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Hydrogen is one of the main alternative fuels with the greatest potential to replace fossil fuels due to its renewable
and environmentally friendly nature. Due to this, the present investigation aims to evaluate the combustion
characteristics, performance parameters, emissions, and variations in the characteristics of the lubricating oil. The
investigation was conducted in a spark-ignition engine fueled by gasoline and hydrogen gas. Four engine load
conditions (25%, 50%, 75%, and 100%) and three hydrogen gas mass concentration conditions (3%, 6%, and 9%)
were defined for the study. The investigation results allowed to demonstrate that the injection of hydrogen gas in
the gasoline engine causes an increase of 3.2% and 4.0% in the maximum values of combustion pressure and heat
release rates. Additionally, hydrogen causes a 2.9% increase in engine BTE. Hydrogen’s more efficient combustion
process allowed for reducing CO, HC, and smoke opacity emissions. However, hydrogen gas causes an additional
increase of 14.5% and 30.4% in reducing the kinematic viscosity and the total base number of the lubricating oil.
In addition, there was evidence of an increase in the concentration of wear debris, such as Fe and Cu, which
implies higher rates of wear in the engine’s internal components.

1. Introduction

Fossil fuels are one of the main fuels source used in different eco-
nomic sectors, such as the transport, industrial, agricultural, and power
generation sectors. This has led to an accelerated consumption of fossil
resource reserves and an increase in oil prices. Additionally, the use of
fuels produces polluting emissions, which are responsible for global
warming and climate change [1]. Due to this situation, it is necessary to
search for new strategies, technologies, and alternative fuels to reduce
the consumption of fossil fuels such as gasoline [2]. This satisfies the fuel
demand and guarantees environmental safety [3].

To overcome the problem of scarcity of fossil resources and envi-
ronmental pollution, technologies based on the electrification of pro-
pulsion systems have been proposed [4]. This involves the use of electric
and hybrid vehicles, such as battery electric vehicles (BEV), hybrid
electric vehicles (HEV), and fuel cell hydroelectric vehicles (FCHEV).
Despite the environmental benefits of this type of technology, it is still
necessary to overcome various challenges related to the weight of the
batteries, the high economic cost, the high demand for lithium, and
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environmental concerns associated with mining activities. Therefore, the
complete replacement of internal combustion engines is gradual, espe-
cially in developing countries. This situation implies that internal com-
bustion engines (ICE) still have a long life in the industrial and transport
sectors [5]. Since that electrification is not an immediate solution to solve
energy demand and environmental problems, it is necessary to consider
alternatives such as dual-fuel systems. Auxiliary fuel injection is an
alternative to reduce fuel consumption and improve polluting emission
levels [6].

Alternative fuel research in gasoline engines focuses on using green
fuels to reduce the carbon footprint [7]. Studies indicate that dual-fuel
engines have reduced emissions compared to pure gasoline [8].
Currently, among the most used alternative fuels in gasoline engines are
compressed natural gas (CNG), ethanol, and liquefied petroleum gas
(LPG), among others [9, 10, 11, 12, 13]. This is due to the closeness of the
physicochemical properties compared to gasoline. Additionally, they
require minor modifications and are environmentally friendly [14].
However, the results of the investigations indicate a reduction in power
performance when using this type of alternative fuel [15].
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Hydrogen has been considered one of the most promising alternative
fuels due to its ability to reduce exhaust gas emissions without affecting
performance in gasoline engines [16, 17]. The investigations carried out
indicate that hydrogen, in combination with gasoline, is an adequate
method to improve fuel economy and reduce polluting gases. Addition-
ally, hydrogen is considered an inexhaustible fuel and has the ability to
be produced from processes such as water electrolysis [18]. Another
advantage of hydrogen is the improvement in the engine’s useful life due
to the decrease in the percentage of carbon deposits. El-Kassaby [19]
reported that hydrogen injection caused a 10% increase in the engine’s
thermal efficiency. Additionally, a reduction of 34%, 18%, and 15% in
CO, HC, and NOx emissions was observed compared to the engine
running without hydrogen injection. Castro et al. [20] indicated a
reduction in the specific diesel consumption by hydrogen addition.
Karagoz et al. [21] demonstrated that hydrogen allows for minimizing
HC and CO emissions. Tutak et al. [22] indicated that the mixture of
hydrogen and natural gas caused a reduction in the duration of com-
bustion and a shortening of the time of achieving, compared to the engine
without hydrogen. Ebrahimi and Jazayeri [23] reported a reduction in
CO emissions and a decrease in fuel consumption compared to the engine
running without hydrogen injection. Zareei et al. [24] showed that the
brake thermal efficiency of the engine increased in HCNG (hydrogen -
compressed natural gas) blends compared to pure diesel and CNG. Atul
Dhar et al. [25] investigated the performance of an internal combustion
engine when fueled with pure diesel and biodiesel blend (B20) from
Karanja oil. The study focused on analyzing the tribological character-
istics of the lubricating oil. The results showed an increase in wear and
higher ash and soot content in the engine during operation with biodiesel
compared to diesel. Murugan et al. [26] studied the effect of using tire
pyrolysis oil in an engine during a 100-hour test. Reports indicated an
increase in wear residues in the lubricating oil. Zare et al. [27] investi-
gated the change in NOx emissions when used lubricating oil is used as a
fuel additive. The investigation showed that the use of waste lubricating
oil causes a decrease in NOx emissions.

