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Abstract- This paper deals with the use of hydrogen as a fuel for 6-stroke internal combustion engine. The properties of 
hydrogen suited for using it as a fuel is clearly discussed. The essential modifications are made in the design of the 6-stroke 
internal combustion engine, air injection system, fuel injection system and spark plug to rectify the disadvantages of the IC 
engine operated using hydrogen fuel. Using hydrogen as a fuel for IC engine reduces the exhaust like CO, HC etc., but the 
amount of NOx emission increases due to 78% of N2 in the air and they are easily combusted in this process. TheNOx 
emission is controlled by the application of the hollow fiber membrane module on the air injection system. This system 
replaces the use of EGR for reduction of NOx emission. NOx in the 6-stroke engine exhaust gas is closely related to the peak 
cycle temperature and available amount of oxygen in the combustion chamber, so NOx emissions from 6-stroke IC engines 
can be reduced by reducing the peak temperatures of combustion. The hollow fiber membrane module separates Nitrogen 
from ambient air and gives Nitrogen enriched air (NEA).Nitrogen is obvious diluents of heat and it does the work instead of 
exhaust gas. This reduces the peak cycle temperature and available amount of oxygen.The membrane material used is 
perfluoropolymer. The performance characteristics and emission characteristics of hydrogen powered IC engine are 
compared with the gasoline engine and the conclusions are made. The results of reduction in NOx test are also presented. 
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I. INTRODUCTION 
 
The purpose of this paper is based on the usage of 
hydrogen gasas a fuel for 6-stroke internal 
combustion engines. The main aim of this paper is to 
reduce the usage of non-renewable resources like 
petrol, diesel etc. Another disadvantage of using these 
non-renewable resources might cause pollution, 
global warming, acid rain, pollute air, water, soil 
etc.,so it obvious that they are not eco-friendly. So 
hydrogen is used as fuel in place of gasoline. It is an 
environmentally friendly fuel that has the potential to 
dramatically reduce our dependence on imported oil, 
but several significant challenges must be overcome 
before it can be widely used. The major important 
properties of hydrogen like wide range of 
flammability, low ignition energy, small quenching 
distance, high auto ignition temperature, high flame 
speed, high diffusivity, low density are made use, and 
engine design is modified accordingly Oxides of 
nitrogen is produced in very small quantities can 
cause pollution. Whileprolonged exposure of oxides 
of nitrogen is dangerous to health. Oxides of 
nitrogenwhich occurs only in the engine exhaust are a 
combination of nitric oxide (NO) andnitrogen dioxide 
(NO2). Nitrogen and oxygen react at relatively high 
temperature. NOis formed inside the combustion 
chamber in post-flame combustion process in the 
hightemperature region. The high peak combustion 
temperature and availability of oxygenare the main 
reasons for the formation of NOx. The majority of 
NO formed willhowever decompose at the low 
temperatures of exhaust. But, due to very low 
reaction rate at the exhaust temperature, a part of 
NOx formed remains in exhaust.Many theoretical and 

experimental investigation shows that the 
concentration ofNOx in the exhaust gas is closely 
related to the peak cycle temperature and 
availableamount of oxygen in the combustion 
chamber. Any process to reduce cylinder 
peaktemperature and concentration of oxygen will 
reduce the oxides of nitrogen. Thedilution of fuel-air 
mixture entering the engine cylinder with an inert or 
non-combustiblesubstance is one which absorbs a 
portion energy released during thecombustion, 
thereby affecting an overall reduction in the 
combustion temperature and consequently in the NOx 
emission level. A promising new method of reducing 
NOx emissions involves the recycling of exhaust gas 
in a process called exhaust gas recycle. EGR sends 
captured exhaust gas back into the combustion 
chamber of the engine, thereby increasing fuel 
economy and reducing emissions: a 25% EGR leads 
to a 50% reduction in NOx. 
 
There are some problems, however, associated with 
the process, including: 
A. Extra pumping and cooling of the EGR stream, 
B. Engine wears from re-circulating engine soot,  
C. High feed air water vapor levels. 
 
