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Abstract. The study presents the results of simulation and experimental research on the effects
of HHO addition to gasoline motorcycle engine. The results show that adding HHO to gasoline
improves combustion efficiency, resulting in increased maximum pressure. Compared to an
engine fueled with neat gasoline, the brake power improvement is 3.8 %, 7.1 %, and 12.1 %
when substituting 5 %, 7 %, and 10 % of gasoline with HHO, respectively. The increase in
combustion temperature due to the addition HHO to gasoline results in higher NO,
concentrations in the exhaust gas. Increasing the advanced ignition angle slightly decreases CO
concentration but significantly increases NO, concentration. For engines running on gasoline
supplemented with HHO, the optimal ignition advance angle is reduced by 5°CA compared to
the neat gasoline fueling mode. Increasing engine speed decreases indicated engine work cycle
and NO, concentration in exhaust gases while causing a slight increase in CO concentration. The
discrepancy between the output power and CO concentration provided by the simulation and the
experimental results is less than 10 %.
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1. INTRODUCTION

Motorcycles serve as the primary mode of personal transportation in many countries,
particularly in South East Asia. The high-speed operation of motorcycle engines often affects
combustion efficiency, resulting in elevated levels of pollutant emissions. To address these
challenges and enhance engine performance, supplementing gasoline with hydrogen-containing
fuel, such as HHO, presents a promising solution.
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HHO is a gas mixture composed of hydrogen (H) and oxygen (O.) in a volumetric ratio of
2:1. This gas ignites at approximately 570 °C under atmospheric pressure and stoichiometric
conditions. The ignition energy of hydrogen is very low, at only 20 pJ. HHO can be generated
through water electrolysis and is typically produced on-demand for immediate engine use,
thereby eliminating the need for storage. The compact design of HHO gas generators facilitates
their application in vehicles or stationary engines. The HHO generation system operates in
synchronization with the engine: it produces HHO when the engine is running and stops
production when the engine is turned off. Due to the wide flammability limits of hydrogen,
engine torque can be optimized by adjusting the equivalence ratio rather than the mixture flow
rate. This characteristic makes HHO an effective additive for improving fuel efficiency and
reducing emissions, especially during the low-load operations typical in urban conditions [1 - 3].

Several studies have compared the impacts of supplementing gasoline with HHO and pure
hydrogen (H,) on engine performance. The findings suggest that the gasoline-HHO mixture
exhibits characteristics nearly identical to those of the gasoline-H, mixture and, in some cases,
demonstrates even superior performance. Notably, the gasoline-HHO mixture tends to improve
thermal efficiency and maintain stable combustion, particularly under lean mixture conditions [4
- 5]. Unlike H,, HHO contains the oxygen necessary for the complete combustion of hydrogen
in the fuel mixture, thereby eliminating the need for additional air supply. This intrinsic oxygen
content allows engines running on a gasoline-HHO mixture to achieve higher indicated work
cycles compared to those operating on a gasoline-H, mixture under similar conditions.
Consequently, the complete combustion associated with a gasoline-HHO mixture results in
lower emissions of carbon monoxide (CO) and hydrocarbons (HC) compared to the gasoline-H,
mixture [4] .

Arjun et al. [6] observed that supplementing gasoline with HHO increased brake power by
2 % to 5.7 % and improved thermal efficiency from 10.26 % to 34.9 %. They also noted
significant reductions in CO and HC emissions, averaging 18 % and 14 %, respectively.
Similarly, Dhananjay et al. [7] found that in a 4-stroke spark ignition engine, HHO
supplementation increased engine power by approximately 5.7 %, enhanced thermal efficiency
by about 5 %, and decreased CO and HC emissions. Musmar et al. [8] conducted experiments
using HHO with a Honda G200 engine and discovered that NO, emissions decreased by
approximately 50 %, CO emissions decreased by about 20 %, and fuel consumption decreased
by 20 % to 30 % compared to running on gasoline alone. Rimkus et al. [9] similarly noted that
while the indicated efficiency of engines supplemented with HHO remained relatively
unchanged, there were significant reductions in CO and HC concentrations in the exhaust gas,
along with soot emissions.

