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Abstract—Combustion of hydrogen with air is receiving increasing attention in the future energy scenario. This paper
broadly discusses the hydrogen combusiion techniques in vatious thermal systems. A more elaborate discussion has
beett made with respect to internal combustion engines where a big role for hydrogen is envisioned particularly in
the present context of energy crisis and environmental degradation.

INTRODUCTION

If one tries to find for the definition of a perfect fuel,
hydrogen probably satisfies most of the desirable char-
acteristics 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. Hydrogen possesses
excellent physicochemical properties such as low mini-
mum ignition energy wide ignition limits and high flame
propagation rate. Fundamentally, hydrogen as a fuel is
no more dangerous than gasoline or natural gas, but it
has different properties from the conventional fuels which
need a different set of precautionary measures to handle it.

It is the combustion-related properties of hydrogen
which must be carefully studied before planning out any
large-scale utilisation of hydrogen fuel in the industrial,
residential and transportation sector. An effort has been
made in this paper to discuss the relevant hydrogen—
oxygen reaction mechanism and its application to various
thermal systems. A more detailed description has been
made possible in respect of internal combustion engines,
because of the author’s involvement is this field of study.

HYDROGEN-OXYGEN REACTION MECHANISM

The hydrogen—oxygen reaction mechanism has been
extensively studied over the years and has already got
widespread application such as in high energy rocket
engines. More recently it has become extremely evident
that combustion of hydrogen with air will continue to
receive increasing application primarily because of the
non-polluting characteristics of this combustion process.
In this context it is essential to discuss the hydrogen

oxygen and hydrogen air combustion reactive mechan-
ism.

It has been observed that under ambient conditions of
temperature, hydrogen and oxygen de not enter into any
direct reaction between them in absence of a catalyst. It
is further seen if a mixture of hydrogen and oxygen geis
exposed to light oxygen gets activated usually by way of
dissociation. In the presence of the sensitizers of Ci, N, O,
and NH;, a set of secondary reactions take place and
form H atoms. These H atoms enter into a reaction with
the activated oxygen thus forming H,0.

A catalytic reaction takes place with metals such as
platinurn, under such circumstances, H,O gets formed as
a byproduct. Schlosser [1] reporis a similar calalytic
reaction, called branching-chain reaction which is ex-
tremely important. In such a mechanism, each cycle of
the chain results in a net increase in the number of chain
carriers such as radicals or atoms. A typical exampk of
the hydrogen—oxygen branching chain explosion is given
in Ref. [21.

H, + O, — 20H (Initiating)

H + O, - OH + O (Branching)

O + H, —» OH + H (Branching)
OH + H, = H,0 + H {Propagating
H+ H+ M- H, + M (Terminating}

3
g Branched chain
)

1t has been conclusively established that one cycle of
this reaction produces a net increase of two hydrogen
atoms in the reactive system. Unless these two hydrogen
atoms are used up in the same length of time the reaction
rate goes on increasing exponentially with ume and
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Fig. 1. Explosion limits of a hydrogen-oxygen system.

results in an explosion. Such a situation can however be
avoided if the terminating processes are rapid. Figure |
shows a typical explosion-limit diagram for a chain
branching reaction, of a hydrogen—oxygen system [3].
The phenomenon of different types of pre-ignition can
be best understood by a close examination of this map.
Preignition can occur during the intake stroke specified
by the second explosion limit of 50 mmHg, This usually
occurs by way of heat transfer from the wall or from hot
particles. During the pre-ignition at intake stroke, the
temperature level remains equal to or greater than the
second explosion limit corresponding to a particular
pressure. In fact, to ensure conditions leading to pre-
ignition charge has to remain at the temperature level
for a minimum period specified by the induction time.
This holds good for temperature ranges much above the
explosion limit. Such a trend is well-illustrated in Figure
2. According to Momthileff et al. [4], induction time is
proportional to the reciprocal of the exponential of the
reciprocal of the absolute temperatures. Diffusion-con-
trolled wall reactions accompanied by recombination
help reduce the amount of active atoms and radicals in
the volume, Examples of wall reactions involving recom-
bination are given by

H+H —H,
0 + O - 02
OH + OH - H,0,.
The behaviour of such wall reactions depends to a

large extent, on the operating pressure ranges. Within
pressure ranges below 5 mbar the reaction of hydrogen
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Fig. 2. Effect of temperature on induction time.

with oxygen takes place at a relatively lower intensity. If
the pressure is further increased, the explosive combustion
stage is reached. Further increase in pressure brings the
system to another range without explosive combustion.

H + 0, + M - H,0 + M stop the chain reaction in
the gas phase M = Neutral Molecules in the gas.

The combustion phenomenon takes an interesting turn
if the pressure is further increased. The process of diffusion
slows down.

HO, + H, >H,0, + H
H,0, + M - 20H + M.

With HO,, radical as a chain carrier as shown in the
above reactions, the process of combustion turns into a
heat explosion. Figure 1 very distinctly shows the occur-
rence of an explosion peninsula and the existence of three
well-identifiable pressure limits over a short temperature
range. These limits are usually referred to as the first limit
(C due to wall), recombination second limit {C due to
gas phase recombination) and the third limit (high
temperature). Chain branching theory is not able to
predict the occurrence of the third limit.
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It has been reported in the literature that the second
explosion limit varies with geometry, size and the surface
material of the system. Concentration of any inert species,
(if present) also have some definite influence on the second
explosion limit. This is given by the relation

Py +by Py + ¥ 6P =K

where b, is the coefficient of the particular species
P, is the partial pressure of species "I’

K 1s the constant.