These issues can be avoided by the use of nitrogen-
enriched air (NEA), which reduces the diesel 
combustion temperature and, in turn, the amount of 
NOx emitted in the engine exhaust. The NOx 
reductions achieved through NEA are similar to those 
accomplished through the EGR process, while 
simultaneously avoiding the pumping, cooling, wear, 
and water vapor issues associated with EGR. 
Perfluoropolymermembranes used to produce 
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nitrogen enriched air by the turbocharged intake air to 
inlet of membrane system. Cooled turbocharged air is 
processed by an NEA membrane to supply NEA to 
the diesel engine intake. NEA reduces thecombustion 
temperature in turn; the amount of NOx produced and 
emitted in the engine exhaust is greatly reduced. 
Membrane modules are designed for very high flux, 
harsh operating conditions, stable performance, and 
production of NEA in the range of 79.5% up to84%. 
 
II. SIX STROKE ENGINE 
 

 
 

 
 
STROKE 1- Intake of pure air from the cylinder. 
STROKE 2- Compression of pure air in heating 
chamber. 
STROKE 3- Release of compressed pure air into the 
cylinder, due to spark ignition. (POWER STROKE 1) 
STROKE 4- Recompression of pure air in the 
compression chamber to the combustion chamber. 
STROKE 5- Fuel injection takes place with the 
release of air-fuel mixture into the cylinder. (POWER 
STROKE 2) 
STROKE 6- Exhaust of combustion gas. 
 
III. PROPERTIES OF HYDROGEN 
 
1. Wide Range of Flammability 
As can be seen the flammability limits are very wide 
for hydrogen compared to gasoline. This means that 
the load of the engine can be controlled by the air to 
fuel ratio, as for diesel engines. Nearly all the time 

the engine can be run with a wide open throttle, 
resulting in a higher efficiency 
2. 2 Small Quenching Distance 
Hydrogen has a small quenching distance, smaller 
than gasoline. Consequently, hydrogen flames travel 
closer to the cylinder wall than other fuels before they 
extinguish. Thus, it is more difficult to quench a 
hydrogen flame than a gasoline flame. 
 
3. Low Ignition Energy 
Hydrogen has very low ignition energy. The amount 
of energy needed to ignite hydrogen is about one 
order of magnitude less than that required for 
gasoline. This enables hydrogen engines to ignite lean 
mixtures and ensures prompt ignition. 
 
4. High Flame Speed 
Hydrogen has high flame speed at stoichiometric 
ratios. Under these conditions, the hydrogen flame 
speed is nearly an order of magnitude higher than that 
of gasoline. This means that hydrogen engines can 
more closely approach the thermodynamically ideal 
engine cycle. At leaner mixtures, however, the flame 
velocity decreases significantly. 
 
5. High Auto ignition Temperature 
The temperature may not exceed hydrogen’s auto 
ignition temperature without causing premature 
ignition. Thus, the absolute final temperature limits 
the compression ratio. The high auto ignition 
temperature of hydrogen allows larger compression 
ratios to be used in a hydrogen engine than in a 
hydrocarbon engine. 
 
6. Low Density 
Hydrogen has very low density. This results in two 
problems when used in an internal combustion 
engine. Firstly, a very large volume is necessary to 
store enough hydrogen to give a vehicle an adequate 
driving range. Secondly, the energy density of a 
hydrogen-air mixture, and hence the power output, is 
reduced. 
 
7. High Diffusivity 
Hydrogen has very high diffusivity. This ability to 
disperse in air is considerably greater than gas oil and 
is advantageous for two main reasons. Firstly, it 
facilitates the formation of a uniform mixture of fuel 
and air. Secondly, if a hydrogen leak develops, the 
hydrogen disperses rapidly. Thus, unsafe conditions 
can either be avoided or minimized. 
 
IV. EXPERIMENTAL SETUP 
 
A. MODIFICATIONS IN FUEL INJECTION 
SYSTEM 
In the case of hydrogen powered engines, very lean 
mixture of hydrogen is sufficient as hydrogen is 
easily flammable, high flame speed and increased 
concentration of fuel may lead to backfire etc., The 
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spring loaded valve in the injector is lifted by the high 
pressure fuel and it is injected into the  

 
 

combustion chamber of engine cylinder. As the 
pressure of the fuel falls, the valve is automatically 
closed by the spring force. The amount of fuel 
injected is regulated by the open period of the valve. 
Hence the pressure of the fuel must not be increased 
to very high rate in high pressure fuel pump. So when 
the partly low pressure oil is supplied to the fuel 
injector, amount of fuel injected to the combustion 
chamber reduces.The density of hydrogen is very less 
compared to gasoline and other fuels. So rich supply 
of air-fuel mixture is necessary. The amount of 
hydrogen fuel from the fuel injector is less, and high 
quantity of air is derived from air injection system, 
increasing the supply of air-fuel mixture.  Due to low 
density of hydrogen and increased air-fuel mixture, 
very high compression is essential for better 
operation of the engine. Besides the high auto-
ignition temperature of hydrogen, does not cause any 
damage to the cylinder due to increasing temperature 
during compression. The compression may take place 
both externally and internally.  
 
