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Fuel is defined as a substance composed mainly of carbon and hydrogen because 

these elements will combine with oxygen under suitable conditions and give out appreciable 
quantities of heat. Fuels are used in industry for production of heat and in turn this 
heat produced is converted into mechanical work. Before the invention of nuclear energy 
and nuclear fuels, chemical energy of fuels, which may be in solid, liquid or gaseous 
forms was only the natural source of energy mainly.

Coal, crude oil and natural gas are fossil fuels. Even today, major portion of . energy 
demand is met by fossil fuels. At present, the major share of energy demand is met 
by crude oil which supplies nearly 42% of the total energy demand. Coal supplies 
nearly 32% and natural gas about 21% of the energy demand. Remaining 5% of energy 
demand is supplied by nuclear power and hydraulic power.

All human, industrial, and agricultural wastes constitute potential significant source 
of energy. Normally a large portion of such waste is combustible matter e.g. wood, 
paper, tar, textile, plastic, plant, leaves etc. Bio-gas is obtained by fermentation in the 
sewage disposal system, or by the fermentation of cattle waste, farm waste, etc. If the 
fermentation is carried out in the absense of air, the gas produced may have the 
concentration of methane as high as 75%. The remaining part is mostly carbon dioxide 
and hydrogen.

With the increasing gap between the demand and supply of crude oil, and with 
the fast reducing fossil fuel reserves, it has new become essential to find out alternatives 
to gasoline for nutomobiles, heavy vehicles, and aircrafts. Scientists are working on 
various synthetic fuels that can replace gasoline. There are three main alternative 
synthetic fuels which can replace gasoline :

— Synthetic fuels such as ethanol and butanol derived from carbohydrates,
— Synthetic fuels such as methanol derived from coal, and
— Hydrogen from water.

Since the discovery of nuclear energy in 1939 using fussion reaction, nuclear fuels* 
have become a good source of energy. The main nuclear fuel for reactors is 
Though U233 and Pu239 are also fissionable but these are not available in nature, i,  
can be produced from Th~32 and Pi?39 from U233. U23** and U233 are available in 
nature in the form of uranium oxide U3O8 in pitch-blende. The world reserves of uranium 
are estimated to be about 10,00,000 tons. The uranium reserves in India are estimated 
to be around 1,00,000 tons. Besides uranium, India also has large deposits of thorium 
but it will take sometime before suitable breeder reactors are commissioned for the 
production of power from U238 produced from thorium. At the present time about 2°/ 
of the total energy demand is met by nuclear sources.

6.1 Introduction
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The cost of power generated from nuclear reactors Is already in competition with 
the cost of thermal power generation, and It is expected that with the increase in the 
cost of production and transportation of fossil fuels, cost of nuclear power generation 
will be less than the cost of thermal power generation. However, the disposal of waste 
from the nuclear reactors is still a problem.
6.2 Solid Fuels

Solid fuels may be classified into two classes :
— Natural solid fuels, and
— Artificial or Prepared solid fuels.

6.2.1 Natural Solid Fuels : The fuels belonging to this group are :
— Wood,
— Peat,
— Lignite or brown coal,
— Bituminous coal, and
— Anthracite coal.

Wood consists largely of carbon and hydrogen chemically formed by the action of 
sunlight, and was at one time used extensively as a fuel. The calorific value o' wood 
varies with kind of wood and with water content. Othe* colid fuels are the products of 
wood and vegetablo matter which have, during the course of ages :een decomposed 
and solidified under, great pressure. The character of the solid fuel depends upon the 
length of time which has been occupied in its formation and on the amount of pressure 
and heat to which it has been subjected in the strata of the earth.

Peat represents the first stage at which the fuel derived from wood and vegetable 
matter is recovered from earth. It contains from 20 to 30 per cent of water and, 
therefore, needs to be dried off before it can be burnt satisfactorily. The calorific value 
of air dried peat is about 14,500 kJ/kg.

Lignite or Brown coal represents the intermediate stage, and is a very soft and 
an inferior type of coal containing not 1 j s s  than 60% caibon.. It contains from 15 to 
20% of moisture after drying in the air. It has been largely used as a low grade fuel. 
The average heating value of this type of coal after drying is 21,000 kJ/kg. It bums 
with large smoky flame and is generally non-caking (i.e. its parts do not stick together 
while burning).

' Bituminous coal is (he next intermediate stage in the development. It is soft and 
shiny black in appearance, often showing signs of its vegetable origin and consists of 
about 70% carbon and about 20 to 30% volatile (easier to ignite) matter. The average 
calorific value of bituminous coal is about 31,500 kJ/kg. It burns with a long yellow 
and smoky flame. Bituminous coal is of two varieties, namely, non-caking bituminous 
coal and caking bituminous coal.

Bituminous non-caking burns with little or no smoke and its parts do not stick 
together while burning. Thus, it is known as free buring carbon. Caking bituminous coal 
softens and swells and the parts stick together, forming a pasty mass. It burns with a 
fairly long smoky flame.

Anthracite is regarded as the final stage in the development. It is hard, brittle 
and consists of about 90% carbon and about 8 to 10 per cent volatile matter. It is
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difficult to ignite and burns without flame or smoke. It is non-caking and does not give 
smell when burning. It has very low ash content and is comparatively free from sulphur. 
Its calorific value is about 36,000 kJ/kg or 36 MJ/Kg.

6.2.2 Artificial or Prepared Solid Fuels : The fuels belonging to the group are : 
wood charcoal, coke, briquetted coal and pulverised coal.

Wood charcoal is made by heating wood out of contact with the atmosphere or 
with limited supply of air, to a temperature not lower than 310'C. The higher the 
temperature, the blacker and harder is the charcoal produced. Dry charcoal contains 80 
to 90% carbon. The calorific value of dry charcoal is about 28,000 kJ/kg or 28 MJ/kg.

