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Nowadays, more researches focus on protecting the environment. Present investi-
gation concern with the effectiveness of oxygen enriched hydrogen-HHO gas addi-
tion on performance, emission and combustion characteristics of a direct injection
diesel engine. Here the oxygen enriched hydrogen-HHO gas was produced by the
process of water electrolysis. When potential difference is applied across the anode
and cathode electrodes of the electrolyzer, water is transmuted into oxygen en-
riched hydrogen-HHO gas. The produced gas was aspirated into the cylinder along
with intake air at the flow rates of 1 lpm and 3.3 lpm. The results show that when ox-
ygen enriched hydrogen-HHO gas was inducted, the brake thermal efficiency of the
engine increased by 11.06%, carbon monoxide decreased by 15.38%, unburned hy-
drocarbon decreased by 18.18%, carbon dioxide increased by 6.06%, however, the
NOx emission increased by 11.19%.
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Introduction

Faster rate of depletion of fossil fuel, day to day increase of automotive vehicles and

stringent emission norms created a thirst to the researchers to find out an alternative that can be

used in the compression ignition engines, with less modification or without any modification.

Few alternative fuels which are under research are vegetable oil, biomass, biogas, primary alco-

hols (i. e. methanol, ethanol) and hydrogen. Alternative fuels are clean and environment friendly

fuels compared to diesel fuel and gasoline fuel [1, 2]. Among these alternative fuels hydrogen

attracts the researchers because of its simple reaction with oxygen into water as a clean method

for energy conversion, the high-energy density, the wider flammability limits, the high burning

velocities and also their significant structure of non-content of carbon atoms.

Today, hydrogen is mostly produced by steam reforming or partial oxidation of hydro-

carbons (76% from natural gas and 23% from light or heavy oil distillates) [3]. However, for

small hydrogen quantities, or when high-purity hydrogen is required, processes such as water

electrolysis, ammonia decomposition or methanol reforming are also used [4]. Water electroly-

sis is one of the most important industrial processes for hydrogen production today, and is ex-

pected to become even more important in the future [5]. Water can be split by the number of
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ways. Bockris et al. [6] explained some of the processes, which can be used to split water are:

electrolysis, plasmolysis, magnetolysis, thermal approach (direct, catalytic, cyclic decomposi-

tion of water and magmalysis), use of light (photo-sensitized decomposition using dyes,

plasma-induced photolysis, photo-electrolysis, photo-aided electrolysis, the indirect path to-

wards hydrogen by photo-electrolysis: the photo-electrochemical reduction of CO2 and photo-

voltaic electrolysis), bio-catalytic decomposition of water and radiolysis. Because of its charac-

teristics, hydrogen can be used in current conventional internal-combustion gasoline or diesel

engines by dual fuel operation without important modifications, in the transition period before

hydrogen becomes the sole fuel [7].

Many studies have been carried out on hydrogen combustion in diesel engines in very

different conditions. Some of the researchers used hydrogen in a dual-fuel mode [8-12], some of

the researchers used hydrogen with EGR of hot or cooled [13-16], even tried with superchargers

[17] and also some of the researchers tried with hydrogen-rich gases like hydrogen rich gas

(HRG) and hydrogen/oxygen mixture produced by water electrolysis [18-21].

Cecil [22] explained about, how to use the

energy of hydrogen to power an engine and

how the hydrogen engine could be built in

1820 itself. Presumably, this is the earliest in-

vention made in hydrogen-fueled engines.

Properties of hydrogen are given in tab. 1.

Wong [23] tested the diesel engine with

hydrogen as a sole fuel. As the self-ignition

temperature of hydrogen is about 858 K [17],

it is impossible to ignite hydrogen, just by

heat of compression. It needs an ignition

starter to start its combustion. So he used ce-

ramic glow plug as an ignition starter and ob-

tained valid results.