Asrar et al. [28] evaluated the impact of n-butanol blends on engine
lubricating oil degradation in a gasoline engine. The results indicated
that the development of lubricating oil is necessary to improve its life
cycle. Usman et al. [29] investigated the effect of compressed natural gas
on the deterioration of lubricating oil. From the results, a higher metal
concentration was evidenced than pure gasoline. Similarly, Yan et al.
[30] studied the performance and emissions of an engine fueled with
hydrogen and natural gas mixtures. It was found that hydrogen enrich-
ment in natural gas could reduce HC, CO2 and CO emissions. Usman
et al. [31] evaluated engine performance and lubricating oil deteriora-
tion with liquid and gaseous engines. Significant improvement was
observed for wear debris, lube oil physicochemical characteristics, and
additive depletion for CNG. Mathai et al. [32] studied the performance,
emission, lubricant, and reservoir characteristics of a spark-ignition en-
gine fueled by compressed natural gas and hydrogen. During the tests, it
was reported that the kinematic viscosity decreases significantly with the
hydrogen and natural gas mixtures. Usman et al. [33] investigated the
regeneration of deteriorated oil and the impact of reclaimed oil on engine
performance and engine emissions. Regeneration has improved oil
properties and positively impacted engine performance and emissions.

The research mentioned above demonstrates the potential of
hydrogen to improve performance and minimize the environmental
impact of internal combustion engines. However, the analysis of lubri-
cating oil conditions has been little addressed, especially in gasoline
engines. The composition of the lubricating oil and the operating con-
ditions affect the engine’s fuel consumption [34]. Additionally,
by-products from lubricating oil deterioration have an adverse effect on
the environment and human health. This is a consequence of the oxida-
tion of light materials such as alcohols, acids, and ketones [35]. Since the
fuel type affects the quality of the lubricating oil, it is necessary to
evaluate the impact of alternative fuels on the lubrication characteristics
of the engine.
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Due to the above, this research aims to evaluate the combustion
characteristics, performance parameters, emissions, and variations in the
physicochemical properties of lubricating oil in spark-ignition engines
fueled with gasoline and hydrogen gas mixture.

2. Materials and methods
2.1. Experimental setup

For the research development, a spark-ignition engine was used, with
a compression ratio of 8.5:1, displacement of 171 cm®, and natural
aspiration. The injection system consists of a carburetor, which allows
you to control the amount of fuel. Additionally, an air-hydrogen mixer
was used in the engine intake. The main characteristics of the engine are
described in Table 1.

Figure 1 illustrates the scheme of the experimental test bench, which
is formed by the gasoline engine test bench and the hydrogen generation
bench.

The control of the load conditions and rotation speed in the test en-
gine was carried out by means of a resistive load bank. A piezoelectric
transducer type cooled sensor (KISTLER type 7063-A) was installed in the
engine cylinder to measure the pressure in the combustion chamber. The
piezoelectric transducer was located flush with the cylinder head. A data
filtering process was carried out during all the recorded cycles to elimi-
nate high-frequency oscillations to treat the pressure signals. The applied
filter consists of transforming the discretized signal from the time domain
to the frequency domain. A crank angle sensor (Beck Arnley 180-042)
was used for rotational speed measurement. A hot wire type mass airflow
sensor (BOSCH 22680-7J600) was installed to measure intake air flow.
The fuel consumption measurement was calculated by using a precision
balance (OHAUS PA313) and a stopwatch. The temperature of the
exhaust gases and the interior of the combustion chamber were measured
using type K thermocouple sensors. To synchronize the pressure data, a
capacitive TDC sensor was used.

A gas analyzer (BrainBee AGS-688) was used to analyze polluting
emissions from combustion gases. Additionally, an opacimeter (BrainBee
OPA-100) was used to measure the opacity levels of smoke emissions.
The characteristics of the instruments used to analyze the emissions are
shown in Table 2.

The characteristics of the engine bench measuring instruments are
shown in Table 3.

The hydrogen generation bench was installed in the engine’s air
intake system. The generation of hydrogen was carried out by means of a
water electrolysis process. The chemical reaction present at the elec-
trodes is shown in Egs. (1) and (2) [36].

Cathode (reduction):

2H,0) + 2¢~ — Hyg) + 20H )
Anode (oxidation):

4OH<:1q) - Oz(g) + 2H20(1) + 4e” 2)

Table 1. Characteristics of the gasoline engine.