Contrary to these findings, Chetan et al. [10] and Kale et al. [11] reported that while CO
and HC emissions decreased with HHO supplementation, NOx emissions increased. Recent
studies on hydrogen supplementation into biogas have yielded similar results, showing increased
indicated engine work cycles and decreased CO and HC emissions [12 - 14]. The effectiveness
of HHO supplementation in biogas combustion parallels its effects in gasoline [15 - 17].
Generally, adding hydrogen or HHO to any fuel improves the combustion process. However,
there are discrepancies in the trends of NO, emissions when HHO is added to conventional fuels.
Some studies suggest that NO levels increase with HHO supplementation in gasoline, while
others indicate that NO, concentrations decrease when the engine operates on a gasoline-HHO
mixture compared to gasoline alone. The broad flammability limits of hydrogen and HHO
necessitate precise control of the fuel supply system to prevent backfire during the intake
process [18 - 20].
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This research focuses on evaluating the effects of HHO supplementation on the
performance and pollutant emissions of motorcycle engines operating under urban conditions.
The aim is to exploit the regenerative energy from motorcycles operating in these conditions to
produce HHO through water electrolysis and supplement it to the engine. The goal is to improve
combustion efficiency during frequent low-load conditions that demand high torque. The
motorcycles will be equipped with regenerative electric brakes [21], which capture electrical
energy during braking, store it in a battery, and use it to electrolyze water, producing HHO for
engine supply. Although the energy introduced into the engine via HHO may be relatively
moderate, it is expected to significantly enhance the combustion process.

2. MATERIALS AND METHODS
2.1. Simulation

In this study, the simulation was carried out on a Honda Wave RSX FI 110cc motorcycle
engine. The primary technical specifications of the engine are detailed in Table 1.

Table 1. Technical Specifications of the Honda Wave RSX FI 110 Engine.

Bore (mm) 50

Stroke (mm) 55.6
Cylinder capacity (cm®) 109.2
Compression ratio 9.3:1
Maximum power (kW) at speed (rpm) | 6.46/7500

&
180°CA

5=55.6mm

| D -iOﬂm

Figure 1. 3D computational space model.

The computational space of the engine includes the cylinder, combustion chamber, and
intake manifold, as illustrated in Figure 1. The gasoline injection system remains unchanged
from its standard configuration, while HHO is supplied through an additional injector installed
upstream of the fuel injector.

A dynamic mesh was employed in the cylinder space to accommodate the changing volume
during the engine cycle, while fixed grids were assigned to the remaining spaces. To optimize
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computational efficiency, the intake manifold space is deactivated after closing the intake valve.
Input parameters for the simulation include the pressure and temperature of the air entering the
intake manifold and the pressure, temperature, and composition of the HHO. In the research the
content of HHO in the mixture with gasoline is determined via the equivalence ratio of hydrogen
¢nThe global equivalence ratio of fuel-air mixture is defined by ¢ If the equivalence ratio of

gasoline is ¢g, then ¢ = py + Ps. Thus, ¢y indicates the ratio of gasoline substituted by HHO in
stoichiometric mixture ¢=1.

The computations start at the beginning of the intake process and continue until the start of
the exhaust process. The engine simulation follows the ideal cycle assumption, presuming that
processes initiate and conclude at the top dead center (TDC) and bottom dead center (BDC). The
turbulent flow within the gas mixture is simulated using the k-¢ model [25]. The formation of
major species in the combustion products is modeled based on thermochemical equilibrium,
while NO, concentration is computed via reaction kinetics.

HHO consists of 2/3 hydrogen (H,) and 1/3 oxygen (O.) by volume. The HHO content in
the fuel is quantified as the volume ratio of HHO to the total volume of the HHO-gasoline
mixture. Hydrogen's high adiabatic combustion temperature and rapid burning rate enable it to
combust with very lean mixtures. Despite its lower calorific value of 10.8 MJ/m3 compared to
methane's 35.8 MJ/mg3, hydrogen requires only 0.5 m? of oxygen to combust completely for each
cubic meter of hydrogen under standard conditions. Consequently, hydrogen occupies more
volume than gasoline vapor in the same cylinder volume, but due to its lower calorific value, the
energy introduced to the engine does not significantly increase compared to gasoline. The
establishment of the model has been presented in the previous works [15 - 16, 23 - 24].

