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ABSTRACT

The present energy situation and the concerns about global warming has stimulated active research interest
in non-petroleum, carbon free compounds and non-polluting fuels, particularly for transportation, power
generation, and agricultural sectors. Environmental concerns and limited amount of petroleum fuels have caused
interests in the development of alternative fuels for internal combustion (IC) engines. Hydrogen is an interesting
candidate for future internal combustion engine based power trains due to its superior combustion qualities like
its very high laminar flame speed, impose specific operating strategies and the adaptation of the conventional
research tools and availability. In the present experimental work hydrogen was injected into the intake manifold
of a single cylinder diesel engine using an injector following the TMI( Time Manifold Injection) technique.
Using an electronic control unit (ECU) the injection timing was varied at 100,450and 800ATDC and the
duration were controlled. From the results it is observed that the optimum injection timing with 800ATDC.
This paper also investigates the combustion and performance characteristics of Diesel engine using hydrogen-
diesel dual fuel mode.
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Introduction

The hydrogen-fuelled internal combustion engines (H2ICEs) offers the potential to utilize manufacturing
infrastructure already developed for petroleum-fueled Internal Combustion Engines, and can serve as an
economical mid-term option for a transportation power plant in a hydrogen (Das, 2002; 2002) economy while
fuel cells undergo continued development. This view has been the accelerant behind a renewed interest and
recent progress in the research and development of the H2ICE. While it is not possible to be inclusive of all
subject matter in the space provided here, the present study provides a representative overview of the “state-of-
the-art” engine-specific H2ICE research. If one tries to find for the definition of a perfect fuel, hydrogen
probably satisfies most of the desirable characteristics of such a fuel. Plentiful and clean-burning, hydrogen
has a very high energy content. It is not only adaptable to power generation but also to industrial, residential
and transportation uses. With higher rate of depletion of the non-renewable fuels, the quest for an appropriate
alternative fuel has gathered great momentum. Therefore, to sustain the present growth rate of civilization, a
non-depletable, clean  fuel must be expeditiously sought. Hydrogen exactly caters to these specified needs. 
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Hydrogen, even though "renewable" and "clean-burning" it does give rise to some undesirable combustion
problems in an engine operation, such as backfire, pre-ignition, knocking and rapid rate of pressure rise.
Though diesel engines are the most trusted power sources in the transportation industry, due to stringent
emission norms and rapid depletion of petroleum resources there has been a continuous effort to use alternative
fuels (Barreto et al., 2003; Kukkonen Carl A, Shelef Mordecai., 1994). While using hydrogen in a compression
ignition (CI) engine, the compression temperature is not enough to initiate the combustion due to its higher
self-ignition temperature. Hence a CI engine requires an ignition source for using hydrogen However, hydrogen
can be used in a CI engine in the dual fuel mode with diesel acting as an ignition source for the hydrogen
fuel in addition to being the main fuel. In this method a large quantity of hydrogen cannot be used, since the
hydrogen will replace the air, thereby reducing the air available for diesel combustion (Guo et al., 1999) in
the present work, hydrogen was injected into the intake manifold and ignited with diesel injected in the
conventional manner.Hydrogen used in the dual fuel mode with diesel by Masood et al. (2007) showed the
highest brake thermal efficiency of 30% at a compression ratio of 24.5. Lee et al. (2001) studied the
performance of dual injection hydrogen fueled engine by using solenoid in-cylinder injection and external fuel
injection technique. An increase in thermal efficiency by about 22% was noted for dual injection at low loads
and 5% at high loads compared to direct injection. Lee et al. (2002) suggested that in dual injection, the
stability and maximum power could be obtained by direct injection of hydrogen. However the maximum
efficiency could be obtained by the external mixture formation in hydrogen engine. Das et al. (2002) have
carried out experiments on continuous carburation, continuous manifold injection, timed manifold injection and
low pressure direct cylinder injection. The maximum brake thermal efficiency of 31.32% was obtained at 2200
rpm with 13 Nm torque.