Specification Value Unit
Model 4T OHV

Displacement 171 cm®
Bore 66 mm
Stroke 50 mm
Fuel capacity 4.5 I
Maximum power 3.5 kw

Ignition system Transistor Controlled Igniter
Compression ratio 8.5/1

Maximum torque 10.5 @ 2400 rpm Nm
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(b)

Figure 1. Engine test bench (a) diagram and (b) test bench. 1. Gravimetric fuel meter, 2. Fuel inlet valve, 3. Fuel filter, 4. Injection pump, 5. Air flow meter, 6.
BrainBee AGS-688, 7. BrainBee OPA-100, 8. In-cylinder pressure, 9. Encoder, 10. Load bank, 11. AC — DC converter, 12. Dry cell, 13. Electrolytic tank, 14. Bubbler, 15.

Storage tank, 16. Hydrogen gas flow meter, 17. Flame arrester, 18. Silica gel filter.

Table 2. Characteristics of exhaust gas analyzers.

Manufacturer Instrument Parameter Range Resolution Uncertainty
BrainBee AGS-688 Exhaust gas analyzer Cco 0-9.99% vol. 0.01 + 0.01%
CO, 0-19.9% vol. 0.1 +0.1%
HC 0-9999 ppm vol. 1 +1%
NOx 0-5000 ppm vol. 1 + 1%
BrainBee OPA-100 Opacimeter Smoke opacity 0-99% 0.1 + 0.1%
Table 3. Engine bench measuring instruments. Table 4. Properties of hydrogen gas.
Manufacturer Instrument Parameter Range Uncertainty Property Value Unit
KISTLER type Piezoelectric Cylinder pressure ~ 0-250 bar =+ 0.25% Chemical formula Hy [
7063-A transducer Density 0.08376 kg/m?
OHAUS-PA313 ]I)’:acjilsci:n Fuel measuring 0-310 g + 0.5% e catvale 120.21 MJ/kg
Molecular weight 2.01594 kg/kmol
BOSCH 22680- Air mass sensor Airflow 0-125 g/s +1%
7J600
Beck Arnley Crankshaft Angle 5-9999rpm  + 0.2%
180-042 angle Additionally, stainless steel is compatible with a wide variety of elec-
Type K Temperature Temperature 200-1370  + 0.7% trolytic substances. The dimensions of the steel plates are 20 cm (height),
sensor °C 13.3 cm (width), and 0.15 cm (thickness). A separation distance of 2 mm
Masterflex Flowmeter Volumetric flow  0.01-1LPM  + 0.25% was established between each of the plates. KOH was used as a catalyst

gas hydrogen

The bench is made up of an electrolytic tank and a bubbler, which
allow a continuous flow of water to be maintained in the dry cell and trap
the water vapor mixed with the hydrogen gas. The above is in order to
prevent the entry of water into the chamber of the engine. The dry cell
was built using stainless steel plates due to its high conductivity, high
corrosion resistance, temperature resistance, and voltage resistance.

with a concentration of 20% due to its high conductivity. The generated
hydrogen gas is stored in storage tanks, which were designed taking as
reference the ASME Code Section VIII Division 1 for pressure vessels
[37]. The construction material of the tanks was 304 austenitic stainless
steel. As for safety measures, a silica gel filter and two flame arresters
were installed to prevent the flame’s flashback towards the hydrogen
generation system. The physicochemical characteristics of hydrogen gas
are shown in Table 4.
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2.2. Experimental procedure

Experimental tests were performed at a constant rotation speed of
1500 rpm since the gasoline engine is mainly used to generate electrical
energy. Therefore, it is necessary to maintain a fixed operating fre-
quency. To consider the different operating conditions of the engine,
four load levels were selected (25%, 50%, 75%, and 100%). The four
engine load conditions are equivalent to a brake mean effective pressure
of 2 bar (25%), 4 bar (50%), 6 bar (75%), and 8 bar (100%),
respectively.

The engine intake air flow was varied from 30:1 to 45:1, where 45:1
corresponds to the lowest load and 30:1 to the highest engine load. For
the development of the study, the ignition angle was kept constant. For
each engine load condition, three levels of hydrogen gas mass concen-
tration (3%, 6%, and 9%) were evaluated. The hydrogen injection was
carried out through a Venturi injector in the engine intake air system to
obtain a mixture of air + hydrogen that entered the combustion chamber.
Hydrogen was injected at a constant pressure of 4 bar during all the
experimental tests.

The measurement and recording of the measured parameters were
carried out after reaching a stable condition in the engine. Addition-
ally, the experimental tests were repeated five times to guarantee the
results' reliability without causing an excessively long test time. The
amount of fuel was adjusted by a control valve at the fuel supply
inlet. For the development of the experimental tests, the ignition
angle was kept constant. The spark-ignition engine was fueled
with gasoline, whose physicochemical properties are illustrated in
Table 5.