HHO provides sufficient oxygen to fully combust the hydrogen present, necessitating only
minimal additional air to burn the gasoline. In a given cylinder volume, the oxygen required for
hydrogen combustion is not derived from the air, hence there is no accompanying inert nitrogen
(N,). This increases the total fuel quantity supplied to the engine, enhancing the energy content
of the fuel mixture entering the engine.

The simulations were executed using ANSYS Fluent 2021R1. The combustion process was
simulated using a partially premixed combustion model. The combustion model outputs include
the composition of species in the combustion mixture, such as CO, under thermochemical
equilibrium conditions. The NO, formation rate is calculated according to the Zeldovitch
mechanism. In this work the global equivalence ratio is fixed at stoichiometric value (¢ = 1).
Performance and emissions of the engine were considered under effects of HHO concentration,
advanced ignition angle and engine speed.

2.2. HHO gas generator

A dry-type HHO gas generator (Figure 2) was selected due to its superior efficiency and
minimal heat generation compared to wet-type generators. These generators are compact and
suitable for integration into motorcycles, offering low maintenance costs due to their corrosion-
resistant stainless steel electrodes.

The design parameters were carefully chosen to optimize gas production while considering
practical limitations. The electrode plates were set at an optimal distance of 3mm to facilitate
efficient gas bubble release. Each plate, sized at 120x120mm, was cross-roughened on both
sides to maximize surface area, enhancing bubble formation and detachment efficiency. This
surface treatment was followed by immersion in an electrolyte solution for three days to create a
protective coating that aids in electrolysis.
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To achieve efficient water electrolysis, the gas generator was configured with 8
compartments containing 9 plates: 2 negative electrodes on the outer sides, 1 positive electrode
in the middle, and 6 intermediate plates between them. The voltage across each cell was
controlled using a PWM pulse width regulator, maintaining an applied voltage of 1.5 - 2V,
optimized for electrolysis efficiency.

Experiments confirmed that NaOH was chosen as the electrolyte due to its effectiveness in
water splitting, despite its tendency to corrode electrodes. An 18% concentration of NaOH in
water was found suitable for accelerating the electrolytic reaction, minimizing energy
consumption.

/.

Figure 2. Structure of HHO Gas Generator.

1-Flange; 2-Intermediate electrode plate; 3-
Positive electrode plate; 4-Negative electrode
plate; 5-Rubber cushion; 6-Fixing screw; 7-
Electrolyte solution inlet; 8-HHO gas output

The HHO supply system (Figure 3) includes the HHO gas generator powered by the
motorcycle's 12V-60Ah battery. An 18 % NaOH electrolyte solution tank supplies the generator
through dedicated pipes. The produced HHO gas is transferred to an HHO tank before being
delivered to the engine through an air pipe connected to the HHO outlet.

Figure 3. Diagram of the HHO Gas Generation System.
1. Battery, 2. Power supply to HHO generator, 3. HHO

P - l_r generator, 4. Electrolyte supply, 5. Electrolyte tank, 6.
; Q 3 HHO conducting tube, 7. HHO gas, 8. Flashback arrestor.

Figure 4. Installation of Dry-Type HHO Gas Generator into motorcycle.

2.3. Experimental equipment
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The engine power is measured by the Supper Dyno L50 (Figure 5a). This instrument
measures the power at the traction wheel of the vehicle up to 25 HP at maximum vehicle speed
of 110 km/h and maximum engine speed of 16000 rpm. The engine power is then calculated via
the mechanical efficiency of the system [22]. This study used the gas analyzer Opus 400 to
analyze exhaust gases (Figure 5b). It can measure CO (0 - 15 vol.%), HC (0 — 15000 ppm vol.
ppm), and NO, (0-5000 vol. ppm).