Coke is made from bituminous coal by driving out its volatile elements. It is hard, 
brittle and porous. It is not much used for steam raising purposes. It is especially used 
in gas producers. It contains 85 to 95% of carbon and its calorific value is about 
32,500 kJ/kg.

Briquetted coal consists of finely ground coal mixed with a suitable binder and 
pressed together into briquettes (blocks). This treatment decreases the fuel loss through 
the grate and increase the heating value of the fuel. Briquetting of lignite coal will allow 
its handling and burning without disintegration.

Pulverised coal is the coal that has been reduced to a powder of such a fineness 
that it will float in air. For complete combustion, the fuel should be mixed intimately 
with the proper amount of air at sufficiently high temperature. It is easier to achieve 
this intimate mixing of the coal with air if the coal is finely divided (or atomised). The 
coal is reduced to its finely divided state by crushing, and many important plants are 
now working on pulverised coal. Thus, flexibility of control, complete combustion with 
less excess air and high temperature of flame, are advantages of pulverised coal.
6.3 Burning of Coal

When coal is heated it breaks up into two distinct fuels : Volatile matter and fixed 
carbon. ,

—Volatile matter consists of carbon combined with hydrogen together with the other gas 
forming constituents that are driven off by heat. Volatile matter bums with a long yellow 
flame.

— Fixed carbon burns with hardly any flame and is difficult to ignite. Fixed carbon is the 
carbon which is not in combustion with any other element of the fuel.

Bituminous coal when heated gives off 20 to 30% volatile matter, whereas anthracite 
contains very small quantity of volatile matter, and therfore bituminous coal is much 
easier to ignite than anthracite coal. Coke is the substance, containing almost entirely 
of fixed carbon and ash, which remains after the greater part of volatile matter and 
moisture has been distilled from the coal, as in the production of coal gas.
6.4 Coal Analysis

Coal, as found in nature, is neither a pure substance nor of uniform composition.
A definite chemical formula cannot, therefore, be written for a coal found in coal mines. 
Consequently, two different methods of analysis are employed to know the composition 
of coal. They are known as Ultimate analysis and Proximate analysis.

In Ultimate analysis a complete chemical break down of coal into its chemical 
constituents is carried out by chemical process. Yhis analysis is required when important
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large scale trials are being performed (i.e. a boiler trial), and is carried out by a 
chemist. The analysis serves the basis for calculation of the amount of air required for 
complete combustion of one kilogram of coal. The analysis gives the percentage content 
on mass basis of carbon, hydrogen, nitrogen, oxygen, sulphur and ash and their sum
is taken as equal to 100 per cent. Moisture is expressed as a separate item. The
analysis also enables us to determine the calorific value or heating value of the coal.

Proximate analysis is the separation of coal into its physical components and can 
be made without the knowledge of analytical chemistry. The analysis is made by means
of a chemical balance and a temperature controlled furnace. The sample of fuel is
heated in the furnace or oven. The components in the analysis are fixed carbon, volatile 
matter (combination of carbon, hydrogen and other gases which distil easily), moisture 
and ash. These components are expressed in percentage on mass basis and their sum 
is taken as 100 per cent. Sulphur is determined separately. This analysis also enables 
us to determine the heating value of the coal.

Both the above analysis may be expressed in terms of the following ;
.. Coal ‘as received’ or 'as fired’,
.. Coal ‘moisture free’ or ‘dry’, or
.. Coal 'moisture-and-ash free’ or Combustible.

6.5 Calorific Value
The calorific value or heating value of a solid fuel or liquid fuel may be defined 

as the number of heat units (kJ or MJ) liberated by the complete combustion (burning) 
of one kilogram of fuel. For solid or liquid fuels, the calorific value is generally expressed 
as kJ per kilogram. For gaseous fuels, the calorific value is generally expressed in kJ 
per cubic metre of gas measured at temperature of 15*C and a pressure of 760 mm 
of mercury, i.e., at S.T.P.

Fuels which contain hydrogen have two heating values, the higher and the lower 
calorific values. The higher or gross or total calorific value (H.C.V.) of a fuel is the 
total heat liberated by one kilogram or one cubic metre of fuel when completely burned, 
including the heat of steam formed by the combustion of hydrogen in the fuel which 
is recovered by condensing the steam from the products of combustion.

The lower or net calorific value (L.C.V.) of a fuel is the heat liberated per ■
kilogram or per cubic metre of fuel after the enthalpy necessary to vaporise the steam
formed by combustion of hydrogen in the fuel is deducted. The enthalpy referred to is 
the enthalpy of evaporation of dry saturated steam at the standard atmospheric pressure 
of 760 mm Hg.

The calorific value of a fuel may be found :
— Theoretically by calculations, when the composition of fuel on mass basis is known, and
— Experimentally by a fuel calorimeter.

t
6.5.1 Carbon Value : The evaporative power of fuels of different compositions can 

be compared by referring them to a common standard. This standard is the kilograms 
of carbon required to produce the same amount of heat as one kilogram of fuel. This
is also known as the carbon equivalent of the fuel and is given by the ratio

Calorific value of fue[
Calorific value of carbon
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6.5.2 Evaporative Power : Evaporative power of fuel is the number of kilograms 
of water which can be converted into dry saturated steam at atmospheric pressure by 
one kilogram of fuel, the initial temperature of the water being taken as 100’C.

Evaporation power of a fuel =  c # > r i^ u e ^ e U n  kJ per kg  ..(6.1)
2,257 (enthalpy of evaporation of steam at 1 01325bar)

6.5.3 Theoretical Value : The theoretical calorific value (C.V.) of a fuel may be 
calculated by using a formula known as Dulong’s formula. If the ultimate analysis of 
the fuel is available and if the calorific value of the elementary combustibles (carbon, 
hydrogen and sulphur) are known, then the calorific value of the fuel is approximately 
the sum of the heat liberated by these combustibles (carbon, hydrogen and sulphur).

