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Abstract: Rapid exhaustion of fossil fuel, exponential increase of automotive vehicles and
stringent emission norms force the researchers to find out an alternative fuel which can be
used in diesel engines with less modification or without any modification. The present paper
reviews the effect of using hydrogen as a fuel in diesel engine. In this review, the
investigations done by the researchers were categorized into three forms. First one was
inducting hydrogen into diesel engine by the way of carburetion, second one wasinducting
hydrogen into diesel engine by the way of manifold and port injection and third one was
inducting hydrogen into diesel engine by the way of in-cylinder injection. In all the
categories, the data of diesel fuel operation was taken as a base line configuration to examine
the effectiveness of the diesel-hydrogen dual fuel combustion.The review showed that the use
of hydrogen as a fuel in a diesel engine, keep the combustion temperaturehigh and increases
NOXemission and reduces smoke emission. It may be concluded that hydrogen is one of the
fuels of future.
Keywords:hydrogen;dual fuel;NOX emission.

Introduction

The diesel engine has been used as an efficient prime mover for a long time. Because of their superior
fuel economy, they are mostly used in heavy duty areas. Due to their high efficiency and comparatively low
pollutant formation characteristics, their application to lighter duty vehicles, like small goods carriers and
passenger cars have drawn much attention in recent years. This development was augmented by the energy
crisis in 1973. Also in recent years, the prominence to conserve petroleum based fuels has provided the
motivation for several studies on the development and testing of alternate fuels in diesel engine. Among these
substitutes, the hydrogen has been found to yield some beneficial effects in spray combustion. Significant
beneficial results have been achieved by the use of hydrogen as dual fuel with diesel [1-7].The use of hydrogen
as a dual fuel needs considerable safety precautionary measures. Since, the ignition energy of hydrogen is very
low. It may back fire during the operation of the engine. Generally, in order avoid any mishap, it is advisable to
use flame traps and flame arrestors. They may be of wet type or of dry type.

Hydrogen Induction Methods

Carburetion

Carburetion is the simplest technique for inducting the fuel - air mix into the cylinder. The air flows
through a venturi nozzle where its velocity gets increased. This leads to a pressure drop in the throat of the
venturi.  Its  magnitude  depends  on  the  air  flow  rate  and  this  draws  the  fuel  into  the  air  stream  [8].  Thus  it
controls the power output of the engine by varying the amount of fuel - air mix drawn into the cylinder. The
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technique of carburetion was used to operate hydrogen engines by several researchers [1-7]. The advantage of
this technique is that it does not require a high pressure hydrogen supply. This technique also allows the fuel to
mix uniformly with the air before being allowed into the cylinder, leading to a more efficient combustion.
However, this technique reduces power by 15% [9].

Inlet manifold and port injection

As the name implies, inlet manifold and port injection methods use a constant amount of air induction
through the inlet manifold per cycle and the fuel is injected into the air stream by a low pressure injector [9].
The power output of the engine can be controlled by the amount of fuel injected into the air stream, thus
allowing the lean burn combustion. In inlet manifold or port injection method, the injection of the fuel can be
scheduled to start sometime after the inlet valve is opened. This increases the cooling effect of pre-inducted air.
This eventually eliminates the hot spots and the pre-ignition [7]. This also reduces the peak combustion
temperature and leads to reduction in NOX emission [10].

Direct Injection

The problem of back fire can be eliminated altogether if there is no combustible mixture present in the
inlet manifold at any time during the combustion cycle [9]. This can be achieved with direct injection of the
hydrogen gas into the cylinder. Most researchers adopt this technique of fuel induction to avoid such unwanted
combustion phenomena [11-19]. In direct injection technique, only air is inducted during intake stroke. The
high pressure gaseous hydrogen is injected into the cylinder at some time during the compression stroke and is
ignited soon afterwards. The high pressure injection of hydrogen creates high turbulence in the fuel - air stream.
This assists the mixing of the fuel with the air and forms more homogenous mixture of fuel and air.

Results and Discussions

Figure 1. Variation of brake thermal efficiency with brake power for different flow rate of hydrogen [20]

Figure 2. Variation of smoke emission with different energy share percent of hydrogen [20]
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Vardeand Frame [20] carried out an experimental study to investigate the possibility of reducing diesel
particulates in the exhaust of the diesel engine by aspirating small quantities of gaseous hydrogen in the intake
of the engine. For this study, they used a single cylinder, naturally aspirated, four stroke, DI diesel engine with
compression ratio of 17.4:1. They found that hydrogen flow rate equivalent to about 10% of the total energy,
substantially reduced smoke emissions at part loads. At the full rated load, reduction in smoke levels was
limited. They related this to the lower amounts of excess air available in the cylinder. In their experiment, they
found that the engine thermal efficiency was dependent on the portion of hydrogen energy, out of the total input
energy supplied to the engine.Figure 1 and 2 Show the variation of brake thermal efficiency with brake power
for different flow rates of hydrogen and variation of smoke emission with different energy share percent of
hydrogen respectively.