Minkoff and Tipper [5] have experimentally evaluated
the value of b, (the pressure coefficient for second
explosion limit).

Pre-ignition which usually takes place during compres-
sion stroke is explained by the third explosion limit. As
a consequence of the increase in pressure, the third
explosion limit {the temperature level) gets decreased.
This is clear from the branching relations. There occurs
a rapid sell-heating from these branching reactions.
Minkofl and Tipper {5] suggest that the inert gases slow
the reaction rate according to the formula

r = K(PpPo, ¥ CP,
i=1

where + = reaction rate

K = constant of proportionality

C, = Effectiveness constant for ¢ach of the ‘n’
various inert species.
This is also referred to as the third
explosion limit pressure coefficient.

P, = Partial pressure of species.

Table | gives a comparative picture of the second
explosion limit pressure coefficient (b,) and effectiveness
constant (C,) for various species [3, 5-71.

Table 1.

Species Second explosion kimit  Third explosion limit
pressure coefficient pressure coefficient
thy) (Y
Ar 0.2 {3
Co, Lo 10
He 0.4 0.3
H,0 10 17-23
N. 04 1.0
0, 04 1.0

The description given above relates to the hydrogen—
oxygen reaction. But, while considering the hydrogen-aic
combustion mechanism, the part played by nitrogen
should also be taken inte account [8]. As is widely

accepted Zeldovich mechanism given by the equations
below explains the reaction and formation of nitric oxide.

O +N,=NO+N
N+0,=NO+O

In fact, Zeldovich was the first to explain the significance
ol these reactions. Lavoie ef al. [9] have added the
reaction N + OH = NO + H to the Zeldovich Mechan-
isn and this reaction has been found very usefu! in
explaining the principal reactions. Newhall and Shahed
[10] have reported that *"NO’ formulation takes place
mostly behind the flame front.

EXPLOSION AND DETONATION

Hydrogen gas, like other fuels can burn in two modes.
The ordinary mode of burning in called deflagration, in
which the flame travels through the mixture at subsonic
speed. This happens when an unconfined cloud of hy-
drogen--air mixture is ignited by a small igaition source.
Under these circumstances the flame travels over a very
wide range anywhere from 10 (o several hundred metres
per second. The rapid expansion of hydrogen gas sets in
a pressure wave. This generates a very loud noise giving
the impression of an explosion. The pressure wave from
rapid unconfined burning is not extremely severe, al-
though sometimes it is strong encugh (o damage the
structures in the neighbourhood.

The other mode of burning is called detonation, in
which a flame and shock wave travel together through
the mixture at supersonic speed. A detonation often builds
up from an ordinary deflagration that has been ignited
in a confined or partly-confined mixture. This is true even
though ignition may have been caused by a minimal
ignition energy.

Yu et al. [11] carried out an investigation involving
methane-air and propane-air mixtures with and without
the addition of stoichiometrically small amounts of
hydrogen. They were able to evaluate the laminar flame
speed of the above mentioned mixtures using the sym-
metrical, adiabatic and counter flow arrangement. In-
itially they measured the fame speeds with stretch and
then made a linear extrapolation of these vaiues to zero
stretch. Their results conclusively showed that the flame
speed gets substantially increased with hydrogen addi-
tion, The methodology developed by these researchers
has been very useful in determining quite accurately the
laminar flame speed over a very wide range of cquivalence
ratio.

STEADY AND UNSTEADY HYDROGEN
COMBUSTION IN VARIOUS SYSTEMS

Depending upon the application range the types of
combustion can be classified as steady or unsteady,
Steady combustion of hydrogen manifests itseif distinctly
on systems ranging from simple flame burners (for
heating)to catalytic heater, steam and gas terbines, rocket
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Fig. 3. Laminar burning velocity as a function of excess air.

engines and jet engines. Unsteady combustion, on the
other hand can be predominantly applied to internal
combustion engines.

Flame burner, caralytic heaters and combustors

It has been found that there are some purely catalytic
systems at ambient temperature as well as some hybrid
systems with combustion occurring in the ranges of 5060°C
to 1200°C [12, 13]. The most prominent feature of the
combustion is that it fully utilises the upper heating value
and the reaction is free from pollutants. While the hybrid
catalytic systems {operate in the ranges between 500°C
and 1200°C) reach 10°-10* KW/m?, purely catalytic
heaters (operate from ambient to about S00°C) reach
only 3-30 KW/m? The upper limit in such cases is
governed by the catalyst material as well as the amount
of unburnt hydrogen in the exhaust gases. Normally for
temperatures beyond 100°C, catalysts based on copper
oxide and manganese oxide (Hopcalite) are used. It has
been found [14, 15] that an additive of highly active
catalysts is essential to ensure efficient catalytic reaction
at ambient or relatively lower temperature. Platinum
metals {0.015-0.25 mg/m?) are found to be extremely
suitable for such purposes.

The technology for hydrogen-air combustion devel-
opment is extremely application oriented. The design
considerations depend upon the specific field of applica-
tion. In order to ensure smooth and stable operation, the
flame speed of hydrogen has to match with the exhaust
velocity.