Varde and Frame [24] made some early research in hydrogen in dual fuel mode. They

found, when the rate flow of hydrogen inducted into the engine was 0.65 kJ/s, the resulting ef-

ficiency was consistently lower than the pure diesel combustion. When the flow rate of hy-

drogen is increased to1.65 kJ/s, resulted in higher thermal efficiency. Under optimum condition

of 10% and 15% of the total energy, the smoke reduction was found to be as much as 50% lower

at part load operation.

Yi et al. [25] used port injection and in-cylinder injection to supply hydrogen to the en-

gine. Their result shows that the thermal efficiency of the engine is higher in port injection than

in-cylinder method of injection at all equivalence ratios.

Senthil Kumar et al. [26] made an investigation on the effect of hydrogen addition to

the combustion process of a small single-cylinder diesel engine fueled with vegetable oil. The

addition of hydrogen resulted in an increase in ignition delay period but enhance the combustion

process substantially. Brake thermal efficiency increased from 27.3% to a maximum of 29.3%

at 7% of hydrogen on mass share at maximum power output. Smoke was reduced from 4.4 to 3.7

Bosch smoke unit (BSU). Reduction in HC and CO emissions were 130 to 100 ppm and 0.26 to

0.17 vol.% , respectively, however, NOx emission increased from 735 to 875 ppm.

Using pure hydrogen or hydrogen containing gas produced through water electrolysis,

are notably different [20].
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Table 1. Important properties of hydrogen [17]

Properties of hydrogen

Limits of flammability in air 4-75 vol.%

Minimum energy for ignition 0.02 mJ

Auto-ignition temperature 858 K

Quenching gap in NTP air 0.064 cm

Burning velocity in NTP air 265-325 cm/s

Diffusion coefficient in NTP air 0.61 cm2/s

Heat of combustion (LCV) 119.93 MJ/kg



Bari and Mohammad Esmaeil conducted their experimental work with the use of H2/O2

mixture produced by water electrolysis. Results showed that the HC emission decreased from

192 ppm to 97 ppm by adding 30.6 lpm of H2/O2. NOx emission was found to be increased from

232 ppm to 307 ppm, at 22 kW of load. The minimum amount of CO2 was achieved at 19 kW

with 31.75 lpm of H2/O2 induction. CO was reduced from 0.24% to 0.012% at 22 kW of load

[18].

Samuel and McCormick [19] run the engine with addition of hydrogen-oxygen mix-

ture generated by the water electrolysis process. By using 1.5 lpm of hydrogen-oxygen mixture,

the concentration of NOx in emission reduced to 17.9%. However, when the mixture supply was

further increased to 2.8 lpm, NOx emission increases.

Birtas et al. [20] made their investigation of using the HRG gas, on a naturally aspi-

rated direct injection, tractor diesel engine with four cylinders in-line having the total capacity

of 3759 cm3, nominal power of 50 kW at 2400 rpm, maximum torque of 228 Nm at 1400 rpm,

and the compression ratio of 17.5. The gas, produced by water electrolyzer was aspirated along

with the air stream inducted into the cylinder. It was found that the addition of HRG gas has a

slight negative impact, up to 2%, on the engine brake thermal efficiency. Smoke is significantly

reduced up to 30% with HRG enrichment, while NOx concentrations vary in both senses, up to

14%, depending upon the engine operation mode.

More recently, Hsin-Kai Wang et al. [21] studied the effects of induction of hydrogen

and oxygen mixture (H2/O2) on the emission characteristics of a heavy-duty diesel engine

(HDDE). The results showed that the NOx concentration got increased from 60.05 ppm for neat

diesel to 67.22 ppm for 70 lpm of H2/O2 addition.

