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Hydrogen as a Fuel
Module Title: Engine Cycle Analysis for Different Fuels
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Course: Internal Combustion Engines
Text Reference: J. B. Heywood, Internal Combustion Engine Fundamentals. New York: McGraw-Hill, 1988

Concepts: Stoichiometric air fuel ratio, energy contents, volumetric efficiency
Problem Motivation:

Alternative fuels generally lower the emissions which make them appealing for environmental concerns. Alternative fuels are the fuels which can be used in place of gasoline or diesel fuels. In order to reduce the dependence on petroleum products (e. g. gasoline, diesel, etc.) we need to adapt various alternative fuels (e.g. ethanol, methanol, natural gas, propane, hydrogen, etc.). Among these fuels, hydrogen has very high energy content by weight but it has very low energy content by volume. One of the technically challenging hurdles for use of hydrogen is the development of safe, reliable, compact and cost- effective hydrogen storage technology. About ethanol fuel, it is an alcohol-based very abundant fuel and is a promising alternative, with depleting petroleum reserves. Also it can be made from a wide variety of plant life. Ethanol is most commonly used to increase the octane rating and improve the emissions quality of gasoline. 
Basic Definitions and Derivations:

· Air fuel ratio
It is defined as the ratio of mass of air to the mass of fuel for a combustion process and it is usually expressed on a mass basis. 
· Stoichiometric air and stoichiometric combustion
The minimum amount of air needed for the complete combustion of a fuel is called stoichiometric or theoretical air while the ideal combustion process during which a fuel is burned completely with theoretical air is called stoichiometric or theoretical combustion of that fuel. 
· Volumetric efficiency

It is defined as the ratio of volume flow rate of air into the intake system to the rate at which volume is displaced by the piston. This is a performance parameter used to measure the effectiveness of an engine’s induction process.
· Ideal gas law for mixture is given as,
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Problem Information

Example Problem Statement:
Four- cylinder, 4- stroke spark ignited engine with a displacement volume of 5.7 L is tested at 3000 rpm for three different fuels namely hydrogen, ethanol and gasoline. The lower heating values for these fuels are given in the following table.
	Fuel
	Hydrogen (H2)
	Ethanol (C2H5OH)
	Gasoline (C8H18)

	Lower heating value

(kJ/kg)
	120100
	26900
	44400


Determine:
a) The air- fuel ratios;
b) The energy content per mole, energy content per unit mass and energy content per unit volume of a stoichiometric mixture of fuel vapor and air at 1.013 bar and 303 K.
Also compare the trend observed in the variation of the energy content of each fuel with its possible reason.

Example Problem Solution:

a) Air- fuel ratios

Hydrogen:
Stoichiometric combustion equation for the fuel hydrogen is given by the expression,
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The air- fuel ratio is given by,
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So, the air- fuel ratio of hydrogen is,
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Ethanol:
Stoichiometric combustion equation for the fuel ethanol is given by the expression,
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The air- fuel ratio of ethanol is,
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Gasoline:

Stoichiometric combustion equation for the fuel gasoline is given by the expression,
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The air- fuel ratio of gasoline is,
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b) Energy content of each fuel per mole, per unit mass and per unit volume of a stoichiometric mixture of fuel vapor and air
Mass Basis:

Air fuel ratio of hydrogen is 34.51:1 i.e. stoichiometric mixture of hydrogen and air in a combustion chamber consists of 1 kg of hydrogen: 34.51 kg of air i.e. 1 kg of hydrogen fuel in (1+34.51=35.51) kg of mixture.
Energy content of a stoichiometric mixture of hydrogen fuel and air
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Similarly,

Energy content of a stoichiometric mixture of ethanol fuel and air 
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Energy content of a stoichiometric mixture of gasoline fuel and air
[image: image16.wmf]1kJ

* 44400

16.14kg

=

 

                                                                                                                                                                                                                       
[image: image17.wmf]=

2751 kJ/kg


Mole Basis:

Molecular weight of hydrogen = 2 kg/ kmol


[image: image18.wmf]kJkg

Energy content of hydrogen  2 * 120100 *

  240200 kJ/ kmol

kgkmol

éù

==

êú

ëû


Now, in soichiometric combustion equation for hydrogen, there is 1 mole of hydrogen in 
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moles of a stoichiometric mixture of fuel and air.
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Similarly,

Molecular weight of ethanol = 46 kg/ kmol
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In stoichiometric combustion equation for ethanol, there is 1 mole of ethanol in 
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moles of a stoichiometric mixture of fuel and air.
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Molecular weight of gasoline = 114 kg/ kmol
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In stoichiometric combustion equation for gasoline, there is 1 mole of gasoline in 
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moles of a stoichiometric mixture of fuel and air.
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Volume Basis:

Now mass of mixture (
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Also, mass of mixture comprises of mass of fuel and mass of air i.e.
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Where,
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Now molecular weights of stoichiometric mixtures of various fuels are calculated as,

Hydrogen: 
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Ethanol:
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Gasoline:
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Now,
The energy content of fuel per unit volume of a stoichiometric mixture of fuel and air can be calculated as,
(E/Vmixt)Stoichiometric 
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The calculations for energy content of various fuels per unit volume of a stoichiometric mixture of fuel and air are given in following table: 
	Fuel
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(kg/m3)
	LHV

(kJ/kg)
	(E/Vmixt)Stoichiometric (kJ/m3)
	Ratio

	Hydrogen
	21.01
	0.845
	34.51
	0.024
	120100
	2857
	0.85

	Ethanol
	30.11
	1.210
	9.00
	0.121
	26900
	3255
	0.97

	Gasoline
	30.40
	1.222
	15.14
	0.076
	44400
	3362
	1.00


When we compare the trend observed in the variation of the energy content of hydrogen, ethanol and gasoline, it is found that
· energy content of hydrogen, ethanol and gasoline per unit mass of a stoichiometric mixture of fuel and air is in the ratio 1.23 : 0.98 : 1
· energy content of hydrogen, ethanol and gasoline per mole of a stoichiometric mixture of fuel and air is in the ratio 0.85 : 0.98 : 1
· energy content of hydrogen, ethanol and gasoline per unit volume of stoichiometric mixture of fuel and air is in ratio 0.85 : 0.97 : 1
So, the energy content of a stoichiometric mixture of hydrogen and air per unit mass is greater than the energy content of a stoichiometric mixture of gasoline and air per unit mass. Also, the energy content of a stoichiometric mixture of hydrogen and air per unit volume is less than the energy content of a stoichiometric mixture of gasoline and air per unit volume.   
Home Problem Statement: 
a) As specified in the above problem, if the engine is tested for all 3 fuels i.e. hydrogen, ethanol and gasoline, determine the volumetric efficiency of the engine for each fuel. 
b) Also calculate energy density in MJ/m3 for hydrogen compressed at 5000 psi pressure and 25°C temperature and compare this energy density to energy density of hydrogen at standard atmospheric pressure (14.696 psi) and temperature (25°C). (Universal Gas Constant, R= 8.314 kJ/kmol.K and molecular weight of hydrogen= 2.016 kg/kmol)
Hints: 
· Specific gas constant can be calculated using a formula:
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· Energy density is the amount of energy for a given volume of fuel and can be calculated as the product of the energy content or lower heating value of fuel and density of the same fuel at specified temperature and pressure conditions.
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