(b)

Figure 5: Experimental instruments: () Super Dyno L50, (b) Gas analyzer Opus 400

3. RESULT AND DISCUSSION
3.1. Effects of HHO content on combustion

337°CA 342°CA 352°CA

Total Temperature [ K | Total Temperature [K ] Total Temperature [ K ]

600 610 620 631 641 651 660 630 650 671 691 712 732 750 g 738 796 969 1020

(a) Gasoline
Total Temperature [ K| Total Temperature [ K] Total Temperature [ K |
W |

925 992 1050 700 819 938 1057 1176 1295 1400

AT

(b) Gasoline+HHO (¢,=0.05)

50 602 614 626 63 650 660 ggy 726 70

Figure 5. Comparison of flame front development when the engine was fueled with gasoline and
with gasoline+HHO (¢ = 0.05, ¢ =1, @s= 25 °CA, n = 7500 rpm).

Figure 6 compares the development of flame front when the engine was fueled with pure
gasoline and with gasoline supplemented by HHO (¢ = 0.05). This comparison is made at an
equivalence ratio global ¢ = 1, in which the equivalence ratio contributed by HHO is ¢ = 0.05.
The engine operates at speed of 7500 rpm, and a fixed ignition angle at 135 °CA (Advanced
ignition angle @, = 25°CA. It is observed that at the same crankshaft angle, the maximum
temperature of the combustion products increases when HHO is added to gasoline. Furthermore,
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the addition of HHO to gasoline increases the flame speed, resulting in a larger volume of the
burned mixture than the gasoline fueling mode.

Figure 7a illustrates the variation in cylinder pressure with respect to the crankshaft angle
when the engine runs on pure gasoline and on gasoline supplemented by HHO with different
composition. This comparison is made under conditions of the global equivalence ratio ¢ =1, the
composition of HHO is expressed through its equivalence ratio ¢y. The engine operates at speed
of 7500 rpm, and a fixed ignition advance angle of ¢s= 22 °CA.

40 — 40 -
32 4 32 4

24 24

p (bar)
p (bar)

16 4

T T T | — 1
300 360 420 480 540 0 20 40 60 80 100 120
V (cm3)

(b)

HRR (J/°CA)

300 360 420 480 540 300 360 420 480 540
 (°CA) ¢ (*CA)

() (d)
Figure 7. Effect of HHO on variations of pressure (a) work diagram (b) heat release rate (c) and
CO concentration (d) according to crankshaft angle (n = 7500 rpm, ¢ = 1, ps= 22 °CA).

We observe that with the addition of HHO to gasoline, the maximum pressure in the
cylinder increases and the peak of heat release rate (HRR) occurred earlier (Figure 7¢). This can
be attributed to the increased burning speed provided by the HHO, which causes the peak
pressure to occur closer to TDC. Additionally, the faster burning speed results in more complete
combustion, thereby enhancing thermal efficiency. Under the same operating conditions, the
maximum cylinder pressure increases by approximately 7 bar when ¢y = 0.1 (i.e.10 % gasoline
is substituted by HHO). However, because this higher pressure occurs closer to TDC, the work
lost during the compression cycle increases, and as a result, the indicated work of the cycle does
not increase proportionally to the maximum pressure (Figure 7b). The results show that the
brake power of the engine is 6.71 kW, 6.92 kW and 7.24 kW when gasoline is substituted by 5
%, 7 % and 10 % HHO, respectively. As compared to brake power when the engine is fueled by
neat gasoline (6.46 kW), the improvement of brake power is 3.8 %, 7.1 % and 12.1 % as
substituting 5 %, 7 % and 10 % gasoline by HHO, respectively.

The concentrations of CO are determined using chemical equilibrium calculations of the
hydrocarbon fuel combustion reaction system. Figure 7d demonstrates that when HHO content
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increases, the peak value of the CO curve increases and shifts toward TDC, but the concentration
of CO in the exhaust gas remains nearly unchanged compared to gasoline alone.