According to Dulong’s formula,

OzTheoretical C.V. of the fuel = 33,800C+1,44,500 H z- 8 + 9.300S kJ/kg

The symbols C, H2, O2 and S represent the mass of carbon, hydrogen, oxygen 
and sulphur in kg per kg of fuel, and the numericals indicate their respective calorific

O2 'values in kJ/kg. The expression 8 represents the available hydrogen for heat

Mains
Therrrometer

Motor

release, that is, the amount left after subtracting the amount of hydrogen that will unite 
with oxygen present in the fuel to form water. Mass of H2 in water is 1/8th of the 
mass of O2.

6.5.4. Experimental Value : 
The calorific value of a fuel is 
determined very accurately by the 
use of a fuel calorimeter in which 
a known quantity of fuel is burnt 
and heat liberated from its com-
bustion is absorbed by a definite 
mass of water whose temperature 
rise is then measured.

Bomb Calorimeter (fig. 6-1) 
enables an accurate determination 
of the calorific value of a solid 
fuel, and also of a liquid fuel when 
burnt at constant volume in an 
atmosphere of oxygen.

The name of the apparatus 
arises from the shape of the vessel 
in which the fuel is burnt. The 
bomb is made of stainless steel 
and consists of a base, which 
supports the platinum crucible and 
is screwed ' to the body of the 
bomb. The top of the bomb carries 
an oxygen supply connection 
through which the bomb is charged 
with the oxygen, and a product

Electric firin g  leads 
to fuse w ire

C o ic 'ir r e te r

Fig. 6 1. Bomb calorimeter.
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release valve. The selected sample of coal to be tested is reduced to powder and 
them compressed into briquette with the aid of a briquette mould apparatus. The mass 
of powdered sample of coal taken for the test is usually one gram and the calorimeter
is filled with 2,000 c.c. of water. *

The sample of coal (briquette) is then placed in the platinum crucible (fig. 6-1). 
The iron fuse wire, which surrounds the coal sample, is connected to the lower end 
of the two electrodes. The electrodes extend through the base of the bomb and connect 
the fuse wire to an electric circuit. The coal can be ignited by closing the electric 
circuit.

The bomb is placed inside a copper vessel known as the calorimeter which contains 
a definite weighed amount of water (2,000 c.c.). A stirring device for agitating (or stirring) 
the water within the calorimeter is attached to the apparatus and it is worked by an 
electric motor.

The calorimeter filled with water and containing the bomb, is surrounded by an
outer vessel (not shown in fig. 6-1) which forms an air space around the calorimeter
and thereby minimises the radiation losses to the surroundings.

The temperature of the water in the calorimeter is measured by an accurate 
thermometer graduated to read upto one hundredth degree centigrade. An oxygen cylinder 
(not shown in fig. 6-1) supplies oxygen to the bomb to bum the coal. The oxygen 
cylinder is coupled to the bomb and the oxygen is admitted to the bomb through the 
oxygen supply valve until the pressure gauge on the cylinder indicates a pressure of 
about 25 atmospheres.

Temperature readings of the water in the calorimeter are taken at one minute
interval for a period of 10 to 15 minutes. When either the temperature is constant or
the change of temperature is regular, the coal sample is ignited by closing the electric 
circuit. The stirrer is kept in motion all the time and temperature readings are taken 
at 1/2 minute interval for about 5 minutes, until the maximum temperature is reached. 
The temperature readings are taken at one minute interval for 10 minutes after maximum 
temperature is reached. These temperature readings are required for calculating the heat 
exchange with jacket.

The heat generated by combustion of the sample of the coal is partly absorbed 
by the weighed quantity of water in the calorimeter and partly by the metal of the 
bomb and the calorimeter. The water equivalent of the bomb and the calorimeter is 
usually furnished by manufacturers or it can be determined experimentally.

Let Mi m mass of sample of coal burnt in the bomb in gram,
M  m mass of water filled in the calorimeter in gram,
m m water equivalent of the appartus (bomb and calorimeter) in gram ( M + m gives

equivalent mass of water in gram),
t i = temperature of appartus and water before starting the experiment in tJegree 

centigrade,
te = maximum temperature of apparatus and water during experiment, i.e. tempera-

ture after combustion in degree centigrade.
k = specific heat of water, and
C. V. = calorific value of coal sample in Joules per gram (J/gm) or kJ/kg.
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Then, heat liberated by combustion of the coal sample
= heat absorbed by the apparatus and water

i.e. C.V. x Mf = (M + m) x k (fe -  ti)
_ t _ (M+m)  x k ( tz -  tu M . . .

■ • c  v- = ----------------------------1 J/gm or kJ/kg (6 3)

The heating value, thus, determined is the higher calorific value at constant volume.
For the very accurate determination of calorific value, corrections are made for the 

following :
— Heat may be gained from the atmosphere or heat may be lost to the atmosphere by the 

apparatus during the experiment.
— Combustion taking place in oxygen, results in the formation of nitric acid and sulphuric 

acid.
— The fuse wire liberates some heat energy.
— The products of combustion are cooled to the original temperature.

The correction for radiation (or cooling correction) has to be made in the observed 
temperature rise during the period of burning which will eliminate the error due to first 
reason. The cooling correction is expressed in degree centigrade and should be added 
to the observed temperature rise of water to get the corrected or true temperature rise. 
The heat resulting from the formation of nitric acid and sulphuric add and that due to 
heating of the fuse wire, when subtracted from the heat absorbed by apparatus and 
the water, will eliminate the error due to second and third reasons as stated above. 
The error due to the fourth reason is only a small fraction of about one per cent.