For the study of the characteristics and deterioration of the lubri-
cating oil, the engine operated for 150 h, in which samples were collected
every 25 h. The foregoing was defined, taking into consideration the
recommendations described in the literature [31, 38]. After each test, the
lubricating oil was drained and filled with fresh lubricating oil. The
standards used to determine the viscosity, flash point, TAN, and TBN
characteristics of the lubricating oil are indicated in Table 6. The kine-
matic viscosity was measured using a viscometer. The measurement of
metal concentrations was performed using a multi-element ICP-MS
analyzer. The properties of the lubricating oil used in the experimental
tests are indicated in Table 6.

The composition of the fuels used in the experimental tests is
described in Table 7. The amount of intake air was regulated by means of
a control valve in order to keep the lambda parameter constant regardless
of the percentage of hydrogen substitution. Additionally, the amount of
fuel (gasoline) was regulated by means of a control valve to maintain
equivalence in mass concerning the amount of hydrogen injected into the
engine. The regulation of the fuel, hydrogen gas, and intake air flow al-
lows the engine to run with a stoichiometric mixture at different load
percentages. The foregoing is to be able to make an adequate comparison
between the different fuel mixtures.

The equations used for the conversion of exhaust gas emissions are
shown below [39].

CO (g /kWh) =3.591 x 102 x CO (ppm) 3)

NO, (g /kWh) =6.636 x 10® x NO, (ppm) (©))

Table 5. Physicochemical properties of gasoline.

Property Value Unit
Density 737 kg/m®
Laminar flame speed 33 cm/s
Lower heat value (LHV) 43.4 MJ/kg
Autoignition temperature 300 I

Vaporization latent heat 440 kJ/kg
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Table 6. Physicochemical properties of lubricating oil.

Property ASTM Method Value Unit
Grade SAE J300 SAE 15W40 [-]

TAN D664 1.8 mg-KOH/g
Flash point D-92 226 °C

TBN D-2896 5.2 mg-KOH/g
Kinematic viscosity @ 40 °C D-445 105.4 cSt
Kinematic viscosity @ 100 °C D-445 14.18 cSt

HC (g / kWh) =2.002 x 10~% x HC (ppm) (5)

3. Combustion model

The ideal gas state formula was used to calculate the instantaneous
temperature inside the combustion chamber with respect to the crank-
shaft angle, which is indicated in Eq. (6) [40].

_PxV

" m.xR ©®

8

where P is the in-cylinder pressure, V is the instantaneous in-cylinder
volume, m, is the in-cylinder mass, and R is the gas constant, respectively.

To calculate the instantaneous in-cylinder volume, the variations
caused by the chamber’s deformations and clearances were considered,
as indicated in Eq. (7) [41].

V= Vm + Vc + AVp + AVimzrtial + AVclearance (7)

where V,, is the volume of the free space when the piston reaches top
dead center (TDC), V. is the volume displaced due to the connecting rod-
crank mechanism, AV, is the volumetric strain caused by pressure,
AVieriar do the inertial forces and induce the volumetric strain AV earance
do the clearances cause the volume in the combustion chamber. The
previous volume variations were considered due to their influence on the
instantaneous volume, which causes significant changes in the prediction
of the thermodynamic behavior of the engine [41]. The calculation of
each of the terms of Eq. (7) is shown below [41, 42]:

Vi :2(’;’)72_161) ®)

- xD? (I Zl, —-r) ©
AVieria = % an
AV earance = ”TDz :1 (e; sin ¢; cos a;) (12)

where D is the internal diameter of the piston, [ is the length of the
connecting rod, I is the crankshaft length, r. is the compression ratio, ry,

Table 7. Experimental test fuel blends.

Nomenclature
G100 Gasoline
G100 + 3% H,
G100 + 6% Hy
G100 + 9% Hy

Composition

Gasoline + hydrogen mass fraction 3%
Gasoline + hydrogen mass fraction 6%

Gasoline + hydrogen mass fraction 9%
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Table 8. Modified Woschni correlation C; and C, value [45].

Phase Cy Cy
Intake 309/50 0
Compression 57/25 0
Combustion 57/25 0.00324
Expansion 57/25 0.00324
Exhaust 309/50 0

is the vertical position of the piston, A, is the piston cross-sectional area,
kg is the deformation, E; is the elastic modulus of steel, A, is the piston
cross-sectional area and a, is the piston acceleration, ¢ is the angle of
rotation, and «a is the between the piston and connecting rod, respec-
tively.