Broadly speaking the technology of combustion devel-
opment (up to a range of 10° KW) is based on various
well-known principles such as without pre-mixed air (jet
burner, diffusion Aames) with partially pre-mixed air
{bunsen principles) or completely pre-mixed air. There
are certain specific high power density requirements and
small physical dimensjons, which recommend continuous
combustion of premised flame. To exploit the present
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level of technological progress to a point of advantage
it is desirable that the flame speed and mixiure heatin
values be adopted as close to the ones as are bein
presently used for gaseous fuels. In order to achieve suc
operating conditions, it is essential to remember tha
hydrogen has a set of combustion characteristics, whic.
are widely different from the conventional hydrocarbon
based fuels. The flame speed of hydrogen is much highe
compared to that of hydrocarbon-based fuels, dependin
upon the level of turbulence. The existing combusto
concept, extended for operation with hydrogen, must tak
into account the basic changes necessary in the desig
and principle of construction.

Development of hydrogen-air domestic burners is nc
a tough task, because some acceptable technical guide
lines can be had from the practical operating experienc
with tow gas of which hydrogen forms a major constituen
[16-18]. Of course town gas often vses diffusion burner
with very little premixed air, and hence they do not nee
any regular maintenance. Moreover, flashback and othe
combustion-related undesirable phenomena are abser
in these systems. Such considerations are to be taken int
account while designing a hydrogen specific burner.

Hydrogen combustion in licu of fossil fuel are boun
to be accompanied by some specific property-relate
measures of the fuel. Hydrogen burns much faster tha.
the natural gas. Minimum ignition energy and lamina
burning velocity are extremely significant parameters ¢
a fuel. Figure 3 demonstrates a comparative picture ¢
the laminar burning velocity of hydrogen with that ¢
methane. Methane, as we know, forms the major const
tuent of natural gas [3, 19]. Van der Drift et al. hav
reported the performance of a Low-WOx hydroge
burner [20]. In fact it has been found that ceramic foar
burners, originally designed for burning pre-mixed ai
and natural gas could be very effectively adopted fo
burning mixtures of hydrogen and methane up io
H,:CH, volumetric ratio of 70:30 (methane being th
main constituent of natural gas). Recently, they hav
developed a novel nen-catalytic burner which burn
hydrogen-rich fuels. The most prominent features of th
system is that the NOx levels are restricted to even les
than 5 ppm under 30% of excess air conditions.

Gas and steam turbines

Steam turbine and gas turbine processes can emplo
hydrogen utilization with lots of advantage. Hydrogen
operated steam (urbines running on lean mixtures ca:
give out clean exhaust emissions and thus avoid the nee
of any exhaust gas treatment. Similarly, the advantage
of hydrogen utilization in gas turbine installations ar
quite obvious. In contrast o fossil-fuel operation, th
hydrogen-operated gas turbine installations do not giv
any ash particles or other residue. Thus the problems ¢
corrosion or any other deposits on blades are intrinsicali
avoided. It has been observed that hydrogen-fuelled ga
turbine installations can operate at a relatively muc
higher temperature. However, a major design consider
ation for successful operation of such units is hinged upo
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Table 2. Ignition and flammability propervies

H, CH, C,Hy Gasoline
Minimum ignition energy (mJ} 0.02 0.28 0.25 G.25
Ignition temperature (K) 358 810 783 534
Adiabatic Aame temperature (K} 2384 2227 2268 270
Limits of lammability 4.1-75 4.3--15 22495 1.3-Th
(%o in air)
Maximum laminar flame 270 33 4 Ky
velocily [em/sec]
Diffusivity {em?/sec) 0.63 0.20 L
Minimum guenching distance at 0.06 023 0.1y
1 atm (cm}
Normalized Aame emissivity LOG 1.7 i7 1.7

{200 K and 1 atm)

the material strength. As far as emission aspecis are
concerned oxides of nitrogen are the pollutant of concern,
which of course, can be reduced to low levels by using
specially designed combustion chambers, [21, 22].

As far as selection of turbine and combustion chamber
materials to avoid the process of embrittlement is con-
cerned, both hydrogen and hydrocarbon based systems
need almost the same considerations. Moreover, since
the exhaust from hydrogen turbines are not chemically
aggressive, the system offers the advantage of using
less-expensive material for air preheaters fed by the
exhaust gases. There exists a very broad area of simplified
alternatives for using hydrogen in existing turbine instal-
lation. Use of pure oxygen in place of air permits direct
utilisation of steam contained in the combustion gas
without any boiler.

The dominant feature that emerges out of such con-
figurations can be usefully employed to provide a spion-
ing reserve by supplying steam into intermediate or high
pressure lurbine [23]. This application can be used in
mtermediate load power stations. A very important
consideration for practical operation of the system is that
the steam delivered by the combustion chamber has to
be cooled by direct water injection because the maximum
steam temperature is below 600°C and the combustion
of hydrogen—oxygen provides steam temperature beyond
3000°C. Theoretically speaking, the broad temperature
difference principle can be exploited to a point of ther-
modynamic advantage [or electrical power generation. A
possible potential application of this technique could be
H,/O, magnetohydrodynamics (MHD) generator as top-
ping stage for a combined gas-steam turbine power
station. This topping is however an area which needs to
be further investigated [24, 25].