Calorific value of a liquid fuel (oil) is measured in the same manner as with solid 
fuels by a bomb calorimeter. The sample of liquid fuel is filled in a gelatine capsule 
and the capsule is placed in the platinum crucible. Refer illustrative problem-4.
Problem-1: A sample of coal has the following composition on mass basis : Carbon,
82%; Hydrogen, 8%; Sulphur, 2%; Oxygen 4%; and Ash, 4%.

Calculate, using Dulong’s formula, the higher calorific value of the coal.
Considering 1 kg of coal and using Dulong’s formula {eqn. (6.2)},

OzH.C.V. of coal = 33.800C + 1,44,500
* - 8

+ 9.300S kJ/kg

0-04 ̂
= 33,800 x 0 82 + 1,44,500 0 0 8 - - Q + 9,300x002

= 38,739 5 kJ/kg or 38 7395 MJ/kg
Problem-2 : Calculate the theoretical higher and lower calorific values of a fuel having 
the following composition on mass basis : Carbon, 85-5%; Hydrogen, 12-5%; and Oxygen, 
20%. Take C.V. of hydrogen = 1,44,500 kJ/kg and that of carbon = 33,800 kJ/kg. 
Take enthalpy of evaporation of steam as 2,257 kJ/kg at atmospheric pressure.

We first assume.that any oxygen if present in the fuel is already combined with 
some of the hydrogen, so that the heat released from this part of the hydrogen is not 
available.

1 kg of H2 combines with 8 kg of O2 to produce 9 kg of H2O.



0 02 kg of O2 will have combined with 002/8 = 0 0025 kg of H2 
Hydrogen available for heat release = 0-125 -  0-0025 = 0-1225 kg 
Calorific value of hydrogen = 1,44,500 kJ/kg
Heat released from the combustion of 0-1225 kg ot H2 ■ 1,44,500 x 0-1225

= 18,701 kJ
Calorific value of carbon = 33,800kJ/kg

/. Heat released from the combustion of 0-855 kg of C = 33,800 x 0-855
-  28,899 kJ

H.C.V. of fuel = 28,899 + 18,701 = 47,600 kJ/kg or 47 6 MJ/kg 
Alternatively, considering 1 kg of fuel and using Dulong’s formula (eqn. 6.2)

O2

FUELS 137

H.C.V. of fuel = 33,800 C + 1,44,500
* - 8

+ 9,3005 kJ/kg

» 33,800x0 855 + 1,44,500 + 0 = 47,600 kJ/kg (same as before)

Now, 1 kg of Hydrogen combines with 8 kg of oxygen to form 9 kg of steam.
/. Amount of water vapour (steam) formed during combustion of one kg of fuel

= 9H2 = 9 x 0-125 = 1-125 kg.
Considering steam pressure as atmospheric, enthalpy of evaporation of 1-125 kg of steam 

at 100'C = 1 125 x 2,257 = 2,539 kJ.
L.C.V. of fuel = H.C.V. -  Enthalpy of evaporation of steam formed

= 47,600 -  2,539 = 45,061 kJ/kg or 45 061 MJ/kg
Problem-3: The following data refers to experimental determination of the calorific value 
of a sample of coal containing 686% of hydrogen :

Mass of the sample of coal 0862 gm;
Mass of the fuse wire 00325 gm of calorific value of 6,800 J/gm;
Mass of water in calorimeter 2,000 gm;
Water equivalent of calorimeter 350 gm;
Observed temperature rise of water from 16235'C to 19-28’C;
Cooling correction + 0017'C
Take specific heat of water as 4-187 kJ/kg K (4-187 x 1C? J/kg K). Find the higher 

and lower calorific values of the coal.
Equivalent mass of water = 2,000 + 350 = 2,350 gm
Observed temperature rise of water = 19-28 -  16-235 = 3 045’C
Cooling correction m + 0 017’C
Corrected temperature rise of water = 3-045 + 0-017 = 3-062’C 
Heat absorbed by the equivalent mass of water

= {Equivalent mass of water} x {Specific heat of water} x
{Corrected temperature rise of water}
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= 2,350 x 4 187 x 3 062 = 30,130 J.

Heat received by this mass of water from coal = 30,130 -  heat from fuse wire
= 30,130 -  (0 0325 x 6,800) = 29,909 J.

Mass of the sample of coal = 0 862 gm.
o q  q n q

Higher C.V of Coal = = 34,697 J/gm or 34,697 kJ/kg

Now, 1 kg of hydrogen combines with 8 kg of oxygen to form 9 kg of steam.
Therefore, steam formed during combustion of one kg of fuel = 9H2 = 9 x 0-0686 =
06174 kg.

Considering steam pressure as atmospheric, enthalpy of evaporation of 0-6174 kg 
of steam at 100’C « 0 6174 x 2,257 -  1,393 kJ

.-. Lower C.V of coal = Higher C.V -  Enthalpy of evaporation of steam formed
« 34,697 -  1,393 = 33,304 kJ/kg.

6.6 Liquid Fuels
Liquid Fuels are hydrocarbons. Depending on the number of carbon atoms, they 

can be classified as light oils and heavy oils. Light oils are volatile. The general chemical 
formula for all hydrocarbons is CmHn. They are commonly used for internal combustion 
engines and for steam raising purposes.

Most of the liquid fuels used in industry sire prepared from one or the other of
the following substances :

— Crude petroleum,
— By-products from the manufacture of coal gas, and
— Vegetable matter.
Crude Petroleum is obtained from natural reservoirs in the earth’s crust through 

wells which are drilled in likely places until oil is struck (found). Crude petroleum as 
it comes from the wells is of complex nature. It has to be to processed in order to 
break it down into many grades of oils required for numerous applications. The separation 
of crude petroleum into numerous oils used in industry is achieved by the process of 
distillation (i.e. by heating the crude petroleum and condensing the vapour thus formed) 
at various temperatures and pressures. When crude petroleum is refined by a process
of distillation, a number of different substances come off, leaving finally a thick residue.
Petrol (or gasoline), paraffin oil or kerosene, heavy fuel oils used in the furnaces of 
oil fired boilers and diesel engines, lubricating oils, greases, paraffin wax, bitumen, etc., 
are thus produced by the processes of distillation.