Figure 8a shows the effects of HHO content on the variation in the combustion
temperature. Due to the increased combustion rate when blending HHO with gasoline, the
temperature begins to rise earlier, and the maximum temperature point is reached closer to TDC.
The increased heat release rate and combustion temperature are the main causes of the elevated
concentration of NO, in exhaust gases, according to the Zeldovich mechanism. Figure 8b
illustrates the effect of adding HHO to the fuel mixture on NO, concentration in the combustion
mixture. The results indicate that under identical operating conditions and a fixed spark advance
angle, NO, concentration increases by approximately 17 %, 67 % and 140 % when substituting 5
%, 7 % and 10 % gasoline by HHO, respectively.
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Figure 8. Effect of HHO on the variation of combustion temperature (a) and NO, concentration (b)
according to crankshaft angle (n = 7500 rpm, ¢ = 1, ¢s= 20 °CA).

3.2. Effects of advanced ignition angle
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Figure 9. Effect of advanced ignition angle on the variation of CO (a), NO, (b) concentrations according
to crankshaft angle when the engine is fueled with gasoline (n = 7500 rpm, ¢ = 1).

The research results above indicate that HHO influences the combustion process and
emission pollutants through its impact on burning speed. Therefore, to ensure efficient engine
operation when HHO is added to gasoline, it is necessary to decrease the ignition advance angle.
Figures 9a and 9b depict the influence of ignition advance angle on CO and NOy variations in a
gasoline engine operating at 7500 rpm with ¢ = 1. It is observed that increasing the ignition
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advance angle shifts the peak of the CO curve towards TDC, resulting in an increase in
maximum CO concentration but a slight decrease in its exhaust gas concentration. This
phenomenon occurs because higher ignition advance angles elevate the combustion mixture
temperature, thereby accelerating CO production. However, the increased temperature also
intensifies the combustion rate of CO, leading to reduced concentration in the exhaust gas.

4000 -
] P
24 3200 1 /
] ) |ivesedseseedencentennes
= -
187 22400 - !
8 8 ;
1.2 X 1600 - Fiffaee p250CA
S 1 P/ s T @, =20°CA
0.6 800 - o —— @,=15°CA
! < @,=10°CA
0 ’ ; ! ' ' T i ! 0 T s T T T T |
300 360 420 480 540 300 360 420 480 540
¢ (°CA) ¢ (°CA)
(a) (b)

Figure 10. Effect of ignition advance angle on the variation of CO (a), NO, (b) concentrations
according to crankshaft angle when the engine is fueled with gasoline supplemented with
¢én=0.07 (n=7500 rpm, ¢ = 1).

In contrast, NO, concentration is highly dependent on temperature. Thus, increasing the
ignition advance angle leads to an increase in NO, concentration. Figure 9b demonstrates that
NO, concentration increases by 45 % as the advanced ignition angle increases from 10 °CA to
25 °CA.

The effect of ignition advance angle on the variation of CO and NO concentrations with
respect to crankshaft angle in case of gasoline enriched by HHO. Figure 10a shows that the
concentration of CO in exhaust gas of engine is practically unchanged as shifting from gasoline
fueling mode to gasoling-HHO fueling mode. However, the NO, concentration is approximately
double when adding HHO to gasoline as the engine operates under the same conditions.

3.3. Comparison simulation and experiment in full loading regime

In this section, we compare the variations in brake power, CO and NO, concentrations in
exhaust gases according to engine speed at full loading regime through simulation and
experimental data analysis. The advanced ignition angle varies from 15 °CA to 20 °CA when the
engine speed varies from 4500 rpm to 7500 rpm. Figure 11a illustrates that the peak pressure
decreases when increasing the engines speed. This is due to the decrease in volumetric efficiency
and incomplete combustion. The peak of combustion temperature is practically unchanged, but
the temperature in the exhaust gas increases with engine speed because the combustion is
extended in the expansion stroke (Figure 11b). As engine speed increases, the CO concentration
in the exhaust gas increases due to incomplete combustion (Figure 11c).