COMBUSTION EFFECTS IN HYDROGEN-
FUELLED ENGINE SYSTEMS

It has been adequately emphasised earlier that hydro-
gen fuel possesses some properties which are uniquely
different from the corresponding properties ol conven-
tional hydrocarbon fuels. This was primarily the reason
why initially the research and development work on

hydrogen-fuelled engine suffered a major setback. In fact
several abnormal combustion features are likely to crop
wp with hydrogen operation on the engines desinged to
rusi on petroleum-based fuel.

The abnormal combusiion in hydrogen engines can be
classified as the following three types:

(i} Abnormally high pressure rise.

{ii) Ocecurrence of pre-ignition in combustion chamber
and sequential advancement of pre-ignition and
backfire into intake manifold.

(i) Occasional backfire in very lean hydrogen-air mix-
ture or idling operation.

it has usually been found that the first 1wo conditions
occur under heavy load conditions. These often cause the
engine tostop. The symptoms of unsteady combustion the
most pronounced effect in an internal combustion engine.
Hydrogen has long since been attempted as a fuel for the
internal combustion engine. A chronological develop-
ment of research carried out in hydrogen engine system
is described elsewhere [26). Unfortunately, adeguate
availability of petroleum-based fuels did not encourage
any persistent effort to find alternatives until it was
conclusively realised that petroleum based fuels are
dwindling fast and to sustain the present growth rate of
civilisation alternative fuels must be expeditiously sought.
A detailed account of the performance and exhaust
emission characteristics of hydrogen fuelled engine sys-
tems [27, 28] is beyond the scope of this paper. This
paper discusses the combustion phenomena. associated
with hydrogen engines.

A close look at Table 2, enlisting vhe combustion
related properties of hydrogen fuel shows that hydrogen
as a fuel possesses some distinctly different combustion
characteristics with respect Lo existing conventional fuels.

The wide flammability range of hydrogen-air mixture
makes it possibie to adopt internai mixture formation as
well as external mixture formation technigues for engine
system configuration. Ultra Jean operation of a hydrogen
engine has been made possible and the sysiem is reported
to have markedly reduced the levels of nitrogen oxides
[29]. Such low levels of nitric oxide emission can’t be
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met with hydrocarbon fuels because of their narrower
flammability limits and lower flame speeds.

The unsteady hydrogen—air combustion, as character-
ised in internal combustion engines, does not differ
basically in principle from the combustion of hydrocar-
bon fuels. The resultant effects that vividly manifest
themselves arise mainly from combustion properties such
as flammability range and flame propagation speed.
Apart from producing negligibly low levels of nitric oxide
emissions depending upon the opérating conditions, all
other pollutants which come out of the tail pipe of a
hydrocarbon fuelled engine {such as carbon monoxide,
aliphatic and cyclic hydrocarbons) are intrinsically absent
in a hydrogen engine. There are reports of traces of H,0,
formed which often get disintegrated in the exhaust
system by surface reaction.

Fuel induction techniques do play a very important
role in the overall performance, combustion and exhaust
emission characteristics of a hydrogen operated engine
[30]. One of the main objectives of a hydrogen engine is
to ensure smooth operation without any undesirable
combustion phenomena. Active research in different parts
of the world, is in progress in this direction. Many
substitutes to the existing conventional system of fuels
have been tried out. Apart from hydrogen, alcohols,
bio-gas, producer gas, LPG/CNG, non-edible oils and a
host of other fuels have been experimented with. Merits
and drawbacks of most of these fuels have essentially
been identified. Three is no room for doubt that the
problem of environmental degradation due to the vehicu-
lar exhaust pollution causes severe damage to the life of
human beings, plants and animals. A series of problems
crop up from such a situation. It is in this context, that
hydrogen has some definite inherent advantage over other
fuels because of its “clean-burning™ characteristics,

In view of the combustion characteristics of the fuel,
the practical mode of engine operation has been substan-
tially different from hydrogen. Unthrottled engine oper-
ation with higher efficiency and lower exhaust emission
are some of the significant features of a hydrogen-fuelled
engine system. At the same time, it must be borne in
mind that it is not possible to discard the existing
petroleum-fuclled engine system overnight and replace
them with hydrogen operated engines. A more realistic
approach to accept hydrogen in the long run is probably
to convert the existing petroleum-based engines to hy-
drogen operation. By way of continued operation of such
systems the design criteria can be rationally evaluated to
develop a hydrogen-specific engine. Such experiments,
involving conversion of existing system to hydrogen
operation has glaringly brought cut the fact that hydro-
gen, as an engine fuel, does possess combustion charac-
teristics which are responsible for causing backfire, rapid
rate of pressure rise and high flame speed, These are some
such undesirable combustion symptoms that have
bothered the hydrogen engine researchers for decades.
Of these, backfire happens to be a problem of very serious
consequence. As is well-known the effects of backfire can
range from a simple misfire to the destruction of the entire
fuelling system. Preventive and curative steps must be
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judisciously adopted in eliminating situwations that are
responsible for giving rise to backfire, Such an evalvation
of the system is essential, not only to avoid combustion
problems, but also to specify guidelines which provide
relevant information for designing a hydrogen-specific
engine in the long run. Thus it is essential to examine
the effects of those properties which, are primarily re-
sponsible for causing the undesirable combustion phe-
nomena. Higher flame propagation, minimum ignition
energy and wide ignition limits are some such properties
which explain these phenomena. Higher flame propaga-
tion rate effectively reduces the periods of combustion
during expansion stroke and also reduces losses during
combustion particularly under high engine speed condi-
tion. Lower ignition enetgy is favourable to ignition in
Otto-cycle engines, but it is the main cause of preignhition
and backfire. Wider ignition limits over a wide range of
mixture strength facilitates easy adjustment of speed and
consequently the power output.