Petrol or Gasoline comes off at temperatures from 65'C to 220'C. It is a source 
of power for light petrol engines used for road traction, aviation and small industrial 
installations. Its calorific value is about 44,250 kJ/kg.

Kerosene or Paraffin oil comes off at temperatures from 220'C to 345‘C. It is 
used as a heating and lighting fuel. It is heavier and less volatile than petrol. It requires
to be heated before it becomes volatile. Its calorific value is 44,000 kJ/kg. It is used
as a fuel for heavy road traction, tractors and internal combustion engines.

Fuel oils used in Diesel engines and in the furnaces of oil fired boilors, are 
distilled at temperature from 345’C to 470‘C. These oils are heavy and non-volatile. 
The calorific value of these oils is about 44,250 kJ/kg.
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Tar is an important by-product from the manufacture of coal gas and it may be 
redistilled to produce valuable fuel like the Benzene (CeHe). The important feature of 
such oil is that it is much less. liable to detonation than standard petrol, and forms a 
good alternative to petrol for use as. a fuel in internal combustion engines.

Alcohol is formed by fermentation of vegetable matter, and has been widely used 
as a commercial fuel. It can be used as a fuel in internal combustion engines in a 
similar manner as petrol but its cost prohibits its use as a fuel. Its calorific value is 
about 26,800 kJ/kg.

It is necessary to examine the different properties and characteristics of fuel oils, 
owing to the variable nature of the numerous oils now available. The properties of a 
fuel oil that affect its suitability and which should be examined are : viscosity, specific 
gravity, flash point, ignition point, cold test, sulphur, water and ash contents, mechanical 
impurities, mean specific heat and heat value. These characteristics are determined by 
laboratory tests carried out according to some specific standards.

The advantages of liquid fuel over solid fuel (coal), when used as a fuel in 
boilers are:

— Higher calorific value,
— Reduction in the cost of handling,
— Saving in storage space required,
— Easy control of combustion and thus evaporation rate,
— No loss in heat value during storage,
— Cleanliness and freedom from dust,
— Higher combustion efficiencies, and
— Ease of starting and shutting of boilers

The disadvantages of liquid fuel when used as a fuel in boilers are :
— Danger of explosion,
— Necessity of heating the oil in the storage tanks in very cold climates to lower the viscosity,

— Higher cost and its non-availability in the areas of a country where it is not produced.
Problem-4 : The following data refers to an experimental determination of the calorific 
value of a sample of fuel oil containing 14% of hydrogen :

Find the higher and lower calorific values of fuel oil. Take specific heat of water 
as 4187 kJ/kg K and enthalpy of evaporation of steam as 2,275 kJ/kg at atmospheric 
pressure.

Equivalent mass of water = 2 + 06 = 2-6 kg

and

Specific gravity of fuel oil 
Mass of water in calorimeter 
Water equivalent of calorimeter 
Mass of sample of fuel oil
Temperature of water in calorimeter before combustion 
Temperature of water in calorimeter after combustion

. .. 600 gm
.. 1 gm 
.. 1&5C 
.. 23- 75’C

.. 0845 

.. 2 kg
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Temperature rise of water = 23-75 -  19-5 = 4-25’C.
Specific heat of water = 4-187 kJ/kg K.
Heat absorbed by equivalent mass of water

= Equivalent mass of water x temperature rise of water x specific heat of water 
= 26 x 425 x 4-187 = 46266 kJ

Mass of sample of fuel oil *  1 gm = 0-001 kg.

Higher calorific value of fuel oil (H.C.V.) -  = 46,266 kJ/kg

This figure, i.e. 46,266 kJ/kg refers to what is known as the higher calorific value 
of the fuel. In all hydrocarbon fuels, one of the products of combustion is water, which 
at combustion temperature is in the form of steam. In the bomb calorimeter experiment, 
this steam on condensing gives up its enthalpy of evaporation, which assists in raising 
the temperature of water in the calorimeter. In an oil engine, however, the temperature 
of the expanding gases never falls below that of condensation, and therefore, the 
enthalpy of evaporation of steam cannot appear as sensible heat and cannot be made 
use of by the engine to develop mechanical work. It is therefore, customary to subtract 
the enthalpy of evaporation of steam from the H.V.C. in order to give lower calorific
value of the fuel, which is the only heat value, the engine makes use of.

Now, 1 kg of hydrogen combines with 8 kg of oxygen to form 9 kg of steam.
Steam formed during combustion of 1 kg of fuel oil m 9H2 = 9 x 0-14 = 1-26 kg
Considering steam pressure as atmospheric, enthalpy of evaporation of 1-26 kg of 

steam formed at 100‘C = 1 26 x 2,257 = 2,844 kJ
L.C.V. of fuel of = H.C.V. -  Enthalpy of evaporation of steam formed

= 46,266 -  2,844 = 43,422 kJ/kg
6.7 Gaseous Fuels

Gaseous fuels may be divided into two classes :
— Natural Gas, and
— Prepared Gases.
Natural gas is given off near the oil bearing areas. Natural Gas consists mainly

of methane (marsh gas) and ethylene and also oxygen, CO. and CO2. Its calorific value
varies from 35,500 to 37,200 kJ/m3.

Prepared gases used as fuels are : coals gas, producer gas, water gas, mond
gas, blast furnace gas, coke-oven gas, marsh gas and oil gas.

