine

No. Part Value No. Part Value
Name Name

1 Cylinder 4 8 VO 15.0 BTDC

2 Stroke 4 9 vC 60 ABDC

3 Bore 76 mm 10 EVO 40.0 BBDC

4  Stroke 82.6 11 EVC  20ATDC
Length mm

s Compress 12 MP 125/5500
ion Ratio

6 Lu Direct 43 MT  230/1950-4500
System injection
Con-Rod Intake

7 Length 130 mm 14 type Turbocharged

Iafake mavifold

Figure 1: Engine model by LOTUS engineering software

2.2. Engine Properties and Model

The work focuses on analyzing a variety of carefully selected
HCNG mixtures, which include the following mixtures: 100%
CNG [CNG], 95% CNG + 5% H, [HCNG5], 90% CNG + 10%
H, [HCNG10], 85% CNG + 15% H, [HCNG15], 80% CNG +
20% H; [HCNG20], and 75% CNG + 25% H, [HCNG25]. The
properties of these (CNG) and (HCNG) mixtures are
documented in Table 2. Simulations were performed using a
single-zone combustion model of a spark technology internal
combustion engine in the Lotus Engine Simulation (LES)
calculation program. This programmer simulates the operation
of an internal combustion engine, providing information about
various operational parameters of a spark engine in reaction to
various gas mixtures, and will be verified theoretically in a
detailed step-by-step manner. Table 2 shows the basic program
that requires entering gas and hydrogen fuel characterizing data
into the LES program.
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Table 2: Properties of the CNG and HCNG blends

. HCN HCN HCN  HCN  HCN
Properties  CNG G5 G110 G15 G2 G225
Calorific

Value 46810 47240 47710 48255 48800 49345
(kJ/kg)

Density 0748 0715 0682 06485 0615 05815
(kg/m?)
Stoichiome

! 1664 1674 1686 1699 1712  17.25
tric A/IF

2.3 Mathematical Model for Engine Performance

A simplistic model that applies the fundamental concepts of
heat engine thermodynamics can represent engine performance
simulation. Engine performance can be calculated using
equations (1) to (7).

BP = (2 nTxN)/(60x1000) 1)
nbth = (Brake Power (BP))/(Heat input from fuel Qin (2)

VE = (Actual air intake)/(Maximum possible air intake)(3)

T = (Brake Power (BP)X 60)/(2mxEngine Speed) 4)
BSFC = Fuel flow rate/brake power (5)
1n mech = (Brake Power ))/Indicated Power (6)

BMEP = BP/(Displacement Volumex no. of Cylinders x N) (7)

3. Results and Discussion

Initially, the behavior of the Model validation Lotus software
application in determining the performance of the SI engine was
verified using the previously used method by [19], [20].

Fig. 2 shows engine brake thermal efficiency results over
various engine speeds (1000-5500 rpm) for different H, blends.
At high speeds, the level of thermal energy efficiency of the
engine brake increases with the proportion of hydrogen in the
mixture. Still, rapidly, due to the appearance of turbulence, the
highest values of thermal energy efficiency are achieved even
with mixtures with low proportions of hydrogen. At the same
time, minimum efficiency values (CNG) are used at all speeds.
Thus, an increase in the engine brake thermal energy efficiency
was observed for the HCNG 25 mixture by 2% compared to the
CNG mixture.

Fig. 3 illustrates the brake power for CNG and mixtures of CNG
with hydrogen versus the engine speed. It can be seen from Fig.
3 that the maximum brake power value is obtained as (138 to
140 kW) at (HCNG20 and HCNG25) at an engine speed of
5500 rpm. Moreover, the minimum power values are generally
fueled by pure CNG. However, the increase in the brake power
of HCNG 25 was 21% more than that of using only CNG.
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HCNG 5
—8—HCNG 20

HCNG 10
—@— HCNG 25
35.5

35
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Figure 2: Variation in Brake thermal efficiency versus engine
speed at different blending ratios of hydrogen
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Figure 3: Variation in Brake power versus engine speed at
different blending ratios of hydrogen

Fig. 4 shows the behavior of the Brake specific fuel
consumption versus different blending ratios of hydrogen with
varying engine speeds. The overall (BSFC) trend shows a sharp
increase in fuel consumption at 1000 rpm and a decrease at a
higher speed. When the engine operates at (HCNG 20 and
HCNG 25) and speed engine range (1000 to 5500 rpm), a
definite drop in BSFC values can be seen due to complete
combustion of the natural gas. Meanwhile, the (BSFC)
decreased with increased hydrogen blending ratios and fueled
CNG pure at all speeds. The best BSFC reduction was obtained
with the HCNG 20 mixture, where the BSFC decreased by 6%
compared to CNG.
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Figure 4: Variation in BSFC versus engine speed at different
blending ratios of hydrogen