Saravanan et al [21] made an experimental investigation in a diesel engine using hydrogen as fuel with
diesel as an ignition source for hydrogen. Hydrogen was injected into the intake port, while diesel was injected
directly inside the cylinder. They varied the injection parameters such as injection timing and injection duration
of hydrogen for a wider range at a constant injection timing of diesel as 23o BTDC. They kept hydrogen flow
rate as 10 lpm for varied load conditions. Their results showed that the brake thermal efficiency got increased
from 23.6% to 29.4% for the injection timing of 5o ATDC with injection duration of 90o CA compared to diesel.
But the maximum brake thermal efficiency obtained was 31.67% at 15o ATDC with 60o CA duration but at this
condition they observed a knocking of the engine. The increase in brake thermal efficiency was attributed to
better mixing of hydrogen with air that resulting in enhanced combustion. They found, the NOX emission was
minimum of 783 ppm for the injection timing of 5o ATDC with the injection duration of 60o CA compared to
diesel of 1981 ppm at 75% load. Figure 3 shows the variation of NOX emission for various load range of the
engine.The NOX emission for diesel fuel operation at full load was 1806 ppm, whereas it got reduced to 888
ppm with injection duration of 90o CA with injection timing of 5o ATDC. The lowest NOX of 705 ppm was
obtained at full load with 60o CA while the injection was made at TDC. The reduction was due to the operation
of hydrogen engine at leaner equivalence ratios. Figure 4 shows the variation of HC for various load range of
the engine.At no load the HC was 3 ppm for the start of injection at 5o AGTDC with 90o injection duration for
hydrogen operation compared to 19 ppm for diesel. At full load the hydrogen operated dual fuel engine
resulting in increase in HC compared to diesel. For hydrogen operation it was 7 ppm at the injection timing of
5o AGTDC with 90o injection duration compared to diesel which was 42 ppm. The reduction in HC was due to
the higher burning velocity of hydrogen; the absence of carbon in hydrogen fuel also reduced the HC emissions
to a great extent. At 75% load condition the hydrogen operated engine at the injection timing of 5o ATDC and
with 90o injection duration, the smoke value was 0.4 BSN whereas for diesel it was 2 BSN. The lowest smoke
value of 0.3 BSN was observed at the injection timing of TDC with 60o injection duration. At full load for the
start of injection at 5o ATDC  with  90o injection duration, the smoke of 0.3 BSN was obtained compared to
diesel of 3.8 BSN. They observed that at no load the CO levels of hydrogen operated engine at all operating
conditions was less than diesel. The CO of 0.01% vol. for hydrogen operation at injection timing of 5o ATDC
and 90o injection duration compared to that of diesel of 0.17% vol. At 75% load the peak pressure was 64.3 bar
for the start of injection at 5o ATDC with 90o injection duration for hydrogen compared to diesel operation of
68.9 bar. At full load the hydrogen operated dual fuel engine resulted in an increase in peak pressure compared
to diesel. The peak pressure for hydrogen operation was 71.7 bar at an injection timing of 5o ATDC and 90o

injection duration compared to diesel of 73.7 bar. This was due to higher burning velocity of hydrogen, which
made combustion as instantaneous.
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Figure 3. Variation of NOX emission with different load range of the engine [21]
The peak heat release rate of hydrogen operated engine was 87.6 J/oCA compared to diesel of 81.5

J/oCA. The maximum heat addition also occurred nearer to ITDC for hydrogen operation, which made the cycle
efficiency to increase.  They concluded that by operating the diesel engine in dual mode with hydrogen, one had
to optimize the injection timing and injection duration.

Figure 4. Variation of hydrocarbon emission with different load range of the engine [21]

Figure 5. In-cylinder gas pressure plot for one cycle in hydrogen direct injection mode [22]
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Antunes et al[22] tested a diesel engine with hydrogen in direct injection mode. Their results showed
that the use of hydrogen in direct injection mode gave a higher power to weight ratio when compared to
conventional diesel-fueled operation, with the peak power being approximately 14% higher. The use of inlet air
heating was required for the hydrogen-fueled engine to ensure satisfactory combustion, and a large increase in
the peak in-cylinder gas pressure was observed which is shown in Figure 5. A significant efficiency advantage
was found when using hydrogen as opposed to diesel fuel, with the hydrogen-fueled engine achieving a fuel
efficiency of approximately 43% compared to 28% in conventional, diesel-fueled mode.

Conclusions

The present review of hydrogen combustion in diesel engine draws the following results.

· Hydrogen can be used in an unmodified diesel engine as a fuel.
· Using hydrogen in dual fuel mode increases Brake thermal efficiency and reduces BSFC.
· NOX emission gets increased because of high in-cylinder temperature.
· Smoke emission gets decreased even at part load operation.

Induction of higher percentage of hydrogen is not advisable as it will create high in-cylinder
temperature and may induce large thermal stresses in the cylinder material. This may be due to its instantaneous
combustion.
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