The combustion of hydrogen with air even at unsteady
combustion provides a significant potential with respect
1o lowest possible exhavst emission. Tt has aiready been
discussed that because of the wide flammability range of
hydrogen-air mixture (5 to 75% by volume) it is possible
to realise lean concepts at external as well as internal
mixture formation. Through these lean operation modes
extremely low emissions of nitric oxides are obtained.
Such a situation can never be met with hydrocarbons
because of their narrower flammability limits and lower
flame speed. In addition, all the pollutanis in the exhaust
gas of fossil fuels such as carbon monoxide and hydro-
carbons, which are formed in the squish zone of L.C.
engine and do not show up when using hydrogen.

UNDESIRABLE COMBUSTION PHENOMENA

As described earlier backfire has raised the most
important obstacle to the growth of hydrogen engine.
Many researchers have even abandoned their investiga-
tions without being able 10 trace the exact cause the
backfire under a particular operating condition. Broadly
speaking, this phenomena can take place in any engine
system whether it is hydrogen-fuelled or gasoline oper-
ated. A backfire occurs when the intake fuel-air charge
is ignited during the intake cycle resulting in combustion
in the intake manifold. Backfiring is possible on any
hydrogen engine using pre-mixed charge aspiration, par-
ticularly when higher power outputs are attempted. It
takes place when the inlet fuel-air mixture comes in
contact with a source of high thermal energy of sufficient
magnitude to initiate combustion during the period when
the valve is open.

Backfire is the most severe and difficult to control.
When the intake valve is open, the fresh charge of
hydrogenand ait entering into the cylinder may beignited
by heat sources at high temperatures before betng ignited
by spark. This is a process of pre-ignition. If pre-ignition
takes place [requently, backfire, appears in the intake
manifold. Backfire appears quite often in the hydrogen
fuelled engine, when pre-mixed mixtures will cause the
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engine to run in an unsteady manner. Thus a smooth
operation depends on engine backfire.

According to R. O. King's [31] nuclear theory of
ignition and the mechanism of backfire as accepted by
many researchersin the later years, the heat sources which
ignite the fresh charge are high temperature heat spots
(such as electrode of the spark piug, the exhauvst valve
and carbon deposit). It has already been mentioned that
although this problem of induction ignition is not unique
to hydrogen, it is certainly more pronounced with hy-
drogen than with other gaseous or liquid fuels. The
[undamental properties that cause backfire in a hydrogen
engine system age it’s exceptionally low minimum ignition
energy (0.02 mJ at ¢ = 1) and the wide flammability limits
(0.21 < ¢ < 7.34) of hydrogen—air mixture. Figure 4
shows the flammability limit of hydrogen as a function
of temperature.

Figure 5 compares the minimum ignition energies of
hydrogen-air and methane—-air systems under one atmos-
phere [3]. The curves were experimentaily generated by
discharging a capacitor across two electrodes at success-
ively higher levels of energy until combustion occurred.
[t is necessary to consider how best a particular fuel
characteristic matches an engine system. Low value of
minimuim ignition energy of hydrogen is a very interesting
property in this context. While on the other hand, this
property helps achieve ignition in the absence of any
sophisticaled system, at the same time it enhances the
possibitity of pre-ignition occurring due to the “hot-
spots” in the combustion chamber.

The mechanisi by which backfire could occur depends
on various circumstances. Surfaces of the exhaust valve,
piston or spark plug can ignite a fuel-air charge if their
lemperatures are significantly high. Combustion chamber
hot spots can also be conducive to backfiring, due to
their high local temperature. The sitwation may be
accentuated by very small (0.6 mm for ¢ = 1) surface
quenching distance of the hydrogen—air mixture. The
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Fig. 5. Minimam ignition energy as a function of equivalence
ratio for hydrogen and methane.

catalytic effects of source materials contacted by the fuel
and charge in the combustion chamber have also been
found to be responsible for causing a mechanism by which
ignition can occur at decreased temperature {32].

I many of the cases the presence of deposits cansed
by the pyrolysis of lubricating oil has been found to cause
ignition even while average surface temperatures are
acceptably low [33. 34].

The temperatures of small particles artached to com-
bustion chamber surfaces or suspended in residual ex-
haust gas at the end of exhaust stroke can be significantly
higher than the average surface temperatures due to small
thermal mass and poor heat transfer characteristics of
these particutates. At the beginning of the intake stroke,
these particles may be of sufficient temperature to serve
as ignition sites for the incoming fuel air charge.

Watson and Milkins [35] have investigated the pos-
sibility of residual gas ignition. They suggest that as the
incoming hydrogen—-air mixture exhausts gases. its tem-
perature increases and its composition gets diluted. But
the temperature of the initial amount of hydrogen -air
mixture increases mote rapidly than the mixing process
can dilute the composition to a level below its flamma-
bility points. As a result ignition of the intake charge may
occur, This hypothesis might be extended to account for
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the situation in which valve overlap allows the backfire
of exhaust products into the intake manifold. This is more
likely to occur under high load and low rpm conditions,

Ignition of the intake fuel air charge has also been
attributed to undesired firing of the spark plug due to
electromagunetic cross-induction between spark plug leads
or individual ignition tube if used.