The heat release rate (HHR) was calculated from the first law of
thermodynamics, instantaneous volume data, and the pressure in the
combustion chamber. The heat release rate by the combustion process
with respect to the crank angle was determined from Eq. (13) [43].
dQ 1 < dv dP) dQoss

_ % +

P V)

E_yfl

13)

24
— - — G100 + 9% Ha
G100 + 6% Hy
AAAAA G100 + 3% Hp
G100
s
2 6
o 16
3
[}
192
o
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o]
el
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> 81
2
L= /
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r—/'—’?'/ N
- S
0 . . :
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(a)
33
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where y is the specific heat ratio of in-cylinder gas and Qj; is the heat
loss from the engine cylinder. To calculate the heat loss, Eq. (14) was
used [43].

dQloss _
do

d(T, — T)
do

h. x A, x 14)
where Ty is the temperature of the cylinder wall, A, is the instanteneous
surface area of the combustion chamber and h, is the heat transfer co-
efficient. The heat transfer coefficient was calculated using the modified
Woschni correlation to consider the effects of hydrogen addition. Eq. (15)
expresses the calculation of the heat transfer coefficient [44].

h.=129.9 x d %2 x P8 x Tg’o'53

Vs x T,
P, xV,

08
X <C1 X Cpm + Cy % x (P 7Pm)> (15)

where d is the cylinder bore diameter, C,, is the mean piston velocity, V;
is the clearance volume of the combustion chamber, P, and V, are the
reference pressure and volume, respectively. The reference was consid-
ered to be the inlet valve closing (IVC). C; and C, are model constants
whose values depend on the stage of the combustion cycle. The values
used are shown in Table 8.

27
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----- G100 + 3% Hy
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o
@
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=
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36
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320 340 360 380 400
Crank angle [°]

(d)

Figure 2. Pressure curves in the combustion chamber for a load of (a) 25%, (b) 50%, (c) 75% and 100% (d).
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Figure 3. Heat release rate for a load of (a) 25%, (b) 50%, (c) 75% and (d) 100%.

The mass fraction burned (MFB) was calculated using the method
proposed by Rassweiler and Withrow [46], as shown in Eq. (16).

g =90 _ 2o®Pe (16)

Mo S odP

where dP is the in-cylinder pressure variation and dP, is the pressure
variation caused by the combustion process. The pressure change caused
by volume reduction (dP,) was calculated from Egs. (17) and (18) [47].

AP=AP, + AP, a7
Y
AP, =P, x [(V"“> 71} (18)
Vo

4. Results and discussion
4.1. Combustion characteristics

Figures 2(a—d) shows the pressure curves of the combustion chamber
for the different load conditions and hydrogen gas injection flow.

From the results described in Figure 2, it was evidenced a maximum
pressure for 100% load of 29.7 bar, 30.1 bar, 30.7 bar and 31.2 bar with

fuel G100, G100 + 3% Hj, G100 + 6% Hy and G100 + 9% Ho, respec-
tively (see Figure 2d). In general, the pressure curves show a growth
when the engine load is increased, which is attributed to the greater
injection of fuel to meet the power demand. Additionally, the injection of
hydrogen gas allowed for increasing the maximum pressure of the
combustion chamber. This is attributed to the increase in pressure and
the hydrogen flame’s high velocity since it favors the combustion pro-
cess. The behavior obtained is in agreement with the findings in the
literature for other types of fuels [46]. For the tested conditions, an in-
crease in the maximum pressure of 1.4%, 3.2%, and 4.9% was obtained
with an injection of hydrogen gas from 3% Hj, 6% Hy, and 9% Ho,
respectively. In general, it is observed that in all the pressure curves, two
peaks are produced, which are associated with the compression stage
(first peak) and the expansion stage (second peak). The behavior of the
pressure curves is mainly related to the fuel injection time. Similar trends
are reported in the literature [48, 49, 50].

The behavior of the heat release rate is indicated in Figures 3(a-d).

The heat release rate is an indication of the amount of chemical en-
ergy that can be transformed into thermal energy. The addition of
hydrogen gas in gasoline causes an increase in the HRR of the engine. The
addition of hydrogen gas at 3% Hs, 6% Hj, and 9% H; allowed an in-
crease of 2.1%, 4.1%, and 5.8%% in the maximum heat release rate
compared to pure gasoline at 100% load, respectively. The increase of
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Figure 4. Average combustion temperature for 100% load.

heat release rate due to hydrogen injection can be attributed to better
diffusion of the fuel mixture and the rapid heat release from hydrogen
combustion. Additionally, hydrogen has a significantly higher lower heat
value compared to gasoline, which is another variable that contributes to
the increase in engine HRR. Similar to the results in Figure 2, the heat
release rate curves have two peaks corresponding to the premixed
combustion phase (first peak) and the diffusion phase (second peak),
respectively.

Figure 4 shows the average temperature levels of the combustion
chamber for the different flow conditions of hydrogen gas in the engine.

