PERFORMANCE AND EXHAUST EMISSION STUDIES
OF A S.I. ENGINE USING HYDROGEN
SUPPLEMENTED GASOLINE AND
AMMONIA AS FUELS

By
B. B. Bansal

A THESIS
SUBMITTED IN FULFILMENT OF THE REQUIREMENTS
FOR THE AWARD OF THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN THE FACULTY OF ENGINEERING

DEPARTMENT OF MECHANICAL ENGINEERING -
INDIAN INSTITUTE OF TECHNOLOGY, NEW DELHI (INDIA) -
APRIL 1977



CERTIFICATE

I, the undersigned, certify that the thesis entitled
'"Performance and Exhaust Emission Studies of a S.I. Engine
Uging Hydrogen Supplemented Gasoline and Ammonia as Fuels',
which is being submitted by Mr., B.B. Bansal in fulfilment of
the requirements for the award of the degree of Doctor of
Philosophy in the Faculty of Engineering of the Indian
Institute of Technology, New Delhi is a record of the
candidate's own bonafide research work carried out under my
guidance, The matter embodied in this thesis has not been
submitted in part or full, elsewhere for the award of any

degree.

%W’W,{@#W

(Dr. H.B, Mathur) &
Professor
Department of Mechanical Engg.



ACKNOWLEDGEMENTS

The author wishes to express his deep sense of gratitude
to Dr. H.B. Mathur for suggesting the problem and for providing
valuable and inspiring guidance throughout the course of this
work,

Sincere thanks are due to the technical staff of the I.C.
Engines Laboratory for their valuable help in conducting the
experiments and to Shri V.P. Gulati for typing the manuscript
of the thesis. - |

Financial support made available under Q.I.P. by the
Ministry of Education, Government of India is gratefuliy
acknowledged.

Finally, the author wishes to offer sincere gratitude and
appologies to his near and dear ones for patiently enduring

certain difficulties which resulted from his preoccupation with

e

(B.B, Bangal)

the present work.



ABSTRACT



In the present time, virtually all light vehicles
are powered by spark ignition eﬁgines using gasoline fuel-
a petroleum product. There are limited reserves of these
fuels and they are being depléted at a very fast rate
because of their ever increasing demand. This has resulted
in'gfeat scarcities and rapid rise in the price of gasoline.
The situation is likely to be aggravated further as time
passes. Moreover, the exhaust emissions ﬁrom gasoline
poWered engines are fast becoming a major!source of air
pollution; Ih future, the cost of reducing these emigsions
may be prohibitive both energy wise and money wisce.

Efforts are being made to congserve and stretch the
available reserves of petroleum fuels as also to find
'clean! burning alternate synthetic fuels that may hopefully
replace gasoline as spark ignition engine fuel in future.
It is felt that some !'clean? burﬁing synthetic fuels can be
effectively used as supplementary fuel in the present day
gasolihe engines to stretch the available gasoline supplies
and minimise exhaust emissions. These fuels may also come
out to be potential future fuels Which may completely
repiace gasoline for spark ignition engine applications.

Any congsideration of synthetic fuels as viable

solution to the above problems quickly leads to hydrogen as
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the most favoured choice. Two factors account for the
mounting interegt in hydrogen. First; the petroleunm
shortage pfovides a strong incentive to seck for non-
petroleum based fuel which can be manufactured from ébun-
dantly available resources., Secondly, a hydrogen fueled
engine promises a virtual elimination of exhaust hydrocarbon
and carbon monoxide emissions and a controlled reduction
in oxides of nitrogen by lean operation. It has been
reported that conventional spark ignition engines can be
modified for hydrogen operation. However, practical
considerations such as handling, onboard storage, and
safety etc. remain some of the challehges to the concept
of total hydrogen operation.

Somé of the advantages of totcl hydrogen operation
can be gained by using hydrogen to supplement conventional
fucl-gasoline, Present day spark ignition engines opcrate
mostly on fuel rich mixtures, Fuel rich operation has the
disadvantages of giving poor fuel econoﬁy; lower thermal
efficiency and requiring exhaust gas aftertreatment. Lean
combustion thus seems an obvious choice over richlcombustion.
Gdsoline has a fairly narrow flamaability range, and
therefore, the extent of lcan bombustion is lirited.

