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Abstract

Active research in the development of hydrogen-fuelled low-emission engines is being pursued at the Engines and Un-
conventional Fuels Laboratory of the Indian Institute of Technology (IIT), for a period of close to two decades. This paper
highlights the signi4cant pursuits and attainments of the research and development (R&D) activities carried out in IIT, Delhi
on hydrogen-operated engines. Both spark ignition (SI) and compression ignition engine test rigs have been developed and
instrumented for the use of hydrogen fuel. Several existing petroleum-fuelled engine con4gurations have been modi4ed by
taking care to observe that the converted system does not need substantial hardware modi4cations. Various fuel induction
techniques have been experimentally evaluated keeping in view the temperamental combustion characteristic of this fuel. Cu-
rative and preventive steps have been adopted and suitable retro4ts and subsystems have been installed at the appropriate
locations to preclude the possibility of any undesirable combustion phenomena such as back4re, knocking and rapid rate of
pressure rise. Performance, emission and combustion characteristics of the systems have been determined. It has been observed
that an appropriately designed timed manifold injection system can overcome the problem of back4re in a hydrogen engine.
NOx emission level from a hydrogen-operated SI engine can be drastically reduced by way of lean engine operation.

1. Introduction

In the history of internal combustion engine development,
hydrogen has been considered at several phases as a sub-
stitute to hydrocarbon-based fuels. An incorrect assessment
of the plentiful supply of petroleum fuels had given the
false con4dence of this being a perennial source at all times.
Therefore, all the research and development (R&D) activi-
ties were carried out of the laboratory curiosity mainly with
an objective to evaluate the suitability of hydrogen as an
engine fuel. Of course at some other instances particularly
at the time of world wars, hydrogen was tested in vehicles.
But since the shortage of petroleum-based fuels were too

short-lived, all these activities were without any sustained
interests. Evolution of hydrogen-operated engine tech-
nology at various stages of system development is given
elsewhere [1]. Till the early 1970s, petroleum was con-
sidered as the perpetual fuel source when it was realized
that the petroleum-based fuels were dwindling fast and at
the same time, the rate of consumption of these fuels was
increasing at a much faster rate. Thus came the challenge to
identify alternative fuels. By this time, the damaging eCects
of environmental degradation had also been felt. It was
therefore thought that any alternative sought in place of con-
ventional petroleum fuels should also be environmentally
compatible. Over the years, many renewable clean-burning
alternative fuels have been studied. Alcohols (both ethanol
and methanol), compressed natural gas (CNG), lique4ed
petroleum gas (LPG), Bio-gas, producer gas and a host of
other alternatives were investigated as alternative fuels for
both the spark ignition (SI) and compression ignition (CI)
engines.
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Hydrogen is perhaps the ideal fuel in view of its ability
to be generated from a host of non-fossil sources. Hydrogen
combustion does not produce any of the major pollutants
such as CO, HCs, SOx, smoke, lead or other toxic metals.
Sulphuric acid deposition, benzene and other carcinogenic
compounds, ozone and other oxidants are intrinsically absent
in a well-designed neat hydrogen engine. Oxides of nitrogen
is the single pollutant which needs to be closely monitored.
Thus, hydrogen is probably the unique versatile fuel which
provides permanent solutions to fuel depletion and global
environmental problems. It will perhaps be appropriate to
emphasize here that hydrogen has made signi4cant progress
over the past two decades and a large number of researchers
and industrial personnel have directed their serious eCorts to
several directions of hydrogen energy related to generation,
storage and utilization of hydrogen. Besides, the transmis-
sion and distribution of the fuel forms an important area of
study. Onboard storage for vehicular application also forms
an important aspect to be resolved before a wide-scale im-
plementation is taken up [2]. A detailed discussion on these
aspects of the fuel is beyond the scope of this paper. In view
of the title of the paper, the descriptions given here will be
restricted to the research and development activities carried
out in Indian Institute of Technology, Delhi with speci4c ref-
erence to hydrogen-operated internal combustion engines.

2. Engine systems investigated

The team of faculty, researchers, students and the
technical staC of the Engines and Unconventional Fuels
Laboratory of the Centre for Energy Studies in Indian In-
stitute of Technology, Delhi are actively engaged in the
development of operating engine systems on various alter-
native fuels. Hydrogen, amongst all these fuels, has been
consistently studied during a period of over two decades.