In general, the temperature of the combustion increases with the
addition of hydrogen gas. For the tested condition, a maximum temper-
ature of 1900 °C, 1931 °C, 1960 °C and 2018 °C was obtained with fuel
G100, G100 + 3% Hy, G100 + 6% Hy and G100 + 9% Hp, respectively.
On average, the injection of 3% Hj, 6% Hs, and 9% Hj into the engine
causes a 2.7%, 5.1%, and 8.4% increase in combustion temperature
compared to gasoline. This behavior is a consequence of the higher
release rates, as shown in Figure 3, and the high calorific value of
hydrogen. Hora and Agarwal [51] reported similar trends in mean
combustion gas temperature with the addition of hydrogen in an engine
fueled by compressed natural gas.

4.2. Performance characteristics

To evaluate the performance of the engine in the different combustion
conditions, the trend of the brake specific fuel consumption (BSFC) was
analyzed under a load of 25%, 50%, 75%, and 100%, respectively. The
BSFC was calculated from Eq. (19).

mg + (my x vy
BSFC:M (19)

engine

where mg gasoline mass flow rate, my, hydrogen mass flow rate, LHV}, is
the lower heat value of hydrogen, LHV, is the lower heat value of gas-
oline and W engne engine power output, respectively. The results obtained
are shown in Figure 5.

In general, the higher calorific value present in hydrogen gas caused a
reduction in the BSFC of the engine, which indicates a reduction in fuel
consumption. Additionally, the high degree of flammability of hydrogen
contributes to improving the combustion process. The gaseous charac-
teristic of hydrogen and the high autoignition temperature facilitates its
mixing with air and allows the engine to run with lean mixtures [52]. The

260

BSFC [g/kWh]
N
5

N

w

o
1

| G100 + 9% Hy
G100 + 6% Ha

220

50
Engine load [%]

75 100

Figure 5. Brake specific fuel consumption of the engine for different load conditions.
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Figure 6. Brake thermal efficiency of the engine for different load conditions.

addition of a hydrogen gas flow of 3% Hj, 6% Hg, and 9% Hp in the
engine caused a decrease in BSFC of 0.6%, 1.2%, and 1.8% compared to
pure gasoline. Additionally, it is evident that the increase in load tends to
reduce the BSFC of the engine, which implies a reduction in fuel con-
sumption for higher loads. In the case of a 25% load, a value of 256
g/kWh, 254 g/kWh, 252 g/kWh and 249 g/kWh were obtained for fuels
G100, G100 + 3% Hs, G100 + 6% Hy and G100 + 9% Hy, respectively.
However, for a 100% load on the engine, values of 227.1 g/kWh, 226.6
g/kWh, 225 g/kWh, and 223 g/kWh were found.

Figure 6 shows the effect of hydrogen on the brake thermal efficiency
(BTE) for different engine load conditions.

In general, it was observed that the thermal efficiency of the engine
increased with the mixture of gasoline and hydrogen gas. This
improvement in engine efficiency is directly associated with the reduc-
tion in gasoline consumption, as indicated in Figure 5. The engine’s brake
thermal efficiency is highly dependent on combustion performance,
which deteriorates significantly at low load levels. Due to the above, the
improvement in the BTE of the engine operating with hydrogen mixtures
was more evident for a load of 25%. Similar trends are reported in the
literature [53]. The highest BTE values are obtained at maximum engine

load, whose values were 30.8%, 31.2 %, 31.8% and 32.1% for fuels
G100, G100 + 3% Hs, G100 + 6% Hy and G100 + 9% Hy, respectively.

4.3. Emissions characteristics

The CO emissions of the engine for the different load conditions are
described in Figure 7.

The formation of carbon monoxide occurs due to the incomplete
combustion of hydrocarbon fuels. CO emissions are reduced by the
presence of hydrogen gas in the gasoline engine. The injection of 3% Ho,
6% Hp, and 9% H of hydrogen gas caused a reduction of 3.5%, 6.9%, and
10.9% in CO emissions compared to pure gasoline. This can be attributed
mainly to the high speed of the flame and the high temperatures, which
promote the oxidation of CO to CO, molecules.

Figure 8 shows the carbon dioxide emissions for the different fuel
mixes and engine load percentages.

In general, CO, emissions are observed to increase in engine load
due to increased fuel injection and high temperature inside the com-
bustion chamber, which promotes complete combustion. On the other
hand, the increase in the percentage of hydrogen in gasoline causes a
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Figure 7. Carbon monoxide emissions for different load conditions.
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Figure 9. Nitrogen oxides emissions for different load conditions.

reduction in CO; emissions. On average, the enrichment of 3%, 6%, and
9% of hydrogen allows a decrease of 3.1%, 7.8%, and 12.1% in CO,
emissions compared to gasoline. The reduction in COy emissions with
the addition of hydrogen gas can be attributed to the absence of carbon
atoms in this type of fuel. Similar results are reported in the literature
[5, 54]1.

Figure 9 describes the formation of nitrogen oxides (NOx) for the
different gasoline mixtures with hydrogen gas.