A solution to this dilecmma can be reached dy using
a mixed fuel consisting of gasoline and a szall amcunt of
~hydrogen. Hydrogen supplemented gasoline can burn leaner

zixtures in the engine cylinder bringing about gasoline
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fuel economy. Morcover, it can permit use of higher
compression ratios with subsequent improvement in thermal
efficiency. 5ts use can also result in lower exhaust
emission levelhs The other advontage from the system
that utilises mfxtures of hydrogen and gasoline rather
than hydrogen i9 that only smaller amount of hydrogen
supply is requirefl which mininises the handling and
storage problems qssociated with the use of hydrogen;

In the first phase of the work reportcd here,
gasoline supplemented with hydrogen has been used as spark
ignition engine fuels In order tervaluate the performance
of such hydrogen supplemented gascline, experifental
investigations were carried out on a single cylinder
variable comprescsion RiC9rdo engines

It has been observed that the lean.limit of engine
operation can be extended by increased hydrogen supple;
mentation. The lean operating limit for gasoline was
found to be 0.79 equiéélence ratio. It could ba extended
to an equivalence ratic of 0.5 with a hydrogen fraction
of 0.10 and to an equivalence ratio of 0.40 with a hydrogen
fraction of 0.20., The lean operating limit for hydrogen
has been found to be_ébout 0.18 equivalence ratio,

Hydrogen supplementation has been found to perit
higher compression operation of thec engine without knock.
Optimun compression ratios for various percentages of

hydrogen supplementation have been determined. TFor
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different quantities of hydrogen supplementation, mixture
strengths were varied over a wide range and spark timing
was adjusted to give maximum power at each engine setting.
Hydrogen fraction was varied from about 0.01 at the lowest
overall air-fuel ratio to about 0.25 at the highest.
Mixtures of gasoline with different hydrogen fractions
were tested at different compression ratios in order to
determine the optimum compression ratio for a particular
hydrogen fraction and to determine the optimum hydrogen
fraction for a particular compression ratic.,

Fron the test results,Avarioué graphs have been
plotted to evaluate the relative engine performance with
hydrogen supplementation, The comparicons have been made
on the basis of relative powér output, specific fuel
congumption and thermal efficiency. |

The effect of lean operation with gasoline-~hydrogen
mixturcs on engine emissions have zlso been studied. The
concentrations of major exhaust'pollutants, carbon mono-
xide, oxides of nitrogen, and unburned hydrocarbons were
measured under various engine operating conditiong Qith
the help of suitable equipments. Non-disperszive Infrared
Gas Analyser wes used to measure oxides of nitrogen, carbon
monoxide and hydrocarbons. Gas chromatograph fitted with
flame ionisation detectorvwas used to measure fotal
hydrocarbons.

Hydrogen supplementation permits leaner operation
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of the engine with consequent reduction in the concentrations
of oxides of nitrogen and carbon monoxide in the exhaust.
Leaning the mixture to an equivalence ratio of 0.6 reduces
exhaust NOx concentration to an exceedingly low figure.
This reduction is achieved without loss of thermal efficiency
but with a loss of powey of about 40 per cent for the change
of equivalence ratio from 1.0 to 0.6. Carbon monoxide
concentrations in the epgine exhaust also reduce to very
low levels with the leaning of the mixture brought about
by hydrogen supplementation.A

Hydrocarbon emissions were found to increase at
very lean mixtures. This increase in hydrocarbon enissions
is because of increased quench layer thiékness and reduced
post flame oxidation of quenched hydrocarbons. At an
equivalence ratio of 0.6 with optimum hydrogen supple-
mentation hydrocarbon emissions were found to increase by
about 100 per ceny over the minimunm level obtained with
gasoline.

as already discussed, the problems of handling, -
storage and safety make it virtually impossible to use
hydrogen as a complete fuel in spark ignition engines in
the near futﬁre. Therefore, in order to utilise hydrogen
as a subgstitute spark ignition engine fuel, the concept
of storing hydrogen in some chemical carrier has been
deveioped. Work on thegse hydrogen cerriers falls into

two major categories: intermetallic compounds (metallic
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hydrides) and liquid hydride fuels (ammonia and hydrazine),
Technical feasibility of the use of metallic hydride fuel
storage has been demonstrated by various investigétors‘f
However, mass and'volume energy densities of most prom_ising
compounds are poor and the rare materials needed fof their
manufacture proclude any application in spark 1gn1t;on
englnas in near future.