As early as in 1924, Ricard proposed that backfire was
caused by pre-ignition. Sharp corners in the combustion
chamber, the spark plug or exhaust valve can be a
potential source of pre-ignition because of the low
ignition energy of hydrogen [36]. Quench thickness of
hydrogen-air mixtures in engines is considerably smaller
compared to hydrocarbon fuels. Therefore the thermal
inertia of the gas immediately adjacent to the hot spot
is less even though the ignition temperature is somewhat
higher than that of HC fuels. The higher flame tempera-
ture of hydrogen tends to attain higher surface tempera-
ture than with hydrocarbons.

It has been discussed earlier that flashback caused by
hot spots is by definition, a problem of pre-ignition. It
refers to ignition of fuel-air mixture prior to the spark.
However, when pre-ignition occurs away from the inlet
valve it often gives rise to combustion knock which affects
the important performance characteristics such as power
output and thermal efficiency. Quite often pre-ignition
results in excessive combustion chamber temperature. If
the “hot-spots™ are located away from the coolant fluid,
the possibility of backfire gets magnified. It has been
observed that a small particle, is not usvally capable of
heating up a substantially large volume of fuel air charge
to the point of ignition. Particulate matter often remains
at a temperature higher than the surrounding gas mainly
because of their higher capacity and greater mass.

Another typical backfire symptom has been observed
in operation with a multicylinder engine. Such a symptom
can not be satisfactorily explained by the thermal mech-
anism as described above. Such causes of backfire are
mainly due to the intense high voltage induced from the
set of spark leads in an adjacent one. Backfire could occur
by particulate matter such as would result Irom the
pyrolysis of lubricating oil vapour or even inert dust in
the intake air.

It has already been mentioned that sometimes, backfire
occurs due to the contact of hydrogen air charge with
residual gases at the point of valve overlapping. Apart
from equivalence ratio, the backfire intensity also largely
depends upon the temperature of the residual gases.
Backfire by residual gas ignition can be successfully
controlled by timed port admission. In principle, an
engine can ensure backfire free operation at all mixture
strength and compression ratios upto knock limit and
beyond. But, the expectations from piston lubricants in
such cases are found to be very stringent. Thus, since
there are different causes leading to different degrees of
backfire occurrence it is desirable that specific preventive
measures be adopted against specific causes responsible
for creating such conditions. It is possible to identily the
moment of backfire occurrence and its propagation
pattern. Such study could be used to prevent backfire
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either by decreasing hydrogen-air mixture reactivity or
by preliminary cooling ol the residual gases.

Equivalence ratio is an important factor for controtling
backfires. Our research efforts have shown that intensity
and frequency of flashback can be drastically reduced by
monitoring the range of equivalence ratio.

Many researchers have suggested exhaust gas recir-
culation (EGR) as an effective method of decreasing the
tendency of backfire; even though the quantity of EGR
suggested by different investigators to control backfire
varies. For situations of normal combustion chamber,
local cooling of the combustion chamber and cylinder
have been found to be very useful in doing away with
the backfire tendency.

Knock is ene of the most important abnormail com-
bination processes in the spark ignition engines. Essen-
tially there exist two theortes in literature about causes
of knock in an engine—autoignition theory and the
detonation theory. According to autoignition theory,
knocking takes place due to local pressure imbalances
caused by simultancous autoignition of the last part of
the charge. On the other hand, detonation wave theory
suggests that there exists a supersonic detonation wave
in the end gas which is responsible for the pressure
imbalances. It has been observed that knocking condi-
tions are attained because of the acceleration of the
primary flame front to speeds of about 400 metres per
second. Flame speeds have often been observed to be
higher in the entire knocking zone. As far as knocking
phenomena specifically in hydrogen engines are con-
cerned, this is predominantly a higher-flame-speed phe-
nomenon. These effects have been mere prenounced than
that of autoignition. Therefore, a more effective mode of
controlling knock could be by reducing the rate of
pressure rise rather than minimising the period of com-
bustion. The impact of knock depends mostly on its
intensity.

It has been well-known that addition of tetracthyl lead
is very effective in decreasing the flame speed for knocking
cycles. Ellison er al. [37] carried out an exhaustive
investigation on eighteen different hydrocarbon fuels to
study the effect of tetraethyl lead on flame speed. As a
part of this study, the team was also successful in
measuring a flame [ront acceleration just before the onset
of knock. But, according to the researchers, such an effect
was a direct result of preflame reaction. It would be
important to emphasise here that the preflame reactions
are extremely important for hydrocarbons fuels where a
two-stage ignition takes place [38, 39].

It has been reported [39] that almost ten percent of
the chemical energy of the fuel may get released during
the preflame reaction. Egerton [40] reported the effect
of hydrogen addition on the leaded and unleaded iso-
atane. It was found that hydrogen proved an effective
anti-knock agent when added to iso-atane. But on being
added to leaded gasoline, it exhibited a tendency to
counterbalance the anti-knock properties of tetracthyl
lead. This characteristic is distinctly shown in Fig. 6. In
1951, Douns et al. [41] observed that tetraethyl lead also
acted as an antiknock agent for hydrogen combustion.
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Fig. 6. Effect of hydrogen addition on leaded and unleaded
is0-octane.