Coal gas is obtained by distilling coal in retorts. It consists mainly of hydrogen, 
CO, CO 2, methane (CH4), defines (Cn H2n) and nitrogen. Its calorific value varies from
21,000 to 25,000 kJ/m3.

Producer gas consists of the products derived from the passage of air and steam 
through a bed of incandescent fuel in gas producers. The details of production and 
theoretical analysis of this gas are given fully in Chapter-7. Producer gas is a mixture 
of carbon monoxide, hydrogen, nitrogen and carbon dioxide. The essential component 
of producer gas is carbon monoxide. It has a low calorific value but it is cheap. Its 
calorific value varies from 4,200 to 6,600 kJ/m3.
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Water gas is a mixture of hydrogen and carbon monoxide and is obtained by the 
contact of steam with incandescent carbon in the form of coal or coke. Its calorific 
value ranges from 11,500 to 23,000 kj/m3. Because of use of steam (water) in its 
manufacture, it is known as water gas. As it burns with a blue flame it is also known 
as blue gas.

Mond gas is obtained by injecting large quantity of steam in a producer, and is 
suitable for use in gas engines. Its calorific value is about 5,800 kJ/m3.

Blast furnace gas is obtained as a by-product in smelting of pig iron. It has a 
low heating value of about 3,800 kJ/m . This gas is a mixture of carbon monoxide, 
hydrogen, carbon dioxide, nitrogen and some traces of methane. Actual composition 
depends upon the fuel and method adopted for operation of blast furnace. Blast furnace 
gas contains considerable amount of dust and it must be cleaned before its use.

Cock-oven gas is produced by high temperature carbonisation of bituminous coal. 
It is a by-product from coke ovens in the manufacture of coke. Its calorific value ranges 
from 14,500 to 19,000 kJ/m3. It is essentially a mixture of methane and hydrogen, but 
also contains ethylene, carbon monoxide, carbon dioxide and nitrogen.

Marsh gas is a simple hydrocarbon gas (methane, CH4), produced in nature by
the decay of vegetable matter under water. Its calorific value is about 23,000 kJ/m3.

Oil gas is produced by vaporisation and thermal cracking of oils with air or steam. 
It is a combination of cracked oil vapours and blue (water) gas. The oil gas predominates 
arid the blue gas is in much smaller quantity. Its calorific value varies from 17,000 to
25,000 kJ/m3.

6.7.1 Calorific Value : Calorific value of gaseous fuel is generally expressed in
kJ per cubic metre of the gas at S.T.P. or N.T.P. and may be obtained :

.. Theoretically by calculations, based on the chemical analysis of gas, or

.. Experimentally by means of a gas calorimeter.
Theoretically the calorific value in kj/m of a gaseous fuel can be calculated by 

making chemical analysis and then summing up the heat evolved by the combustible 
constituents when burnt separately. The heating value of some typical gases are given 
in table 6-1.

Table 6-1 . Calorific (heating) value of gases

Gas Symbol Heating value in 
kJ per m3 at N.T.P.

Hydrogen HZ 13,000
Carbon monoxide CO 12,900 I

Methane CH4 39,500
Ethane c 2h6 69,400

Ethylene C2H4 62,400
Acetylene C2H2 58,000

The calorific value of gaseous fuel can also be determined experimentally (very 
accurately) by a gas calorimeter, known as Junker’s gas calorimeter.

Junker’s Gas Calorimeter (shown in fig. 6-2) consists of a vertical cylindrical 
chamber containing vertical tubes. The gas is burned in a Bunsen burner placed 
underneath the water chamber. The products of combustion pass upward through the
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Fig. 6 2. Junker's gas calorimeter.

combustion chamber and then downward through the tubes. The tubes are surrounded 
by continuously flowing water. The water enters at the bottom and leaves at the top. 
The water is supplied under a constant head to ensure uniform rate of circulation.

The gas flow to the calorimeter is measured by a gas meter. The pressure of the 
gas is controlled by a gas pressure regulator. This is necessary to damp out pulsations 
in the gas supply which would affect the results adversely. The pressure of the gas is 
measured by a water manometer. The gas temperature is measured by a theremometer 
at the gas meter and the temperature of the products of combustion is measured by 
another thermometer placed in the products of combustion outlet pipe. The temperature 
of the water entering and leaving the calorimeter are also measured by two thermometers 
provided in the inlet and outlet water pipes. The water which flows through the calorimeter 
is collected and weighed. The amount of condensate formed due to the combustion of 
hydrogen in the fuel gas is determined by collecting it in a small graduated glass 
vessel (not shown). Certain specific standards are observed regarding the rate of flow 
of the gas and water. The rate of gas flow is specified to be about 6 litres per minute 
for a test of 4 minutes duration, during which time about 2,000 c.c. of water should 
be circulated and the temperature rise should be about 20* C.

Readings of the inlet and outlet water temperatures should be taken after every 
30 seconds during the test. Other readings to be taken during the test are : the amount 
of gas burned and its pressure and temperature at the meter, the amount of water 
passing through the calorimeter, the amount of condensate collected, and the barometric 
pressure.

The calorific value of the gas in kJ per cubic metre is determined by multiplying 
the mass of water passed in kg by the rise of temperature of water in ‘C, and the
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specific heat of water in kJ/kg K and dividing the product by the volume of gas used
in cubic metres reduced to S.T.P. (15'C and 760 mm Hg) or to N.T.P. (O'C and 760
mm Hg).

The reduction of volume from measured temperature and pressure to standard 
temperature and pressure (S.T.P.) is done as follows :

Let pi, vi and Ti be absolute pressure, volume and absolute temperature of gas 
at the meter, and p2, V2 and T2 be absolute pressure, volume and absolute temperature
of the gas at 15'C and 760 mm Hg (at S.T.P.).