The formation of NOx is associated with the oxidation of nitrogenous,
which arises from high combustion temperatures and oxygen concen-
tration. This is due to high-temperature conditions dissociating oxygen
molecules and reacting with nitrogen to form NOx [55]. The results
indicated an increase in NOx emissions with the addition of hydrogen.
This is directly associated with the increase in the temperature of the
adiabatic flame and the delay in the start of combustion, which leads to a
greater accumulation of fuel. From the mixtures G100 + 3% Hs, G100 +
6% Hy and G100 + 9% Ha, an increase of 4.7%, 8.7% and 14.9% in NOx
emissions was observed compared to pure fuel.

For the lowest load condition (25%), NOx emissions of 2.80 g/kWh,
3.06 g/kWh, 3.23 g/kWh and 3.53 g/kWh were observed in fuels G100 +

3% Hj, G100 + 6% Hy and G100 + 9% Ho, respectively. However, for the
highest load condition (100%), NOx levels of 5.84 g/kWh, 5.98 g/kWh,
6.16 g/kWh, and 6.49 g/kWh were obtained. The increase in engine load
leads to an increase in NOx emissions from the engine for all fuels. This
result is related to the increase in temperature with higher load condi-
tions, which facilitates the stoichiometric mixture for the formation of
NOx.

The change in hydrocarbon (HC) emissions as a function of engine
load and different combustion conditions are shown in Figure 10.

The results in Figure 10 indicated that the highest levels of HC
emissions occur in pure gasoline. In general, it was observed that the
addition of hydrogen favors the reduction of HC levels. This is due to the
fact that hydrogen is not a hydrocarbon fuel. Therefore, it is free of
carbon molecules. This caused a reduction in the rate of HC production
due to the reduction in the C/H ratio [56]. On the other hand, the high
adiabatic velocity of the hydrogen flame and its high temperature led to
improved combustion, leads to a higher fuel burning, and, therefore, a
reduction in HC levels [57]. The addition of 3% Hs, 6% Hs, and 9% H of
hydrogen gas allows a decrease of 3.3%, 6.7%, and 9.8% compared to
pure gasoline.
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Figure 11. Smoke opacity for different load conditions.

Figure 11 shows the smoke opacity of the engine at different load
conditions.

The opacity in the exhaust gases results from the carbonaceous ma-
terials produced during the combustion process. This type of material is
made up of particles that could not mix adequately with oxygen and,
therefore, remained unburned. The results of Figure 11 indicated that the
addition of hydrogen gas in gasoline reduces the percentages of smoke
opacity. This is a consequence of a better combustion process, which
facilitates the oxidation of soot particles. Another factor contributing to
the decrease in smoke opacity is the absence of carbon molecules in the
hydrogen. For a 100% load on the engine, a percentage of smoke opacity
of 7.4%, 7.0%, 6.6% and 6.5% was evidenced in fuels G100, G100 + 3%
Hp, G100 + 6% Hy and G100 + 9% Hp, respectively. In general, the in-
crease in engine load causes a decrease in smoke opacity, which may be
related to the high temperature and pressure conditions that facilitate the
oxidation of particulate matter.

4.4. Characteristics of lubricating oil

To analyze the changes in the lubrication characteristics, with
hydrogen gas in the gasoline engine, the properties of kinematic

10

viscosity, total base number (TBN), total acid number (TAN), and wear
debris in the lubricating oil were evaluated.

The variation of the kinematic viscosity of the lubricating oil for a
temperature of 40 °C and 100 °C are indicated in Figures 12(a, b).

Lubricating oil viscosity is a measure of the fluid’s internal resistance
to flow at a particular temperature. Viscosity is considered one of the
main parameters to study the condition of lubricating oil. This is due to
its important role in maintaining a film thickness between the piston and
cylinder liner. Due to the above, changes in viscosity lead to adverse
effects on engine lubrication. These changes may be related to oxidation,
additive depletion, dilution, and vaporization of lighter compounds.

The initial kinematic viscosity of the lubricating oil is 105.4 ¢St and
14.18 cSt for a temperature of 40 °C and 100 °C. This property is
indicative of thickening, increased levels of contamination, and insolu-
bility. The reduction in viscosity implies a dilution and shearing of the
lubricant. During the operation of the engine with pure gasoline, the
kinematic viscosity was reduced by 26.3% (77.59 cSt) and 23.9% (10.8
cSt) for a temperature of 40 °C and 100 °C. However, with the addition of
3% Hy, 6% Ha, and 9% H; of hydrogen gas, a reduction of 27.6% (74.29
cSt), 30.8% (71.58 cSt), and 35.7% (67.52 cSt) was observed for a
temperature of 40 °C, and 25.4% (10.4 cSt), 27.6% (10.2 cSt) and 29.1%
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(10 cSt) for a temperature of 100 °C, respectively. This implies a greater
thermal shear of the lubricating oil. This result is associated with higher
temperature in the combustion chamber with the addition of hydrogen
gas. Similar results are reported in the literature [31].