In fact even very small levels of TEL proved to be very
effective.

The combustion characteristics of hydrogen unfortu-
nately show a conflict between knock and pre-ignition
limits for external mixture formation. To prevent the
combined effect of backfiring and knocking lean bumn
operation in the lower part ioad range and water injection
in the upper part and full load range has been lound to
be very useful.

Water injection alse reduces NOx, particularly at [ul
load.

As far as the consequence of undesirable combustion
in hydrogen engines is concerned, it has been found that
knocking does not create as severe an effect as that of
flashback. Backfire is predominantly a pre-ignition pro-
cess. In fact, pre-ignition during compression stroke is
less likely to occur in hydrogen engines because the
conditions that are responsible for causing such a phe-
nomena would have gone through stages leading to
pre-ignition during intake stroke. Pre-ignition often re-
sults in excessive combustion temperatures, rough run-
ning and decreased thermal efficiency. Knocking occurs
due to high rate of flame propagation. In a practical
engine configuration there are some minor modifications
which have strong effects in preventing backfire. The
minor modifications include smoothing out the un-
machined casting areas in the head, narrowing down the
spark plug gap, replacing the spark plugs and exhaust
valves. Our continued research effort over the years has
shown that the big benefit of smooth engine operation
can be had irom such smalt modification. As an additional
preventive measure for suppressing the backfire tenden-
cies, water injection into the intake manifold has been
found to be extremely useful.

There are many methods of controlling backfire based
on combustion theory. Actually it seems more practical
to reduce the temperature of residual gases. For this
reason. increasing compression ratio is an effetive method
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Fig. 7. Quenching distance of hydrogen as compared 10 methane
and propane.

of controlling backfire by which the engine combustion
processes and its characteristics can be improved as well,
it is well known that combustion may be suppressed
by confining the gases to the immediate vicinity of the
surface. Two parallel plates can be brought together until
combustion can no longer be sustained. The maximum
distance between the plates when the combustion is
suppressed is referred to as the quenching distance. Figure
7 shows the values of measured gquenching distance for
hydrogen—air mixture at constant pressuge.

Depaysit caused pre-ignition

In a similar way to surface irregularities, hot deposits
attached to any of the cylinder or piston surfaces ¢can act
as ignition sources. It seems possible that the deposit may
act not only as a source of heat input to the ignition
process, but also may actively participate catalytically or
even as fuel component in the uncontrolled ignition.

In 1948 King er al. [38] demonstrated that the addition
of finely divided carbon particles could cause induction
ignition and knock in a carburetted CFR ¢ngine which
had been specially cleaned and modified to prevent
backfiring. Their findings led to the theory of nuclear
ignition which proposes that particles of pyrolysed car-
bon from lubricating oil might act as pre-ignition centres.
Valuable research by many other investigators in the later
years have also shown this theory to be valid.

Residual gas ignition

Watson er al. {35] proposed that induction ignition
could alse be caused duning mixing process, at inlet valve
opening. It usually takes place between the pre-mixed
hydrogen—air inducted and the unscavenged residual gas
remaining in the cylinder. Their hypothesis suggested that
during mixing process, the fresh charge will be both
heated and diluted by residual gas.

With the conventional fuels dilution occurs beyond the
lower Aammability limit even before the mixture exceeds
its low ignition temperature value. But the situation is
entirely different with hydrogen. Due to its low flamma-
bility limit, sufficient dilution does not occur before the
ignition temperature is reached.
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Watson and Milkins adopted several specific modifi-
cations in their experimental systems with a view to
overcoming the effects of residual gas ignition. Hydrogen
was supplied through a separate line in the inlet port to
a timed port admission valve. In these experimental tests
hydrogen admission was allowed for a period of 90° crank
angle centred about the inlet valve opening. Thus the
first admitted charge to the cylinder was air alone. This
technique is useful for cooling the residual gas belore
hydrogen admission. This systemn proved extremely ef-
fective in doing away with induction ignition and knock-
ing under engine operating conditions.

Watson and Milkins also carried out tests for monitor-
ing induction ignition. Early tests demonstrated that at
high loads, and more particularly at high engine speed
induction ignition occurred even with timed port admis-
sion. Removal of the hydrogen timing valves caused a
marked reduction of the load and speed conditions at
which ignition occurred. Reducing the hydrogen admis-
sion period by changing the geometry of the valve had
little effect on the onset of induction ignition,

Their experimental observations clearly showed that
pre-ignition did not always cause induction ignition and
induction ignition did take place without pre-ignition.
These valuable findings leads to the conclusion that
possibility of induction is targer with some variable source
such as deposit or surface activity rather than a hot spot
which might be expected to be a repeatable ignition
source.

System modification adopted to suppressferadicate backfire

A close analysis of the existing literature shows that
some mechanical modifications in the system are useful.
It has been found ouwt Auffy carbon deposits from
lubricating oil are often associated with a backfiring
cylinder. Engine ¢il control and installation of upgraded
compression rings have proved to be useful in getting rid
of backfiring conditions. In some situations, the re-
searchers allowed the valve gear to run without pressure
fed lubricant system. This prevented the il from passing
down the guides. “ Ashfree™ oil as used in “LPG” engines
has been found to be helplul in smooth engine operation.