Hydrogen-it’s Combustion Characteristics:

Combustion characteristics of hydrogen is different from other hydrocarbon fuel. Hydrogen has wider
flammability limits of 4–75% by volume in air compared to diesel of 0.7–5% by volume. One of the
considerable advantages of hydrogen is that the engine can be theoretically operated at lean mixture i.e with
equivalence ratio of 0.1 (Heffel James et al., 1999). The minimum energy required for ignition of hydrogen–air
mixture is 0.02 mJ only. This enables hydrogen engine to run well on lean mixtures and ensures prompt
ignition. However, this creates the problems of early ignition and flashback due to hot spots present in the
cylinder that can serve as a source of ignition. Backfire can be eliminated by avoiding hot spots in the
combustion chamber, and intake manifold that acts as an ignition source for hydrogen and by exhaust gas
recirculation or water injection (Yamin Jehad et al., 2000; Ma Jie et al., 2003). The density of hydrogen is
0.0837 kg/m3, which is lighter than air that it can disperse into the atmosphere easily. Hydrogen has the
highest energy to weight ratio of all fuels. The flame speed of hydrogen is 270 cm/s that may cause a very
high rate of cylinder pressure rise. The diffusivity of hydrogen is 0.63 cm2/s. As the hydrogen self-ignition
temperature is 858 K, compared to diesel of 453 K, it allows a larger compression ratio to be used for
hydrogen in internal combustion engine (Lee and Kim, 2002).

Experimental Setup and Procedure:

The engine used for the investigation was a four stroke water-cooled, single cylinder, direct injection,
vertical diesel engine developing a rated power of 5.2 kW at a rated speed of 25 rps. The engine was coupled
to an electrical dynamometer and resistance loading. The technical specifications of the engine are given in
Table 1. A solenoid-operated hydrogen gas injector was fitted onto the engine cylinder head. The cross-section
of the hydrogen injector is shown in Fig.1 The hydrogen injector was placed just above the intake valve at
a distance of 15 mm from the intake valve seating position (Norbeck Joseph et al., 1996; Lee et al., 1995).
The position of the injector on the manifold is shown in Fig 2 and Fig.3 shows the photographic view. Fig.4
shows the schematic of the experimental setup.

The hydrogen stored in a high-pressure storage tank at a pressure of 140 bar at 32 0C was reduced to a
pressure of 1.2 bar by a CONCOA pressure regulator. A flow regulator in the hydrogen circuit helps to
regulate the volume flow rate of hydrogen in the hydrogen circuit according to ones desire of the amount of
hydrogen to be inducted per computational cycle. A flame arrestor that also acts as a non-return valve was
provided to suppress any possible fire hazard in the system. In addition a bubbler tank is included in the circuit
to dampen out any pressure fluctuations in the hydrogen supply line. The present experimental setup providing
the opportunity to explore the performance and combustion parameters of the experimental four stroke single
cylinder water cooled CI Engine by the virtue of the Unique gas injection system (Heffel James, 2003;
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Frassoldati et al., 2006) developed in collaboration with legion Brothers, Bangalore,India. The gas injection
system has described above was capable of varying the gas injection timing in the inlet manifold as well as
the amount of gas injected as per the desire of the operator.

Fig. 1: Hydrogen gas injector       Fig. 2: Schematic layout of the manifold injector.