In the initial attempts of introducing hydrogen to an
engine, hydrogen supplementation was adopted for a
single-cylinder SI engine. This study was aimed at de-
veloping an existing engine system to accept hydrogen
as a supplementary fuel in addition to the conventional
gasoline. The results were very encouraging and the
hydrogen-supplemented engine could be operated with
good performance characteristics. As far as the combustion
studies are concerned, the results of this study also showed
that use of hydrogen, in conjunction with gasoline was
able to increase the Hame [3]. With an eCort to expand
the application of hydrogen, a single-cylinder SI engine
was adopted for neat hydrogen operation [4] in the next
phase of activities. A detailed theoretical and experimental
investigation was carried out in this study on a research
engine which had the capability of altering the compression
ratio, spark timing and many other important parameters
when the engine was running. This engine used carbu-
retion as the fuel induction mechanism. In the course of
tests, a lot of care was taken to avoid any problems due to

the well-known phenomenon of back4re. The engine was
able to operate smoothly within the equivalence range of
0.4-0.8 without frequent symptoms of back4re. Most of the
advantageous features such as quality governing, ultra-lean
operation, high thermal eJciency and low exhaust emis-
sions in the equivalence range of 0.3-0.5 were distinctly
brought out in this work [5]. The theoretical work of this
investigation involved the development of a mathematical
model which could predict the quantitatively formed NOx

concentration in the cylinder of a pre-mixed hydrogen en-
gine under various operating conditions. It will perhaps
be appropriate to mention at this point that this study on
carburetted version of the hydrogen engine was carried out
on a relatively new engine. Therefore, the frequency of any
undesirable combustion phenomena was few and far be-
tween. Subsequently, in the experiments in the later phase
with the same engine, the problem of back4re and rapid
rate of pressure rise were frequently experienced. A close
study on hydrogen-oxygen combustion mechanism [6] is
very important, primarily with an objective to assess how
diCerent it is from petroleum-based liquid fuels.

After an exhaustive study to identify the various causes of
back4re, it was clearly observed that carburetion is not the
appropriate fuel induction technique for a fuel such as hydro-
gen which has combustion characteristics widely diCerent
from conventional petroleum fuels. The problem becomes
more pronounced with old engines where the possibility of
deposits in the combustion chamber is higher. In course of
some studies with the carburetted engine, it was observed
that a normal spark plug sometimes act as a vulnerable po-
tential hot-spot leading to premature ignition. Detailed stud-
ies [7] of our tests show that causes of back4re could be due
to hot-spots in the combustion chamber and residual partic-
ulate matter from the oil. In a typical multi-cylinder auto-
motive engine, it was observed that communication of fresh
charge with burning exhaust gases from another cylinder
could also be the cause of back4re. Extreme lean operation
in the presence of still-burning gases from the previous cy-
cle (particularly when the intake valve opens) was also ob-
served to be the cause of back4re in several con4gurations.
On the basis of these tests, it was conclusively observed
that design of an appropriate fuelling system is extremely
signi4cant for operation with hydrogen fuel.

The other major study involving a spark ignition engine
was carried out on a multi-cylinder engine. Fig. 1 shows the
schematic diagram of this test. Since NOx happens to be the
only pollutant of concern for hydrogen-operated engines,
this study was carried out on the typical automotive engine
using exhaust gas recirculation (EGR) [8]. Hydrogen sup-
plementation rather than neat hydrogen operation formed the
focus of this study [9]. One of the relevant approaches to this
study was to examine the operating conditions of an actual
automobile with mixed fuel (hydrogen and gasoline) oper-
ation and the level of NOx emissions from the engine. An
automobile using hydrogen and gasoline can pro4tably make
use of both the fuels at de4nite operating conditions. During
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Fig. 1. Exhaust gas recirculation adopted for a typical multicylinder engine.

starting and idling conditions of the automobile, hydrogen
can be used with an excess of air. Under full load conditions,
the automobile can run on gasoline. In the start-and-run
mode of actual vehicular operation as well as in the in-city
driving conditions, hydrogen and gasoline can both be used.
Our study shows that EGR was a very eCective technique
in bringing down the level of NOx concentration.