Here, p i pressure shown by manometer in mm of water
13 6

observed barometric 
pressure in mm of Hg

V; = volume of gas used (burnt) as shown by the meter in m ,
7/ = observed temperature of gas at meter in K ("C + 273),
p2 = 760 mm Hg,
v2 = volume of gas used, reduced to S.T.P. in m3, and
T2 -  15 + 273 = 288 K.

P i Vi poVo
— - (at supply conditions) = (at S.T.P. conditions)

'1 ' 2

From which the volume of gas used at S.T.P., v2 = Pi v\ 7~2 
P2h

m

The higher colorific value in kJ per m at S.T.P. should be calculated from the heat 
bttl'Vice equation,

i.e. heat lost by gas = heat gained by water.
Hence,

H.C.V. 
in kJ /m 3

L.C.V. 
in kJ/m3

_ mass ° f  water collected in kg x specific heat of water in kJ/kg  K x temp, rise in’C

volume of gas burnt in m at S.T:P.

= H.C.V. -
mass of condensate

________Ip k g _____
total heat recovered from 
condensate in kJ per kg

(6.6)volume of gas burnt in m at S.T.P.
Problem-5 : The following observations were made during a test of a sample of gas 
in Junker’s gas calorimeter :

Gas burnt, 003 m ; pressure of gas supplied, 68 mm of water above atmospheric 
pressure; temperature of gas, 25'C; barometric pressure, 750 mm of Hg; mass of water 
passing through the calorimeter, 10 kg; temperature of circulating water at inlet, 26 C 
and at outlet, 385'C; steam condensed during the test, 0025 kg; temperature of steam 
condensc 4 duhng the test, 32'C.

Determine the higher and lower calorific values of the oas per m3 at a temperature 
of 15'C and pressure of 760 mm Hg (S.T.P.).

Take the enthalpy of evaporation of steam as 2,257 kJ/kg at atmospheric pressure, 
specific gravity of mercury as 136 and specific heat of water as 4-187 kJ/kg K.

The volume of gas burned is measured at a pressure of 68 mm of water above 
atmospheric pressure and at a temperature of 25’C. This volume (0 03 m3) should be 
reduced to standard pressure of 760 mm Hg and standard temperature of 15'C.
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Let p i, vi, Ti be the absolute pressure, volume and temperature of gas at the 
meter, and p2 V2, T2 be absolute pressure, volume and absolute temperature at 15’C 
and 760 mm Hg (or at S.T.P.).

Applying the general law,

Di Vi P2V2
(at supply conditions) = —— (at S.T.P. conditions)#1 /2

Pi v\T?From which the volume of gas at S.T.P., v2 = — =—
P2M

Here, ^ = 0 0 3  n ? , p, = ^  + 750 = 755 mm Hg, T, = 25 + 273 = 298 K.13-0
P2 = 760 mm Hg, T2 -  15 + 273 = 288 K, v2 is to be determined.
Substituting the values,
. . .  . . . . 0 _ n 755 x 0 03 x 288 _ _ono 3Volume of gas burned at S.T.P., v2 = — =——- - - —  = 0 0293 m/bux ^90
Heat absorbed to raise the temperature of 10 kg of water from 26’C to 38-5‘C 

= 10x4-187 x (38 5 -2 6 ) = 523 4 kJ
*5 2 *3 -4 . 1

.-. Higher C.V. of the gas = tSssSL = 17,863 k j/m 3 at S.T.P.

Heat given out by 1 kg of steam on condensing and cooling down to 32*C is 
equal to enthalpy of evaporation of steam, 2,257 kJ at atmospheric pressure, plus 
cooling of condensed water from 100’C to 32‘C = 68 x 4-187 = 284-72 kJ or a total 
of 2,257 + 284-72 = 2,541 72 kJ/kg.

Hence, 0-025 kg of steam on condensing and cooling down to 32'C, gives out
0-025 x 2,541 72 = 63 54 kJ.

Therefore, the actual (net) heat absorbed by water passing through the calorimeter
from combustion of gas = 523-4 -  63-54 = 459-86 kJ.

459-86 <1
.-. Lower C.V. of the gas at S.T.P. = = 15,695 kJ/m 3 at S.T.P.

Problem-6 : During an engine trial, the gas as used was tested in a calorimeter and 
gave the following results :

20 litres (0-02 m3) of gas at pressure 50 mm Hg above atmospheric pressure of 
740 mm Hg and temperature 18'C was burned, which raised the temperature of 10-2 
kg of water from 16‘C to 245'C and the steam formed was condensed to 20 grams 
of water. Calculate the higher and lower calorific values per cubic metre of the gas at 
a temperature of 0 ’C and pressure of 760 mm of Hg (N.T.P.). Take the heat liberated 
in condensing the water vapour (steam) and cooling the condensate as 2,520 kJ/kg 
and specific heat of water as 4187 kJ/kg K.

Let pi, vi, Ti and p2, V2, T2, be the observed and normal absolute pressure,
volume and absolute temperature respectively.

Applying the general law,

supply conditions) = (at N.T.P, conditions)



Pi yi 7?
From which the volume of gas at N.T.P., vz = --—=—P2T1

Given, v\ = y | ^ -  = 0 02m3; p i= 5 0  + 740 = 790 mm Hg; 7i .  18 + 273 = 291 K.

vz is to be determined; pz = 760 mm Hg; Tz m 0 + 273 = 273 K.

Substituting these values,
I, , ' , i  , n-m , 790 x  0 02 x  273 3
Volume of gas burnt at N.T.P., vz = -----760 x 291----- = 001 m ■

Heat absorbed by water in the calorimeter = 10 2 x 4-187 x  (24-5 -  16) = 363 kJ.