Apmonia is the most promising liquid hydride fuel. It
appears to share the advantages of hydrogen (which result
from its.non-hydrocafbon composition) plus the additional
advantage of non-cryogenic storage as a liquid. |

In the second phase of the work reported here, ammonia
has been uged as 2 substitute S.1. engine fuel, 1I7% has
been found that ammonia can be successfully used as a fuel
for the present day S I. engines, if it ig introduced in a
vapour form and a certain minimum smount of hydrogen is also
supplied with it. Since ammonia needs higher ignit{on
energy and has a low burning rate, the hydrogen supplied
with ammonia acts as a catalyst for initiating emmonia
combustion., Experiments were, therefore,‘perfbfmed using
bottled hydrogen as a supplement to ammonia for successful
operation.

4 series of tests were conducted using hydrogen
supplemented ammonia as fuel at various’dompression ratios;
different engine speeds, optimun spark timings, and diff-

erent hydrogen fractions.
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It has been obsgerved that the performance character-
istics with anmonis are no different in nature from those
obtained with gasoline. The experimental results confirn
two theoretical expectations, (i) the power output is
reduced with ammonia, and (ii) the peak power occurs at
an equivalence ratio less than unity. Improvement in the
performance can be brought about by using higher compre-
ssion ratios. It wés found that the peak power output
with hydrogen supplemented ammonia increased by about
19 per cent when the compression ratic was raised from
7 to 10 and by 25 per cent when the compression ratio was
raigsed from 7 to 12.

It has been observed that brake specific fuel consum-
ption decreases with increase in compression ratio. A
decrease of about 30 per cent in minimun specific fuel
conéumption was obtained when the compression ratio was
raised fron 7 to 12, Minimum specific fuel consuaption
occured at about 15-20 per cent lean nixtures.

Spark timing has been found to greatly affect the
performance with hydrogen supplenmented gmmonia. It has
been observed that hydrogen suppleﬁented aomonia required
larger spark advance as compared to gasoline. ZExperinents
were, therefore, conducted to study the effect of spark
timing on power output and specific fuel consunption.,

It has been found that an optiimn amount of hydrogen

is needed to develop maximum power., It was obsecrved that
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the power dropped sharpely if the hydrogen suppleumentation
'was less than the optimn., Experinents were performed to
determine the optimum hydrogen supplementation at diff-
erent compression ratios and engine speeds. Results have
shown that the cptioum hydrogen supplementation needed
decreases as the compression ratio is increased. The
optimm hydrogen supplementation requirement increased
with increase in engine speed.

If the combustion of aumonia is considered, it
becomes obvious thatAthe exhanst of such engines will
not contain carbon monoxide, Carbon_dioxide,.and unburncd
hydrocarbons. The exhaust however, contains unburned
anmonia in addition to the oxides of nitrogen. :

Oxides of nitrogen in the exhaust were measured with
the help of a Non-Dispersive Infrared Gas Analyser.' These
were measured at different equivalence ratios, hydrogen
fractions, and conpression ratios. It has been establighed
that hydrogen supplenented mumonia fueled engine emdtted
little larger amounts of oxides of nitrogen in comparison
to gasoline., Maximm oxides of nitrogen emission level
increase with compression ratio. Hydrogen suppleimentation
has a great effect on oxides of nitrogen emissions, which
decrease remarkably at higher hydrogen fractions.

Measureuments of the concentration of unburned amaonia
in the exhoust were made using Negsler's technique in

conjunction with a spectrophotometer. It was observed
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that the amount of unburned aumonia is greatly affected
by hydrogen supplenentation.

Apart from experimentally evaluating the engine
performance and exhaust emissions with hydrogen supple-
nented gasocline and ammonia, certain analytical studies
have also been carried out using suitable conputer
programs. Combustion calculations for determining equili-
brium compositions for gasoline, ammonia and fuels
containing various degrees of hydrogen supplementation,
have been made with the help of these Prograng.

The above gtudies have clearly established that
.hydrogenv supplemented gasoline and ammonlia are two of the
several options available to achieve gasoline conser-
vation and neet the growing problems of fuel scareity
and environmental pollution due to automobile engine
exhauste Hydrogen supplenented gasoline can be used
successfully in the present day spark ignition engihes |
without Engine modifications and can help in conserving
and stretching the available petroleun reserves. Its
use would improve the economy and perforﬁance of spark
ignition enginesﬁhile reducing the_exhaust enissiong to
remarkably low levels.

Hydrogen supplemented anmonia can be employed in
the present day spark ignition engines. With a considerQ
able amount of regearch and development effort, future

spark ignition engines can be suitably designed fo obtain
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optimum performance while using amnonia as a complete fuel.
The incentive for such effort is the promise of making
potentially unlinmited quentities of almost non-polluting

fuels for future use in spark ignition engineg.

e e s
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