3. Compression ignition engine

Compression ignition engines can serve the requirements
of applications which require a larger power output such as
heavy traction vehicles and stationary power supply units.
Apart from the family of spark ignition engines as described
earlier, the compression ignition engines were also modi4ed
in our lab for hydrogen operation. It is important to mention
here that since hydrogen has an auto-ignition temperature
of about 576° C, it is not possible to achieve ignition of
hydrogen by compression alone.

Some source of ignition has to be created inside the com-
bustion chamber to ensure ignition. Some eCorts were taken
by several investigators for several diCerent con4gurations
of the compression ignition of hydrogen where combustion
triggering devices were installed in the combustion chamber

such as installation of glow plugs in the combustion cham-
ber to achieve compression ignition. In some other cases,
there have been studies related to the preliminary addition
of fuel to the combustion chamber through either pilot in-
jection or a small leak. Researchers at Cornell University
failed to achieve the compression ignition of hydrogen at a
compression ratio as high as 29 [10].

In consideration of the above test experiences and the re-
ported literature, activities on hydrogen fuelling of a diesel
engine in our lab were based on dual-fuel mode. Such a sys-
tem did not need a major hardware modi4cation. Tests were
carried out on a small utility engine with hydrogen substi-
tution in varying degrees. The main objective of these tests
was to assess the optimum level of full-load energy substi-
tution by hydrogen. After carrying out a series of tests with
hydrogen-diesel mode of operation, it was felt essential that
the symptoms of knock should also be experimentally eval-
uated. Diluents such as nitrogen, helium and water were
introduced to the system as diluents in various proportions
primarily to achieve knock-free operation. In all these tests,
the proportions of the particular diluent were determined
to achieve high knock-limited power output along with a
maximum level of hydrogen energy substitution. It was
observed in this study series that hydrogen fuel can be
used as a supplementary fuel in a diesel engine due to two
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important considerations such as conservation of diesel oil
and reduction of exhaust pollutants such as CO, HC and sul-
phur compounds. Our tests also clearly showed that addition
of diluents improves the knock-limited engine operation.
Such a situation also increases the optimum level of energy
substitution by hydrogen fuel. In the present study, three
diCerent diluents such as helium, nitrogen and water were
considered. They had their speci4c merits and limitations.

A comparative assessment among the three diluents shows
that conventional diesel engines can be converted to oper-
ate on hydrogen-diesel dual mode with upto about 38% of
full-load energy substitution without any sacri4ce on the
performance parameters such as power and eJciency. Ni-
trogen was found to be the best diluent from the point of
view of smooth engine operation. Only 30% of nitrogen by
volume was necessary to achieve the highest thermal ef-
4ciency and power output under smooth engine operating
conditions. There was no symptom of knocking under these
conditions. As far as the eCect of helium as a diluent is con-
cerned, 10% of helium by volume of hydrogen was found
to be optimum from engine's operational point of view. Ad-
dition of further helium beyond 10% as a diluent did not
show any marked improvement. Water, on the other hand,
proved to be better from exhaust emission point of view. In
a series of exhaustive tests it was observed that 2460 ppm
of water made it possible for the engine to adopt the highest
level of hydrogen-energy substitution—up to 66% without
any undesirable combustion phenomena. The level of loss
of power and eJciency was almost negligible. A long-term
endurance study on this system showed that there was no
problem related to material compatibility on such con4gu-
rations and as such they can be safely adopted. Details of
these studies are described elsewhere [11-15].

4. Fuel induction techniques investigated

As far as the development of a practical hydrogen en-
gine system is concerned, the mode of fuel induction plays
a very critical role [16]. Five diCerent fuel induction mecha-
nisms were experimentally evaluated [17]. These include the
following:

1. Carburetion.
Continuous manifold injection (CMI).
Timed manifold injection (TMI).
Low-pressure direct cylinder injection (LPDI).
High-pressure direct cylinder injection (HPDI).