The present experimental work provides a feasible solution for onboard production of

hydrogen, which avoids the storing of hydrogen in heavy pressurized tanks. In the present pro-

cess, the hydrogen on demand along with oxygen is available at any desired rate by the process

of water electrolysis. An electrolyzer, which decomposes distilled water into a new fuel com-

posed of hydrogen, oxygen and their molecular and magnecular bonds, called oxygen enriched

hydrogen-HHO (OEH-HHO) gas [27, 28] was produced. The produced gas was inducted into

the cylinder along with intake air, at the flow rate of 1 lpm and 3.3 lpm thereby; the effectiveness

of OEH-HHO gas on performance, emission and combustion characteristics of the engine was

determined at various rated loads of the test engine.

Test engine set-up

The present investigation was carried out in a Kirloskar make single cylinder, wa-

ter-cooled, four stroke, direct injection (DI) diesel engine, developing a rated power of 5.9 kW

at a speed of 1800 rpm and having a compression ratio of 17.5:1. For loading the engine, eddy

current dynamometer was coupled to the engine. The OEH-HHO gas was metered out through a

digital mass flow controller of Aalborg make for precision measurement of gas flow. The engine

in-cylinder pressure was measured using a Kistler make piezoelectric pressure transducer of air

cooled type with an inline charge amplifier. The amplified signals were correlated to the signal

from crank angle encoder having an accuracy of 0.1 degree crank angle. The data obtained were

stored on a personal computer for analysis. The exhaust gas emissions such as carbon dioxide

(CO2), carbon monoxide (CO), unburned hydrocarbon (UBHC), oxides of nitrogen (NOx) and

excess oxygen (O2) available in exhaust were measured by Crypton 290 EN2 five gas analyzer.

The smoke was measured by AVL smoke meter. The experimental set-up is shown in fig. 1.

NOx, CO, CO2, and smoke were measured with accuracy of ±10 ppm, ±0.03%, and ±1 HSU, re-

spectively.
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Experimental procedure

When DC power supply is switched on, in present study 12 V was supplied. The poten-

tial difference across the anode electrodes and the cathode electrodes along with the aqueous

electrolyte solution present in the electrolyzer produces OEH-HHO gas instantly by the process

of water electrolysis. The produced gas was then passed through a drier; flashback arrestor and

flame trap before enriching with inlet air. Drier is used to remove the moisture content present in

the gas. Flashback arrestor and flame trap are used to suppress the flame if a back fire from the

engine occurs.

Results and discussion

Performance characteristics

Brake thermal efficiency

Brake thermal efficiency (BTE) is the signif-

icant yard stick, to measure the efficiency of an

engine. BTE can be defined as the ratio between

the useful power available at the crank shaft of

the engine to the input energy given to the en-

gine in the form of chemical energy available in

the fuel. Figure 2 represents the effect of

OEH-HHO gas of 1 lpm and 3.3 lpm of flow

rates on the BTE of the engine at different rated

load of a test engine. When going through the

graph, the BTE increases, when OEH-HHO gas is used as an additive in combustion of pure pe-

troleum diesel combustion.

When the flow rate is 3.3 lpm at 100% rated load of the engine, the BTE increases from

24.32% to 27.01%, increase by 11.06% comparing to pure petroleum diesel combustion. The in-

crease in efficiency is due to higher-calorific value of hydrogen present in the gas mixture, its

high flame velocity and also due to the presence of atomic hydrogen and oxygen [28], as they are

in the high-energy level than their dual molecule counterparts. Because of this quality, when the

ignition is initiated by petroleum diesel, they immediately start to fracture the heavier hydrocar-
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Figure 1. Experimental set-up
1 – DC power supply, 2 – electrolyzer, 3 – drier,
4 – mass flow controller, 5 – flash back
arrestor, 6 – flame trap, 7 – air box, 8 – diesel
tank, 9 – engine, 10 – eddy current
dynamometer, 11 – load cell, 12 – AVL smoke
meter, 13 – crypton 5 gas analyzer. 14 – crank
angle encoder, 15 – pressure pickup sensor, 16
– analog to digital convertor, 17 – inlet
manifold, 18 – exhaust manifold

Figure 2. Variation of BTE with load



bon molecule of diesel fuel and initiated the chain reaction, which results in efficient combus-

tion and higher BTE than petroleum diesel. However; when OEH-HHO gas with a flow rate of 1

lpm is introduced at 25% of rated load into the combustion process of diesel, results in decrease

in brake thermal efficiency from 15.86% to 15.2%, by a decrease of 4.15%. This reduction in ef-

ficiency is due to too lean mixture present in the cylinder [26] at low load range of the engine.