Fig. 3: Photographic view of the manifold injector

Table 1: Engine specifications
Type Compression ignition
No. of cylinders One
Bore 80 mm
Stroke 120 mmSpeed
1500 rpmRated power 5.2 kW at 1500 rpm
Compression ratio 17.5:1
Type of cooling Water cooled
Injection timing 230 BTDC static
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1. Hydrogen cylinder 2. Pressure regulator 3. Pressure gauge. 4. Flame arrester 5. Pressure reducer 6. Gas
flow meter. 7. Water bubbling tank 8. Gas injector 9. DAQ station with injector driver & DAQ card and
PC 10. Air filter. 11. VCR engine 12. Electrical dynamometer 13. Loading device 14. Fuel tank 15.
Burette 16.Engine control panel with sensors 17. Computer panel 18. Exhaust Gas Calorimeter. 19. Gas
Analyzer. 20. Crank Angle Encoder.

Fig. 4: Schematic layout of the experimental setup.

In the present work the three injection timing was chosen to gauge the impact of injection timing on the
performance and combustion parameters of the dual fuel engine (Saravanan et al., 2008; 2008). At each
injection timing the quantity of gas injected again varied to realize the impact of quantity of hydrogen injected
per cycle of the dual fuel operation. The gas injection timing was not chosen arbitrarily, but due consideration
was given to develop a homogeneous mixture made available to the pilot charge of diesel at the time of
injection. An injection timing of 10 degree, 50 degree and 80 degree of hydrogen, after TDC during the IVO
to IVC period was chosen. The valve timing of the engine used which shows a valve overlap (Scavenge period
of 90%) where the exhaust valve closes at 4.50Crank angle after TDC thus leaving an effective induction
period of (180+35.5+4.5)-9 = 220. Since there was no point injecting the hydrogen as soon as the inlet valve
opening because due to valve overlap the most of hydrogen gas charge would have been lost without
participating the consequent combustion process. The choice of 10degree ATDC injection was made to capture
most of the available induction period and simultaneously sacrifice a few degree of crank angle of induction
to allow the cooling of any active hotspots by the incoming air prior to hydrogen induction which could have
resulted in pre-ignition. From the observation of pressure Vs crank angle data for the experimental engine
running on diesel only at various loads showed that the maximum suction vaccum pressure occurred at around
45–50 degree ATDC on an average .In order to capture the maximum suction effect and promote homogeneous
mixture of hydrogen and air .Standard value of 50 degree ATDC was chosen as second choice of gas injection.
The choice of 80 degree ATDC was to investigate the impact on Performance and combustion parameters by
the delay injection of hydrogen. Each of gas injection strategies of 10 degree,50 degree,80 degree at various
HYDROGEN flow rates corresponding to the available induction period in each case was repeated
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at15%,35%,50%,65%,85% and 100% load. In the absence of mass flow controller in the circuit and the
pulsation in the induction circuit due to the reciprocating motion of the piston variation were observed in speed
and its corresponding loads to normalize the observations. So all data have been reported in this work on the
basis of the BP which was nearly constant in each cases of loading. The corresponding data was acquired
engine DAQ system as specified in the Spec. list. Notably all data for a particular injection timing and gas
flow rate at a particular load was averaged over 100 cycles to compensate any cyclic variations of
observations. The observations reveals that each case of hydrogen induction caused a definite reduction of
hydrogen induction caused a definite reduction of specific fuel consumption of diesel as compared to its
baseline diesel operation without hydrogen at each point of loading .The experimental engine being a constant
speed one ,the incorporated fuel governor would adjust the fuel rack position to deliver the requisite amount
of diesel fuel in the event of load change reflected by an instantaneous change in engine speed which would
have been adjusted according to the motion of the fuel rack to the same value before the change of load .This
would only be possible if the amount of injected diesel fuel would increase or decrease with the load, thus
registering different specific fuel consumption at each setting of load.

Results and discussion

The various combustion and performance parameters of the dual fuel hydrogen-diesel engine are plotted
with respect to varying hydrogen energy share percentages. The engine was operated at full load at the rated
rpm of 1500 whence hydrogen flow rates were varied in steps to obtain different energy share ratios. The
performance parameters as well as the combustion parameters were noted and then plotted corresponding to
the energy ratio. The flow rates of hydrogen were varied only to an extent to give an energy share ratio of
71.3 %, to avoid possibilities of flashback and blow off.