Fig. 5 and Fig.6 show the maximum cylinder gas pressure (P
max) and maximum average gas temperature (T max),
respectively, in the engine operating mode at 1000 rpm versus
hydrogen fractions. It is observed that Pmax and Tmax follow
similar behavior with different hydrogen fractions. Increasing
the proportion of excess air results in lower Pmax and higher
Tmax values, while rapid combustion enables heat release
within a smaller cylinder volume and reduces heat loss to the
coolant, which could raise Pmax and Tmax values. The
combined effects of these two factors reduce the amounts of
Pmax and Tmax by increasing hydrogen fractions when they
are less than the absolute value and improve them by increasing
hydrogen fractions above this value. A steady increase in
pressure (0 to 60 bar) and temperature (400 to 2500 K) is also
observed during check engine speeds (1000 rpm) when the
engine is operating with a higher ratio of HCNG blends, raising
the pressure and temperature values.
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Figure 5: Pressure vs crank angle for different blending ratios
of hydrogen at 1000 rpm
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Figure 6: Temperature vs crank angle for different blending
ratios of hydrogen at 1000 rpm

Fig. 7 shows the engine brake thermal efficiency results at
varying speeds and with different H, mixtures. The contour
drawings in this figure show that the maximum thermal energy
efficiency (BTE) value was obtained (28.18%) at 5000 rpm,
using HCNG20 and HCNG25 mixtures. In general, a decrease
in the thermal energy efficiency of engine braking is observed
with a reduction in the proportion of hydrogen in the fuel
mixture, which pure CNG powers. Fig. 8 shows the results of
(BSFC) at different engine speeds and for different H, blends.
As can be seen from these figure's contour plots, the minimum
(BSFC) of about (261g/kw/h) is obtained at 5000 rpm, fueled
by (HCNG20 and HCNG25). The value of (BSFC) decreased
at low speeds and increased at higher speeds under the different
colors, as shown in the contour color plot. Generally, it is noted
that there is an increase in the (BSFC) with a decreasing
hydrogen percentage in fuel and fueled by CNG pure.
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Figure 7: Brake thermal efficiency contours vs. different
speeds at different blending ratios of hydrogen
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Figure 8: BSFC contours vs. different speeds at different
blending ratios of hydrogen

Fig. 9 shows the maximum cylinder gas pressure contours for
different H, blends with engine speeds. The value of (Pmax)
increased by higher engine speeds. By examining engine speeds
(1000 to 5500 rpm), the pressure on the piston is about (18 to
130 bar). It can be seen that the pressure rate for both (HCNG20
and HCNG25) is currently inclined to a higher value of pressure
compared to other values of H; blends throughout the engine
speeds. Finally, it can be concluded that if the engine is running
at low levels of the fuel mixture (mixtures of natural gas with
hydrogen), the generated pressure is reduced, and the pressure
rate increases as the mixing ratios of the fuel increase.

Figure 9: Cylinder gas pressure contours vs. different speeds
at different blending ratios of hydrogen

Fig. 10 shows the BP results at various engine speeds and
hydrogen mixtures. The contour plot shows that the maximum
brake power (BP) value is achieved at around 130.4 kW at 5000
rpm when using fuel mixtures (HCNG20 and HCNG25). The
value of (BP) decreased at low speeds and increased at higher

speeds under the different colors, as shown in the contour color
plot. In general, it is found that there is an increase in brake
power (BP) with an increase in the proportion of hydrogen in
the fuel and a decrease in it when using a mixture of reduced
hydrogen and pure CNG.

Figure 10: Break power contours vs. different speeds at
different blending ratios of hydrogen

4. Conclusions

The performance and combustion characteristics of the direct
injection spark-ignited engine fueled with natural gas-hydrogen
blends were examined. The results showed that the thermal
efficiency improved with increasing hydrogen blending ratios,
and the braking power improved with increasing hydrogen
blending ratios. In addition, the brake specific fuel consumption
(BSFC) improved with increasing hydrogen blending ratios,
while the BSFC increased with decreasing hydrogen percentage
in the fuel used with pure CNG. Also, increased pressure and
temperature of the cylinder gas were observed with increasing
hydrogen blending ratios.

Nomenclatures
BP Brake Power

BSFC Brake-Specific Fuel Consumption
BTE Brake Thermal Efficiency

Cl Compression Ignition

CNG Compressed Natural Gas

Co Carbon Monoxide

CO2 Carbon Dioxide

CR Compression Ratio

DF Diesel Fuel

EVC Exhaust Valve Closes

EVO Exhaust Valve Opens

HC Hydrocarbon

IvC Inlet Valve Closes

Vo Inlet Valve Opens

LNG Liquefied Natural Gas

MP Max power (Kw)/speed (rpm)

MT Max torque (Nm)/speed (rpm)
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