Combustion of hydrogen-air mixtures at such a low hydrogen fuel concentration is dependent

on the local temperature around parcels of fuel mixtures [24].

Brake specific energy consumption

Brake specific energy consumption (BSEC)

can be defined as fuel energy utilized to produce

unit brake power. The graphical representation

of effectiveness of OEH-HHO gas of various

flow rates on the BSEC of the engine at various

load conditions is shown in fig. 3. At 100% rated

load of the test engine, the BSEC decreases from

14.8 MJ/kWh to 13.32 MJ/kWh, when 3.3 lpm

of OEH-HHO gas is inducted into the combus-

tion of petroleum diesel, decrease by 9.96%

comparing to pure petroleum diesel combustion.

The decrease in BSEC is due to high-energy

content of the hydrogen present in the gas mix-

ture, and also the combustion rate is high due to

faster chain reactions initiated after the start of diesel ignition. When OEH-HHO gas with a flow

rate of 1 lpm is introduced at 25% load condition into the combustion process, results in an in-

crease in BSEC from 22.69 MJ/kWh to 23.68 MJ/kWh, by an increase of 4.33% comparing to

pure petroleum diesel combustion. This increase in BSEC is due to, at low level concentrations,

hydrogen is in subdued mode. As the lean mixture presented in the cylinder is out of range of

flammability limit of hydrogen and also the cooling loss at low load condition is more, resulted

in low temperature atmosphere inside the combustion chamber.

Emission characteristics

Carbon monoxide

Figure 4 shows the effectiveness of
OEH-HHO gas on CO emission of the test en-
gine, when used in combustion of petroleum die-
sel. This graph is made for 1 lpm and 3.3 lpm
flow rates of OEH-HHO gas at various load
ranges of the engine. At 1 lpm of OEH-HHO gas
flow rate and at 50% of rated load of the engine,
CO emission increases from 0.13 vol.% to 0.14
vol.%, by an average increase of 7.69%. This
happens because, at low load condition, the heat
loss to the cooling medium is more, and also the
low-temperature combustion present in the cyl-
inder results, in high CO emission.
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When OEH-HHO gas flow rate of 3.3 lpm is inducted into the combustion process, the

CO emission decreases from 0.13 vol.% to 0.11 vol.%, by a decrease of 15.38% at 100% rated

load of the engine, compared to pure petroleum diesel combustion operation. This is because of

good combustion of OEH-HHO gas, and the faster oxidation reaction influenced by it in a fur-

ther combustion process. When compares the reduction percentage of CO emission at 3.3 lpm at

75% and 100% of rated load of the engine, the reduction percentage in case of 100% rated load

is less, due to rich fuel present in the combustion chamber at maximum load condition.

Carbon dioxide

The CO2 emission of the test engine is shown in fig. 5, for 1 lpm and 3.3 lpm of flow

rates of OEH-HHO gas at various load conditions. If combustion is good, the CO2 emission will

be more. Same thing happens during the combustion assisted by the addition of OEH-HHO.