Combustion Analysis

From the Fig.5 it can be seen that the maximum pressure for the 10 degree ATDC injection was observed
to be 62.73 bar at maximum load for 9000 micro second duration of injection strategy. Thus the 10 degree
ATDC injection strategy provided the maximum opportunity to form a homogeneous charge resulting in more
complete combustion and consequent greater pressure rise as compared to other injection strategies.

                     Fig. 5               Fig. 6

From the Fig.6 it can be observed that the maximum rate of cumulative heat release for the 10 degree
ATDC injection was observed to be 0.7995 KJ for maximum load in the 21000 micro second hydrogen
induction window. The cumulative heat release is indicative of the time and position of the bulk release of fuel
energy which are influenced by hydrogen participation as compared to diesel. 

From the Fig.7 it can be seen that the maximum rate of pressure rse for the 10 degree ATDC injection
was observed to be 7.55 bar per crank angle at 365 crank angle for maximum load in the minimum hydrogen
induction window. The results are in accordance with the findings in the case of maximum pressure spectrum
and complimented by the high flame speed and low auto ignition energy promotes instantaneous combustion
and consequent high pressure rise over a small window of crank travel. From Fig.8 it was observed that the
Ignition delay as measured in degrees of crank travel between start of injection and 5% mass fraction burnt
was 2 degree BTDC for 10degree ATDC injection for nearly all modes of injection duration.
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                         Fig. 7             Fig. 8

Fig. 9

Performance Analysis

Fig:10 shows the effect of hydrogen participation on equivalence ratio and its change w.r.t. baseline diesel
operation at various injection timings. The effect is quite evident of combustion proceeding under extremely
low equivalence ratios and in lower loads there is increased in hydrogen energy share. This is mainly due to
the extremely wide flammability limits of hydrogen. Fig. 11 and shows the effect of hydrogen participation
on BSFC and its change wrt load. BSFC is the more fundamental parameter in gauging the total energy input
to attain an impressed load under dual fuel operation. As indicative hydrogen with its superior combustion
properties of high flame speed, very high heat content helps in achieving a desired load with huge reductions
in BSFC. BSFC decreases with increase in load of introduction of hydrogen.

Conclusions

C The adopted TMI system with gas injector was successful in operating the existing diesel engine without
any flashback phenomena. 

C Specific fuel consumption of diesel was reduced over the entire spectrum of loading with hydrogen
operation where10 deg ATDC injection with maximum injection duration was able to reduce specific fuel
consumption of diesel by a maximum of 87% at low loads. 

C Brake thermal efficiency increased for most of the hydrogen operation with a maximum gain of 18% at
10deg ATDC hydrogen injection for maximum injection duration. 

C Overall equivalence ratio decreased appreciably for all hydrogen enrichment with maximum reduction of
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90% as compared to baseline diesel operation at 2kg load under 10 deg ATDC of injection, thereby
enabling engine operation extremely leaner than diesel operation.

C The maximum pressure for the 10 degree ATDC injection was observed to be 62.73 bar at maximum load
for 12000 micro second duration of injection strategy. 

C The maximum rate of pressure rise for the 10 degree ATDC injection was observed to be 7.55 bar per
crank angle at 365 crank angle for maximum load in the minimum hydrogen induction window. 

C The maximum mean gas temp for the 10 degree ATDC injection was observed to be 1877K for maximum
load in the 21000 micro second hydrogen induction window.

C The maximum rate of cumulative heat release for the 10 degree ATDC injection was observed to be
0.7995 KJ for maximum load in the 21000 micro second hydrogen induction window. 

C The minimum ignition delay for all modes of hydrogen enrichment was 2 degree BTDC for 10degree
ATDC injection for nearly all modes of injection duration.

                        Fig. 10   Fig. 11

                       Fig. 12     Fig. 13
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