Figure 11d depicts the effect of engine speed on the variation of NO, concentration
concerning crankshaft angle. It is evident that as engine speed increases, NO, concentration
decreases. This phenomenon occurs because the existing time of combustion mixture in a high-
temperature medium decreases as engine speed increases. This shortens the time for NO,
formation.
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Figure 11. Effect of engine speed on the variation of in-cylinder pressure (a), combustion temperature (b),
CO concentration (¢) and NO, concentration (d) with respect to crankshaft angle when the engine is fueled
with gasoline substituted by 2 % HHO (¢ = 1, ¢s variable).
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Figure 12. Comparison of simulation and experimental data on the variation in CO (a) and NO, (b)
concentrations with respect to engine speed when the engine is fueled with gasoline substituted by
2 % HHO (¢ =1, @5 variable).

Figure 12a compares the variation of CO concentration with engine speed when running on
gasoline substituted by 2 % HHO, with ¢ = 1 and ¢ variable. It shows that CO concentration
increases with engine speed. The CO concentration given by experiment is higher than
simulation results. This can be attributed by the fact that the combustion in real combustion
chamber is less complete than that in simulation. The difference between simulation and
measurement becomes larger at high engine speed. This is because the incomplete combustion
becomes more significantly at high engine speed. The everage difference between simulation
and experiment in CO concentration is by 8 %.

Figure 12b compares the variation of NO, concentration with engine speed given by
simulation and experiment. It reveals that experimental NO, concentrations are generally lower
across most speed ranges than simulated values. This difference can be attributed to the actual
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combustion temperatures being lower than the calculated value due to less ideal combustion
processes in practice. The difference of NO, concentration given by simulation and experiment
is more significant in the low engine speed region. This may be because the NO, formation rate
in practice is lower than in simulation.

Power used for comparison in this study refers to the output power at the engine crankshaft.
The simulation results provide the indicated power (P;). Thus, the power obtained at the
crankshaft output is calculated using the mechanical efficiency of the engine, Pe = Nengine-Pi. The
experimental power (P,) measured by the engine dynamometer is the power at the wheel.
Therefore, the power at the crankshaft output can be expressed as Pe = Pu/Mayno. FOr the
motorcycle's drivetrain and engine system, the mechanical efficiency of engine and dyno can be
chosen generally as Mengine = 0.85 and mayne = 0.65. The average power obtained from five
experimental measurements at engine speeds of 4000, 5000, 6000, and 7000 rpm is compared
with the simulation results. It is observed that the discrepancy between the crankshaft output
power provided by the simulation and the experimental results is less than 10 % (Figure 13).
This result indicates a good agreement between simulation and experimental outcomes. It
confirms the reliability of the comparative performance results of the engine running on gasoline
and on HHO-enriched gasoline as provided by the simulation.

=A-Simulation

@ Experiment

3500 4500 5500 6500 7500
n (rpm)

Figure 13. Comparison of simulation and experimental data on the variation of brake power
with respect to engine speed when the engine is fueled with gasoline substituted by 2 % HHO
(b =1, @5 variable)

4. CONCLUSIONS

Based on the above research results, the following conclusions can be drawn:

e Adding HHO to gasoline improves combustion efficiency, resulting in increased
maximum pressure. Compared to an engine fueled with neat gasoline, the brake power
improvement is 3.8 %, 7.1 %, and 12.1 % when substituting 5 %, 7 %, and 10 % of
gasoline with HHO, respectively.

e The increase in combustion temperature due to the addition of HHO to gasoline results in
higher NO, concentrations in the exhaust gas. Specifically, NOx concentrations increase
by approximately 17 %, 67 %, and 140 % when substituting 5 %, 7 %, and 10 % of
gasoline with HHO, respectively, compared to the gasoline fueling mode.

e Increasing the advanced ignition angle slightly decreases CO concentration but
significantly increases NOx concentration. For engines running on gasoline supplemented
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with HHO, the optimal ignition advance angle is reduced by 5 °CA compared to the neat
gasoline fueling mode.

o Increasing engine speed decreases indicated engine cycle work and NOx concentration in
exhaust gases while causing a slight increase in CO concentration. The discrepancy
between the output power and CO concentration provided by the simulation and the
experimental results is less than 10 %.
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