The engine was operated using all these fuelling modes.
As discussed earlier, carburetion is not at all suitable for
hydrogen engine, because it gives rise to uncontrolled com-
bustion at unscheduled points in the engine cycle. As far
as continuous fuel injection is concerned, the engine did
not show a substantially diCerent response from carburetion.
The symptoms of back4re were experienced at unscheduled
points in the engine cycle with CMI operation. Moreover,

our tests with TMI showed that the engine was able to run
smoother when compared to CMI over a wider operating
range of speed and equivalence ratio. It was so because hy-
drogen is a gaseous fuel and because of hydrogen's wide
range of Hammability limit, CMI is probably not a very dif-
ferent approach from that of carburetion. Fig. 2 shows the
variation of indicated thermal eJciency (ITE) with respect
to equivalence ratio for both the fuelling modes such as CMI
and TMI.

As far as the direct cylinder injection is concerned, it
intrinsically precludes back4re. However, our limited tests
with LPDI indicated that it is very tough for the injector to
survive in the severe thermal environment of the combus-
tion chamber over a prolonged engine operation. The other
problem which is characteristic of cylinder injection is that
the time allowed for mixing of hydrogen and air after in-
jection [17] is very brief. This often results in incomplete
combustion. Fig. 3 brings about a comparative picture be-
tween brake thermal eJciency (BTE) with respect to the
equivalence ratio at a particular speed for both the TMI and
LPDI operation. Fig. 4 demonstrates the variation of BMEP
with respect to speed for both TMI and LPDI operation. All
through our tests with LPDI we were never confronted with
the phenomenon of back4re. But the situation leading to a
complete combustion of the fuel was never attained. Thus,
after exhaustive tests on the research engine with various
fuel induction techniques, timed manifold injection was ob-
served to be the most pragmatic mode of hydrogen fuelling.

4.1. Logistics of timed manifold injection (TMI) for tests

It was observed that TMI systems oCer an alternative
to load control method by throttling. It possesses the abil-
ity to initiate fuel delivery at a timing position sometimes
after the beginning of intake stroke. The system was thus
designed so that the intake manifold does not contain any
combustible mixtures—thereby avoiding extreme situations
leading to undesirable combustion phenomena. TMI system
is designed to ensure air being inducted prior to fuel de-
livery. This provides a pre-cooling eCect and thus renders
the pre-ignition sources ineCective. Furthermore, it helps to
quench and dilute any residual combustion products that
could be present in the compression space near TDC. A
hydrogen-operated engine adopting timed manifold injec-
tion system embraces the bene4ts of both the CI as well as
SI engine. In course of the tests it was observed that the
system was capable of possessing the unique capability of
diesel-like quality governing and matching the thermal ef-
4ciency of a diesel engine, while developing the speci4c
power output of an SI engine.

The actuation mechanism played a very important role in
the development of a TMI-operated hydrogen engine. The
physical design of the injector was very sensitive. An in-
tegrated control system depends on the response, controlla-
bility and fuel-feeding capacity of the injector. In our tests
with the TMI system, an ultralean engine operation with
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equivalence ratio 0.24 could be attained [17]. It is important
to mention here that the development of an injection system
for hydrogen operation must take into account some of the
typical combustion characteristics of hydrogen fuel. These
are mainly the low ignition energy, Hammability limit and
the quenching distance of the fuel.

Fig. 5 shows the minimum ignition energy for hydrogen
and methane. Such a comparison was felt necessary in the

context of this paper because CNG has already occupied
the status of one of the most common alternative fuels for
vehicular application in many parts of the world and CNG
has methane as its major constituent. Compared to the con-
ventional petroleum fuel, the low minimum ignition energy
of hydrogen enables the ignition system to be eCective with
a very low-energy spark. At the same time, this property
makes the system susceptible to surface ignition. Similarly,
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the Hammability limit of hydrogen is a crucial factor to be
considered for the design of the injection system. The lower
Hammability limit hydrogen (4% volume) seems to be su-
perior to gasoline (1.3%) as this is possible to adopt quality
regulation, thus eliminating pumping losses and permitting
unthrottled operation. Quality governing can be very con-
veniently adopted in TMI system, because fuel delivery rate
and air intake rate are independent of each other. On the
basis of quenching distance, hydrogen combustion becomes

diJcult to quench. But a Hame in hydrogen-air mixture
escapes more rapidly even from a nearly closed valve.