B. MODIFICATIONS IN SPARK PLUG 
Hydrogen has wide range of flammability and low 
ignition energy.So it is certain that, very high 
pressure and temperature is produced in the 
combustion chamber during injection of hydrogen, 
which will be then transmitted into the air heating 
chamber. Hence air heating chamber will be at very 
high temperature. So small amount of spark is 
sufficient to ignite the air mixture.Reducing the no. of 
turns in secondary coil and maintaining lower voltage 
difference between the points of the spark plug will 
create a mild spark in air heating chamber and 
efficient power stroke is produced in the engine 
cylinder. 
 
C. MODIFICATIONS IN IC ENGINES 
Due to low density of hydrogen and increased air-fuel 
mixture, very high compression is essential for better 
operation of the engine. Besides the high auto-
ignition temperature of hydrogen, does not cause any 

damage to the cylinder due to increasing temperature 
during compression. The compression ratio may be 
defined as the ratio of sum of clearance volume and 
stroke volume and clearance volume.  
 
COMPRESSION RATIO 
=ୈେ ାୗୖ 

ୈେ 
 

 
Hence decreasing the clearance volume, increases the 
compression ratio in the engine, simultaneously 
increasing the stroke volume, increases the 
compression ratio. So engine must be designed in 
such a manner that it has very low clearance volume 
and very high stroke volume. 
 

 
 
V. HOLLOW FIBRE MEMBRANE 
 

 
 
The hollow fiber (HF) membranes and devices being 
employed in NEA applications.The HF membranes 
employed for NEA operate at substantially lower 
pressure differentials and much higher volumetric gas 
rates than those applied for industrialnitrogen 
generation. The Hollow fiber membrane are made of 
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perfluoro polymer fiber.Thus they can have relatively 
thin walls. The perfluoropolymer layer on the outer 
surface of the porous polymer HF wall forms the 
separating layer which permeates oxygen 
preferentially than nitrogen. The high flow rates for 
the NEA application necessitate large inside 
diameters and short fiber lengthsin comparison to 
industrial membrane devices to minimize the pressure 
loss betweenthe air feed and the NEA.The 
pressurized air feed passes along the inside of the 
hollow fibers that are surrounded by atmospheric 
pressure on their outside diameters. The permeation 
ratesof water vapor, CO2, and oxygen contained in 
the air stream are faster than nitrogenand argon and 
will rapidly diffuse through the fiber walls. The 
slower diffused nitrogen molecules remain in the 
fiber bore and are collected as the nitrogen 
productgas. The air flow rate will determine how 
much undiffused oxygen remains with thenitrogen 
gas. The oxygen-enriched air (OEA) is simply 
exhausted to the atmosphere. 
 
VI. HFM CONSIDERATION FOR DIESEL 

ENGINE 
 

 
 
The membranes for the diesel engine have different 
permeation properties and withless utility when 
comparing to commercial membrane used in 
industrial gasseparations. Details of an NEA 
membrane installation on a diesel engine are 
described. To meet engine application requirements, 
membranes needto be custom-designed to meet 
specific engine intake geometry and 
operatingconditions. Membrane housings are being 
designed of aluminum to accommodate andprotect 
the NEA membrane cartridge in the engine 
compartment.The air charge to the engine is typically 
pressured by a turbocharger andcooled in an after-
cooler before delivery to the intake manifold. 
Turbochargerstypically have compression ratios 
below 3 but this is adequate to drive the 
NEAmembrane device. Thus the NEA device can 
ideally be located in the air duct betweenthe after-
cooler and the intake manifold. Attention must be 
given to duct andmembrane housing design to 
minimize any pressure loss between the air feed and 
theNEA product. 
 

Requirements for the NEA membranes in the 
application of Diesel engines: 
• Low pressure loss in the NEA stream. 
• Low loss of volume to the permeate. 
• Compact size for incorporation in the intake air 
system. 
• Good transient response. 
• Lightweight and suited to engine operating 
environment and 
• Low manufacturing cost. 
 
VII. ROLE OF DYNAMOMETER 
 
A dynamometer is a load device which is generally 
used for measuring the power output of an engine. 
Several kinds of dynamometers are common, some of 
them being referred to as “breaks” or “break 
dynamometers”: dry friction break dynamometers, 
hydraulic or water break dynamometers and eddy 
current dynamometers.  
 