Figure 13 depicts the total base number (TBN) variation in lubricating
oil.

The TBN is an indication of the alkalinity of the lubricating oil. TBN
measures the lubricant’s ability to neutralize corrosive acids that form
during engine operation. The reduction of this parameter implies a
decrease in the resistance of the acids formed during the combustion
cycles. This implies a depletion of anti-corrosion additives and greater
contamination of the lubricating oil, which weakens the protection of
engine components against corrosion. The results showed a decrease of
29.4% (4.0 mg-KOH/g) in the engine operating with pure gasoline’s
TBN. However, the addition of 3% Hj, 6% Hj, and 9% H; hydrogen gas
led to a reduction of 35.7% (3.6 mg-KOH/g), 39.2% (3.4 mg-KOH/g),
and 40.1% (3.35 mg-KOH/g) in the TBN of the lubricating oil.

Total acid number (TAN) is a parameter that represents the acidity
present in engine lubricating oil. The change in TAN for the different
hydrogen gas addition conditions is shown in Figure 14.

The TAN is a primary indicator of lubricating oil acidity, which tends
to increase due to corrosion and oxidation. Therefore, it is a key indicator
to quantify lubricating oil degradation and identify when replacement is
necessary. In general, it was evidenced that the hydrogen gas in the
combustion chamber increased TAN, which implies more significant
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oxidation and contamination of the lubricating oil. This result can be a
consequence of the increased formation of nitrogen oxides and the high
combustion temperatures. It was observed that the addition of 3% Hj, 6%
Hp, and 9% Hj, of hydrogen gas produces an increase of 38.5% (2.55 mg-
KOH/g), 44.2% (2.62 mg-KOH/g), and 48.6% (2.68 mg-KOH/g) in the
TAN of the lubricating oil. Similar results are reported in the literature
[29].

To analyze the wear debris in the lubricating oil, a spectrochemical
analysis was performed. The variation in the composition of Fe and Cu in
the oil is described in Figure 15(a,b).

Figure 15 shows a considerable increase in the presence of Fe and Cu
in the lubricating oil with the injection of hydrogen gas in the combus-
tion chamber. It was observed that the mixtures G100 + 3% H,, G100 +
6% Hy and G100 + 9% Hy cause an increase of 22.5% (55.11 ppm),
28.9% (58.0 ppm) and 34.2% (60.39 ppm) in the presence of Fe
compared to pure gasoline. In the case of Cu, increases of 30.3% (17.19
ppm), 42.5% (18.81 ppm), and 51.5% (20.0 ppm) were evidenced. The
trends described above can be attributed to the decrease in the viscosity
of the lubricating oil when the engine operates with hydrogen gas since
this causes a decrease in the lubricant film between the cylinder liner and
the rings well as in the engine bearings. This results in the detachment of
materials in the piston rings, cylinder liners, and bearings, which are
manufactured from iron and copper alloys. The presence of this wear
debris in the lubricant implies an acceleration in the wear of the engine’s
internal components. Similar results are reported in the literature [28].
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5. Conclusions

In the present investigation, an analysis of the effect of the injection of
hydrogen gas on a spark-ignition engine fueled with gasoline was carried
out. The study involved the evaluation of the combustion characteristics,
performance parameters, emissions, and changes in the physicochemical
characteristics of the lubricating oil.

The results evidenced that the injection of hydrogen gas in pure
gasoline increases the maximum combustion pressure levels and in-
creases the heat release rates. In general, an increase of 3.2% and 4.0%
in the previous combustion characteristics was evidenced, which im-
plies an improvement in the combustion process compared to pure
gasoline.

The high calorific power and the high degree of flammability of
hydrogen gas allow for improving engine performance parameters, such
as brake specific fuel consumption and brake thermal efficiency. This is
the cause of reducing the consumption of fossil fuels such as gasoline. In
general, a 1.2% reduction in BSFC and a 2.9% increase in engine BTE
were demonstrated.

The improvement in the combustion process and the absence of
carbon molecules in the hydrogen gas allow a reduction of 7.1%, 3.9%,
6.6%, and 9.5% in CO, CO3, HC, and smoke opacity emissions in the
engine, compared to pure gasoline. However, high combustion temper-
atures favor the formation of NOx.

It was shown that the gasoline-hydrogen gas mixture caused an in-
crease of 14.5% in the reduction of the kinematic viscosity. The increase
in combustion temperature and the more significant presence of NOx
produces a 14.6% increase in the total acid number of the oil concerning
pure gasoline. Additionally, there was an increase of 38.3% in the total
base number of lubricating oils compared to pure gasoline.

Another disadvantage of the addition of hydrogen gas in gasoline
engines is the increased concentration of wear debris, such as Fe and Cu,
which implies a greater risk of wear in the engine’s internal components.

In future research, the study of metal concentrations and the effect of
additives in lubricating oil when the engine operates on gasoline-
hydrogen gas mixtures will be expanded.
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