When OEH-HHO gas of 1 lpm is introduced at 50% rated load of the engine, CO2 emission is

less compared to pure petroleum diesel combustion, because of the low-temperature atmosphere

prevails in the combustion chamber, is inefficient

to oxidize the major part of the fuel, resulting in

poor combustion. At the flow rate of 3.3 lpm of

OEH-HHO gas, the CO2 emission increases be-

cause of the higher combustion efficiency ob-

tained due to catalytic action of OEH-HHO gas

on combustion. The higher diffusing property of

OEH-HHOg as makes the fuel mixture more ho-

mogeneous and also due to its high flame veloc-

ity, resulting in more CO2 emission when the

combustion is initiated by diesel combustion.

When, OEH-HHO gas flow rate of 3.3 lpm is in-

troduced into the combustion process, the CO2

emission increases from 3.3 vol.% to 3.5 vol.%,

by an increase of 6.06%.

Unburned hydrocarbon

Figure 6 represents the variation of UBHC

emission, when the test engine was operated with

the assistance of OEH-HHO gas at 1 lpm and 3.3

lpm. When 3.3 lpm gas mixture is introduced into

the cylinder, resulting in 54 ppm at 100% rated

load of the engine, at the same time the UBHC

emission of pure petroleum diesel is 66 ppm, by a

decrease of 18.18%. This decrease in percentage

is due to more oxygen percentage presents in the

overall fuel mixture, flame quenching distance of

the hydrogen present in the gas is very least, the

fracturing action of heavier hydrocarbon mole-

cules by atomic hydrogen and oxygen present

[28] in the OEH-HHO gas and subsequent oxida-

tion reaction initiated by them increases the rate

of combustion. However; when 1 lpm of
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load



OEH-HHO gas flow at 50% of the rated load, the UBHC emission is more compared to pure pe-

troleum diesel combustion, because at low load conditions, the combustion is incomplete.

Hydrogen is inactive in low temperature reactions also.

Oxides of nitrogen

Figure 7 represents the NOx emission during

the combustion, when OEH-HHO gas was sup-

plied to the engine at 1 lpm and 3.3 lpm of flow

rates and at various load ranges of the engine.

NOx is formed during the combustion because

of three factors, high temperature, oxygen con-

centration, and residence time. If these three

factors present in a combustion chamber, the

NOx formation is more. By analyzing the fig. 7,

clearly the NOx emission various depends upon

the flow rate of OEH-HHO gas. When the flow

rate is 1 lpm and at 50% of rated load of the en-

gine, the NOx emission decreases from 226 ppm

to 191 ppm compares to petroleum diesel com-

bustion, by a decrease of 15.48%, because of poor combustion rate, results in low temperature

atmosphere, which is insufficient to produce NOx. At low to part load conditions, with low con-

centration of hydrogen in fuel mixture, results in low NOx emission [19]. When OEH-HHO gas

flow rate of 3.3 lpm is inducted at 100% of rated load of the engine, the NOx emission is 467 ppm

whereas, the pure petroleum diesel combustion results in 420 ppm, by an increase of 11.19%.

This happens, because of high temperature produced by an instantaneous combustion of

OEH-HHO gas, when ignition is assisted by pilot diesel fuel.

Smoke

Figure 8 compares the amount of smoke emission by the test engine during its combus-

tion, when pure petroleum diesel was combusted and when petroleum diesel with 1 lpm and 3.3

lpm of flow rates of OEH-HHO gas at various load ranges of the engine. When OEH-HHO gas

is inducted into the combustion process, the smoke reduces substantially. The smoke is emitted

from the engine due to the incomplete combustion of the fuel-air mixture. If heavier hydrocar-

bon fuel molecule structure is fractured into

lighter and smaller hydrocarbon structure in

less time, the homogeneous mixture can be

formed. This is what happens, when OEH-HHO

gas is inducted into the combustion process of

the diesel engine. When OEH-HHO gas of 3.3

lpm is inducted at 100% rated load of the en-

gine, the smoke unit is 31 HSU compares to

pure petroleum diesel combustion of 42 HSU,

by a decrease of 26.19%, which was also

proved earlier by Birtas et al. [20]. On the other

hand, when OEH-HHO gas flow rate is 1 lpm

and at 50% rated load of the engine, the smoke

emission increases from 13 HSU to 14 HSU, by
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Figure 8. Variation of smoke emission with load



an increase of 7.69%. This increase in smoke is due to low adiabatic temperature prevails in the

combustion chamber at low concentration of hydrogen. Combustion of hydrogen-air mixtures at

such a low hydrogen fuel concentration is dependent on the local temperature around parcels of

fuel mixtures [24].