.-. H.C.V. of gas « = 18,616 k j/m 3 at N.T.P.0-0195
Heat given up by 0 02 kg of steam on condensing and cooling 

= 0 02 x  2,520 = 50 4 kJ
Actual heat absorbed by water from combustion of gas = 363 -  50-4 = 312-6 kJ

.*, L.C.V. of gas » = 16,000 kJ/m3 at N.T.P.
0‘0 l95
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Tutorial - 6
1. Define the term fuel’. What are the principal constituents of a fuel ? Classify the various fuels.

2. Explain the procedures for the following analysis for determining the composition of coal :
(i) Ultimate analysis, and
(ii) Proximate analysis.

3. State and explain Dulong’s formula for theoretical determination of calorific value of a fuel
(i) when there is no oxygen present in the fuel, and
(ii) when oxygen is present in the fuel.

4. Differentiate between natural solid fuels and artificial or prepared solid fuels. Name some important natural solid 
fuels and some important artificial solid fuels.

5. Name the important liquid fuels used in the industry and give their important properties. Give the advantages of 
liquid fuels over solid fuels.

6. Define the term calorific value of a fuel. Distinguish between the lower calorific value and higher calorific value 
of a fuel.

7. Describe with the help of sketches the working of a Bomb calorimeter.

8. Describe with neat sketches, an experiment for the determination of calorific value of a given sample of a coal. 
Prepare a list of observations you would make and give sample calculations for the determination of calorific 
value of coal.

9. You are required to determine, by means of the bomb calorimeter, the clarific value of the coal being used in a 
boiler trial. Describe :
(a) How would you prepare the sample of coal ?
(b) The procedure you would adopt in carrying out the experiment and the observations you would make.
(c) How would you use your observations to calculate the calorific value of the coal ? Does the bomb calorimeter give 

a higher calorific value or lower calorific value ?

10. The analysis of a sample of coal gave : 89% carbon and 3 4% hydrogen. It was tested in a bomb calorimeter 
and the following data was obtained :

Mass of coal, 0-86 gm; mass of water in the calorimeter, 2,000 gm; water equivalent of calorimeter, 350 
gm; observed temperature rise of water from 25’C to 28-45‘C; cooling correction + 0-016" C;mass of fuse wire

HE I -  10
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0 03 gm of C.V. 6,700 J/gm. Take specific heat of water as 4-187 kJ/kg K and enthalpy of evaporation of steam 
as 2,257 kJ/kg at atmospheric pressure.

Calculate the higher and lower calorific values of the coal.
( 39,419 kJ/kg; 38,728 kJ/kg]

11. Describe with the help of a neat sketch an experiment for determing the calorific value of a sample of oil fuel, 
showing how the value is calculated from the readings obtained.

12. The sample of oil fuel gave the following composition on mass basis : carbon, 86-5% and hydrogen, 13 5%. 
Taking the calorific value of carbon = 33,800 kJ/kg and that of hydrogen = 1,44,500 kJ/kg when completely burnt, 
calculate the theoretical higher and lower calorific values of the oil fuel. Take enthalpy of evaporation of steam 
at atmospheric pressure as 2,257 kJ/kg.

( 48,745 kJ/kg; 46,003 kJ/kg]

13. The following observations were made when a sample of fuel oil having 0 86 specific gravity and containing 
86-5% carbon and 13-5% hydrogen was tested in the bomb calorimeter for its heating value :

Mass of fuel oil, 0-9 gm; mass of water in calorimeter, 2-1 kg; water equivalent of calorimeter, 750 gm; 
observed rise in temperature of water, 3 47‘C; correction for loss by radiation +0 03'C. Determine the higher and 
lower calorific values of fuel oil. Take specific heat of water as 4-187 kJfeg K and enthalpy of evaporation of 
steam as 2,257 kJ/kg at atmospheric pressure.

(46,405 kJ/kg; 43,662 kJ/kgJ

14. (a) Differentiate between natural gas and prepared gas.
(b) Write short notes on producer gas and blast furnace gas.

15. (a) Name some of the important gaseous fuels commonly used in industry for heating and power producing 
purposes and give their physical properties ?
(b) What are the advantages of gaseous fuels over solid fuels ?

16. (a) Describe with the help of a neat sketch the method of determining the calorific value of a sample of gaseous 
fuel, showing how the result is calculated from the data obtained.
(b) Distinguish between the higher and lower calorific values of a gaseous fuel.

17. The following data refer to a calorific value test of a fuel gas by a gas calorimeter : Volume of gas used, 
0 065 m3 (reckoned at S.T.P.); mass of water heated from 11 "C to 25'C, 22-86 kg; mass of steam condensed, 
0-0355 kg. Find the higher and lower calorific values per cubic metre of the gas at S.T.P. Take the heat I toerated 
in condensing the water vapour and cooling the condensate as 2,500 kJ/kg. Take specific heat of water as 4-187 
kJ/kg K.

( 20,615 kJ/kg; 19,250 kJ/kg)

18. Describe with the help of sketches the working of Junker’s gas calorimeter.

A sample of gas was tested by Junker's gas calorimeter and the results obtained were :
Gas burned % , .. 0-06 m3
Temperature of gas at meter .. 19*C
Pressure of gas at meter .. 76-2 mm of water
Barometer reading -  750 mm of Hg
Mass of water circulated through the calorimeter .. 25 kg
Temperature of water at inlet -  20 4 ‘C
Temperature of water at outlet -- 30-5‘C
Steam condensed during the test ■■ 50 gm
Temperature of condensate leaving calorimeter 28‘C
Calculate the higher and lower calorific values ofthe gas per cubic metre at a temperature of 15’C and pressure
760 mm Hg (S T.P.). Take enthalpy of evaporation of steam as 2,257 kJ/kg at 100'C and specific heat of water
as 4-187 kJ/kg K. (Specific gravity of mercury = 13-6).

I 17,980 kJ/kg; 15,805 kJ/kg)