Dry friction dynamometers are the oldest kind, and 
consist of some sort of mechanical breaking device, 
often a belt or frictional “shoe” which rubs a rotating 
hub or shaft. The hub or shaft is spun by the engine. 
Increasing tension in the belt, or force of the shoe 
against the hub increases the load on the engine.  
 
Hydraulic dynamometers are basically hydraulic 
pumps where the impeller is spun by the engine. Load 
on the engine is varied by opening or closing a valve, 
which changes back pressure on the hydraulic pump.  
 
Eddy current dynamometers are electromagnetic load 
devices. The engine being tested spins a disk in the 
dynamometer. Electrical current passes through coils 
surrounding the disk, and induce a magnetic 
resistance to the motion of the disk. Varying the 
current varies the load on the engine.  
 
The dynamometer applies a resistance to the rotation 
of the engine. If the dynamometer is connected to the 
engine’s output shaft it is referred to as an Engine 
Dynamometer. When the dynamometer is connected 
to the vehicles drive wheels it is called a Chassis 
Dynamometer. The force exerted on the 
dynamometer housing is resisted by a strain 
measuring device (for example a strain gage).  
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VIII. DYNAMOMETER OPERATION 
 
Several components are typically packaged together 
in a dynamometer: the shaft with bearings, the 
resistance surface, the resistance mechanism in a 
“free” rotating housing, a strain gage, and a speed 
sensor. Generally some method of cooling is also 
required, and this may require either a heat exchanger 
or air or water circulation,. The entire assembly is 
typically mounted on a stout frame, which is 
mechanically linked to the frame of the engine being 
tested. 
 
The force signal (F) from the strain gage may be 
converted into a torque (T) by multiplying by the 
distance from the center of the shaft to the pivot point 
of the strain gage (R):  
 

T = R x F 
 
If the units are in Newton-meters and shaft speed (S) 
is measured in radians per second, then the shaft 
power or break power (P) of the engine can be 
calculated by multiplying the speed and the torque:  
 

P = T x S 
 
Obviously if you are using different units than you 
will need to use the appropriate conversion factors. 
 
VIII. ENGINE TESTING: POWER CURVE 
 
 Several different tests can be performed with good 
engine dynamometer. The most common is an Engine 
Power Curve. In this test the engine is run at wide 
open throttle (WOT), and the dynamometer is 
operated in Speed Controlled mode. The speed set 
point is initially set to a low value, perhaps twice the 
idle speed. Engine speed and dynamometer torque are 
measured, and the speed set point is then increased, 
perhaps 500 rpm, and once the engine stabilizes at the 
new speed, the new speed and torque are measured. 
This is repeated up to the maximum desired speed. 
Break Power can then be calculated from the data, 
and you will have curves for the WOT torque and 
power as a function of engine speed.  
 
IX. COMPARISION OF PERFORMANCE 

CHARACTERISTICS 
 

 

Hydrogen fuel has higher brake thermal efficiency 
and even can operate at lower engine loads with 
better efficiency. It can be noticed that brake thermal 
efficiency is improved to about 31 percentage with 
hydrogen fuelled engine compared to gasoline fuelled 
engine. Comparison of brake thermal efficiency of 
the fuels is shown. Here brake thermal Efficiency of 
hydrogen is much better than the brake thermal 
efficiency of gasoline engine even at a low speed. 
 
X. EMISSION OF CO 
 

 
 

Some amount of CO is still present. This is due to the 
burning of lubricating oil film inside the engine 
cylinder. As engine speed increases, CO emission 
tends to decreases. The temperature caused by 
combustion is very high inside the cylinder. As the 
piston expends the heat evaporates some amount of 
oil. 
 
XI. NOX REDUCTION WITH NITROGEN 

ENRICHED AIR 
 

 
 
CONCLUSION 
 
Special features of the use of hydrogen as an engine 
fuel have been analysed. The necessary modifications 
in engine, carburetor, spark plug have been explained 
in detail. This type of engines will be used in near 
future. People will no longer be dependent on non-
renewable sources of energy. Emission of harmful 
gases like NOx, CO, HC,CO2 have been reduced 
considerably. Hence I conclude my paper stating 
hydrogen as a very good substitute for gaseoline, 
moving towards modern, sofisticated, technological, 
fast, eco-friendly environment. 
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