If the valve faces and combustion chamber surfaces
are alumininm sprayed, it reduces the peak wall-surface
temperature. Thus the surface area of iron in the chamber
which might have a catalytic effect, gets subsequently
reduced. Qur research experience has shown that water
injection reduce-cycle temperature. Supercharging has
been very effective in ensuring overscavanging and thus
cooling the engine surface.

All the above factors have been found to aflect the
onset of induction ignition to various degrees. There are
two other factors which have some significance in this
respect. Only the coating of the chamber surface and
piston crown with lead oxide has been found suitable to
suppress induction ignition for a short time period. But
it has been observed that addition of lead to the lubri-
cating oil only partially supresses, but does not complete-
ly eliminate backfire.

It has already been discussed that water induction,
exhaust gas recirculation, refined ignition system, modi-
fied valve timing, improved mechanism of valve and spark
plug cooling, fuel injection directly into the cylinder or
fuel injection or induction at the intake port are some of
the well-known techniques to control backfire. An ap-
propriately designed timed manifold injection has been
very effective in preventing backfire [27].

Single cylinder versus multicyvlinder engine

Multicylinder engines need much improved oil control
and cylinder preparation, to achieve desirable character-
istics without induction ignition. Residual gas ignition
can be eliminated by timed port admission.

Li-Jing Ding et al. [42] adopted an increase in A/V
ratia by 27.6% when compression ratio was increased
from 6.2 to 7.8. Their experimental procedure could
achieve lower temperatures of residual gases, higher
thermal efficiencies and wide backfire ranges of power.

The effect of hydrogen addition on ignition delay and
combustion duration in SI engine has been experimen-
tally investigated [437]. The mass fraction burned as a
function of crank angle was determined by incorporating
calibrated cylinder pressure traces into a two zone
thermodynamic anlaysis. Experiments were carried out
in two different types of engines—a 4-cylinder, 4-stroke
passenger car engine and a single cylinder, 2-stroke
engine. To evaluate combustion duration, a very good
correlation between the “eddy burning™ model and the
experimental observation has been obtained. However,
for ignition delay the theory underestimated the pro-
nounced effect of hydrogen addition. It is not unlikely
that the ignition process is dominated not only by
hydrodynamics, but also by rapid dissociations of the
hydrogen molecules into active radicals, particularly in
the neighbourhood of the spark. “Eddy burning™ in its
present form does for consider these processes.

The mode of fuel induction is a dominant feature in
this respect. Hydrogen injection, no doubt has many
definite merits over the conventional caburetted system.
But, it is important to evaluate at what point in the cycle
the injection should preferably be scheduled. Late injec-
tion starting after btde, avoids most of the above men-
tioned problems and ensures conditions of controlled
combustion. But the expectations from the injection
system designed for late injection are really tough. The
system, has to survive the severe thermal environment of
the combustion chamber. It must also be capable of
supplying requisite quantity of fuel at high pressure.
Conditions leading to formation of homogenous mixture
must be established. Heterogeneous mixture, in particu-
lar, gives rise to incomplete combustion, erratic ignition
and ignition delay. To get rid of such situations, it quite
often becomes necessary to build up conditions of high
turbulence. This is a crucial problem because it brings in
the question of specific design. The combustion chamber
should be able to withstand backfire and other associated
problems. Special care such as use of a specific
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Fig. 8. NOx emission as a function ol equivalence ratio.

synthetic lubricating oil, use of highly thermally condue-
tive materials {(e.g. aluminium coating of the combustion
chamber faces) have bean found to be extremely useful
features. The overall system peformance must be
monitored with special controls for ignition timing,
hydrogen flow and water injection rates etc.

Our long experience of the hydrogen engine shows that
timed luel injection system can take care of conditions
ieading to backfire. It maintains a low average in-cylinder
temperature with the help of some mechanism that can
cause delayed fuel delivery. It has been discussed earlier
that cooling of cylinder head, piston and valves, use of
cold spark plugs are quile effective in maintaining low
average temperature and thus avoiding backfire condi-
tions. Fuel injection system can be developed to operate
mechanically or by any other reliable actuation mode (o
facilitate pre-cooling the concentrated thermal masses.
An appropriately designed timed, manifold injection
system ensures smooth engine operation without any
abnormal combustion phenomena. In such a system, high
thermal efficiency can be achieved and the engine can
also be run in ultralean mode. However, specific safety
steps must be adopted [44]. It has been found not that
the NOx level can be drastically reduced by restricting the

eagine operation to lower ranges of equivalence ratio
(Fig. 8).

Thus, the possibility of abnormal combustion can be
substantially decreased by various methods. Lowering
the temperature of the combustion chamber, decreasing
the time available for thermal ignition, excluding the hot
particles from the combustion chamber, {(which might act
as reaction nuclei} are the main routes of achieving such
objectives.

Many researchers have shown that the direct injection
of cryogenic hydrogen is a superior luel induction tech-
nique because of its potential to increase power output
and efficiency and at the same time eliminate the abnor-
mal combustion problem. However, liquid hydrogen
injection system, despite its bright prospects also has its
problems in operating at very high rpm and yet surviving
successfully the stringent thermal environment.

Cycle to cycle pressure variation usually shows a
decreasing trend by adding hydrogen. It has been ob-
served that even at fixed flame development durations,
the cycle-to-cycle pressure variations increases with lean
mixture. Thus chemical dynamics as well as time required
for flame development are important in cycle-to-cycle
pressure Auctuation.