4.2. Development of injection systems

After the preliminary tests with the various fuel induction
techniques, it was observed that an appropriate fuel induc-
tion mechanism must be developed to run the engine. The
initial activity related to the development of injector was
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Fig. 6. An assembly of diesel injector and the hydrogen injector.

Fig. 7. Hydraulically operated injection system installed in the engine.

carried out in a research engine which had the capability
of running on gasoline as well as diesel. Since the engine
system had a fuel pump, the 4rst injector developed was
hydraulically operated. Diesel was being used as the recir-
culating Huid and hydrogen was being injected at the appro-
priate point in the engine cycle. Fig. 6 shows an assembly of
diesel injector and the hydrogen injector and Fig. 7 shows
this injection system installed in the engine. This actuating
system proved quite eCective in operating the engine. But
the major limitation for this con4guration was that it had
to have diesel as the circulating Huid to facilitate hydro-
gen injection. Thus, the system was not suitable for regular
applications in the existing conventional engines. The sec-

ond phase of injector development put more emphasis on
the actuation mechanism. A cam-actuated injection system
was developed to provide the drive for the injector to oper-
ate. Fig. 8 shows the engine with the cam-actuated injection
system installed on it. It is extremely essential to mention
here that both the hydraulically operated and cam-actuated
injectors were very carefully fabricated. After a series of
preliminary tests, an appropriate material (an alloy steel)
was chosen so that the overall injection system, consisting of
several moving parts maintained the alignment throughout
the entire range of engine operation. The selection of vari-
ous parts of the injector was also very carefully done. Apart
from the selection of the proper material, some parts were
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Fig. 8. A cam-actuated injection system installed in the engine.
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heat-treated and nitriding was done to ensure reliable oper-
ation of the system. It was very important that the moving
parts maintain the desired alignment during engine opera-
tion and that the injector nozzle should not leak at unsched-

uled points. An elaborate description of all the steps leading
to the development of a leak-proof reliable system and the
appropriate mechanism is discussed elsewhere [17-19]. In
both the above cases, the injector was developed to operate
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a research engine where inbuilt facilities already existed to
ensure an eCective actuation mechanism. From a practical
point of view, the cam-actuated mechanical injection system
is quite reliable.

Most part of the tests in the laboratory were carried out
with the cam-actuated injection system using timed manifold
injection. Figs. 9-12 show some of the typical engine char-
acteristics correlating with various performance parameters
such as BTE, brake mean eCective pressure (BMEP), brake
speci4c fuel consumption (BSFC) and operating equiva-
lence ratio of the hydrogen-fuelled SI engine using TMI
operation. In the unmodi4ed engine meant for gasoline oper-
ation, the spark timing was adjusted for gasoline operation.
However, investigated the engine at various equivalence
ratios and speeds to evaluate the minimum for best
torque (MBT), conditions. Fig. 13 shows the varia-
tion of spark advance with respect to equivalence ra-
tio. This is useful to 4nd out the optimum spark tim-
ing for running the engine at speci4ed operating condi-
tions. The ignition advance and retard degree scale in
the engine were accordingly adjusted for MBT operation
to eCectively 4x the altered spark timing in the exist-
ing engine con4gurations. Various aspects of investiga-
tions carried out in the laboratory are described in other
publications [16-23].

The gas injection system forms an important aspect of
research and development activities even today. Several
con4gurations of fuel injectors have been developed for
gasoline operation. However, they will not work with

hydrogen fuelling because of the extremely low energy
density of hydrogen as compared to gasoline. Gas injec-
tion systems developed for compressed natural gas are not
likely to be suitable for application with hydrogen engine
mainly because of the diCerence in combustion character-
istics such as minimum ignition energy and Hammability
limits. In this context, it is very important that a speci4c
gas injection system be developed based on the speci4c
combustion characteristics of the particular gaseous fuel
whether it is hydrogen or compressed natural gas. Based on
the test experience of the two earlier designs of the injector,
it has become amply clear that the desired injection system
should have an adequate Hexibility to provide appropriate
mixture to the engine at the appropriate point in the engine
cycle.