Combustion characteristics

Heat release rate

Figure 9 compares the HRR, when

OEH-HHO gas of flow rate of 3.3 lpm at 100%

rated load of the engine and pure petroleum die-

sel combustion at the same rated load. It is very

clear from the graph that the HRR during

OEH-HHO gas influenced combustion of petro-

leum diesel is more, compared to pure petro-

leum diesel combustion. The heat release of

OEH-HHO gas shows distinct characteristics of

premixed type combustion compares to typical

diffusion type combustion of diesel fuel. The

peak HRR of 86 J per deg. CA is achieved with

OEH-HHO gas flow rate of 3.3 lpm assisted pe-

troleum diesel combustion compared to 80 J per

deg. CA achieved in combustion of petroleum diesel without the assistance of OEH-HHO gas.

This is due to high flame speed assisted by high diffusivity of hydrogen makes the fuel-air mix-

ture more homogeneous and creates instantaneous combustion, when OEH-HHO gas is ignited

by pilot petroleum diesel. The maximum heat addition occurs nearer to top dead centre in

OEH-HHO gas combustion process, which resulted in higher cycle efficiency.

In-cylinder pressure

Figure 10 compares the in-cylinder pressure developed during 3.3 lpm of OEH-HHO

gas influenced petroleum diesel combustion and in-cylinder pressure developed during the

combustion of pure petroleum diesel. When, OEH-HHO gas is introduced into the combustion

process of petroleum diesel, the ignition delay

increases by 1°. As the self-ignition tempera-

ture of OEH-HHO gas is more than the pure pe-

troleum diesel, it can't combust on its own,

needs an assistance to start its combustion.

When OEH-HHO gas is assisted by the ignition

of petroleum diesel, the combustion is instanta-

neous and creates high pressure and high tem-

perature inside the combustion chamber. When

analyzing the graph, it is evident that a small fall

followed by an immediate hike in the pressure

curve, is due to the heat observed by fuel drop-

lets during their vaporization from surrounding

heated air presented in a combustion chamber.

The pressure of 72 bar results, when
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Figure 10. Variation of in-cylinder pressure with
crank-angle at 100% rated load of the engine



OEH-HHO gas of 3.3 lpm is inducted into the combustion process, at 100% rated load of the en-

gine. In pure petroleum diesel, the peak pressure resulted in combustion is 70 bar, an increase of

2 bar, when OEH-HHO gas is used as an additive in the combustion of petroleum diesel. The

rate of pressure rise is also higher, as a result of instantaneous combustion of gas mixture.

Conclusions

The following facts are derived based on the present investigation of using OEH-HHO

gas in the combustion process of a DI diesel engine.

� When 3.3 lpm of OEH-HHO gas was introduced into a combustion process of diesel, the

brake thermal efficiency increases from 24.32% to 27.01%, by 11.06%. CO emission

decreases from 0.13% vol. to 0.11% vol., by a decrease of 15.38%. CO2 emission increased

by 6.06%. NOx emission increased by 11.19% and smoke reduced substantially by 26.19 %.

� However, when 1 lpm of OEH-HHO gas was introduced into a combustion process of diesel,

the brake thermal efficiency decreased by 4.15%. NOx emission decreases from 226 ppm to

191 ppm, by a decrease of 15.48%. Smoke emission increases from 13 HSU to 14 HSU, by

an increase of 7.69% and CO emission increases by an average increase of 7.69%.
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