Both the hydraulically operated and the cam-actuated
injection systems were developed on the research
engine, which had the inbuilt facilities to install these drives.
However, one of the basic objectives was to install the
injection systems in the existing small engines which are
used in various sectors of the country. It was not a very
convenient approach because these small engines have
neither the diesel pump nor the cam as an integral part
in the test rig to ensure an eCective fuel actuation mech-
anism. Keeping this in view, an electronically controlled
solenoid-actuated injection system was developed [24] for
its ability of widespread application potential. The system
constituted designing a pulse-width modulated injection
system. In such a design, changing the pulse width of the



962 L.M. Das / International Journal of Hydrogen Energy 27 (2002) 953-965

48 - RRM. = 1800

00 0-1 0-2 0 3 04
Brake Mean Effective Pressure (MPaJ

Fig. 12. BTE vs. BMEP.

0-5

control pulse given to the injector regulates the fuel. Fig.
14 shows the injector and Fig. 15 shows a photograph
of the test rig using this injection system. A comparative
evaluation of the various performance characteristics of
the engine was carried out using compressed natural gas
and hydrogen as fuel [25] for the small horse power utility
engines.

5. Emissions studies

The most signi4cant aspect of hydrogen operation was
based on achieving a smooth engine operation. A typical
pressure crank angle diagram Fig. 16 very distinctly shows
smooth operation of the engine without any abnormal com-
bustion problems. In all our tests on hydrogen engine, only
oxides of nitrogen have been investigated, because this hap-
pens to be the only signi4cant pollutant of concern in hy-
drogen engine. However, there have been reported results

on studies with hydrogen-supplemented engine where the
exhaust emission levels of CO and unburnt hydrocarbons
have been evaluated [26,27]. Some researchers have also re-
ported the level of hydrogen peroxide from the exhaust of
a hydrogen-operated engine [28]. Some studies were also
carried out to a limited extent in our laboratory with water
injection and the results were bene4cial for NOx reduction.
It has already been stated earlier that NOx emissions can
be drastically brought down in a multi-cylinder automotive
engine by way of exhaust gas recirculation [8,9].

However, the most signi4cant outcome with respect to an
SI engine [17,29] has been illustrated in Fig. 17. It is evident
from this 4gure that the level of NOx emission was almost
negligible for a TMI-operated SI engine for an equivalence
ratio below 0.6. As is well-known, the mechanism of NOx

formation is highly temperature-dependent. With lean oper-
ation in hydrogen engines, the lower temperature and slower
chemical reactions weaken the kinetics and limit the forma-
tion of NOx. It was also observed during the tests that the
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Fig. 14. Electronic injector (actuated by solenoid).
Fig. 15. Test rig using solenoid-actuated electronically controlled
injection system.

compression ratio also inHuences the NOx emission level.
NOx emission indicated an increasing trend with equiva-
lence ratio and reached a peak value around an equivalence
ratio of 0.9. Compression ratio also inHuences the NOx emis-
sion level. As shown in Fig. 17, an increase in compression
ratio shows an increase in NOx emission level. This is due
to the increased temperature conditions. Interestingly, the
increase in compression ratio and the corresponding in-

crease in temperature level often lead to a higher Hame
speed condition which in consequence reduces the resi-
dence time. During many tests in the laboratory, it was
observed that between the two factors (such as increased
temperature and decreased residence time), the eCect of
the former most often predominates thereby resulting in
higher levels of NOx corresponding to a higher compression
ratio.
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Fig. 16. A typical pressure crank angle diagram.

0.4 0-6 0.8 10
Equlvolence R o t l o ( ^ ) — "

Fig. 17. Variation of NOx with equivalence ratio.

6. Conclusions

The multi-year studies in the Engines and Unconventional
Fuels laboratory of IIT Delhi clearly show that hydrogen

can be used in both the spark ignition as well as compres-
sion ignition engines without any major modi4cations in the
existing systems. An appropriately designed timed manifold
injection system can get rid of any undesirable combustion
phenomena such as back4re and rapid rate of pressure rise.
Thus, it is the most pragmatic route of fuelling the spark
ignition engines. With a view to ensure an early entry of
hydrogen into the existing energy infrastructure, it is per-
haps better to adopt hydrogen supplementation for automo-
tive applications and compression ignition engines that can
be operated on dual fuel mode. Such systems can be very
suitable for application as decentralized energy units. The
level of NOx emissions can be largely decreased by operat-
ing the engine monitoring conditions.
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