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At a design and development stage an engineer would design an engine with certain aims 

in his mind. The aims may include the variables like indicated power, brake power, 

brake specific fuel consumption, exhaust emissions, cooling of engine, maintenance free 

operation etc. The other task of the development engineer is to reduce the cost and 

improve power output and reliability of an engine. In trying to achieve these goals he has 

to try various design concepts. After the design the parts of the engine are manufactured 

for the dimensions and surface finish and may be with certain tolerances. In order verify 

the designed and developed engine one has to go for testing and performance evaluation 

of the engines. 

Thus, in general, a development engineer will have to conduct a wide variety of engine 

tests starting from simple fuel and air-flow measurements to taking of complicated 

injector needle lift diagrams, swirl patterns and photographs of the burning process in 

the combustion chamber. The nature and the type of the tests to be conducted depend 

upon various factors, some of which are: the degree of development of the particular 

design, the accuracy required, the funds available, the nature of the manufacturing 

company, and its design strategy. In this chapter, only certain basic tests and 

measurements will be considered. 

Objectives 

After studying this unit, you should be able to 

• understand the performance parameters in evaluation of IC engine 

performance, 

• calculate the speed of IC engine, fuel consumption, air consumption, etc., 

• evaluate the exhaust smoke and exhaust emission, and 

• differentiate between the performance of SI engine and CI engines. 
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PERFORMANCE PARAMETERS 

Engine performance is an indication of the degree of success of the engine performs its 

assigned task, i.e. the conversion of the chemical energy contained in the fuel into the 

useful mechanical work. The performance of an engine is evaluated on the basis of the 

following : 

(a) Specific Fuel Consumption. 

(b) Brake Mean Effective Pressure. 

(c) Specific Power Output. 

(d) Specific Weight. 

(e) Exhaust Smoke and Other Emissions. 

The particular application of the engine decides the relative importance of these 

performance parameters.  

For Example : For an aircraft engine specific weight is more important whereas for an 

industrial engine specific fuel consumption is more important. 

For the evaluation of an engine performance few more parameters are chosen and the 

effect of various operating conditions, design concepts and modifications on these 

parameters are studied. The basic performance parameters are the following : 

(a) Power and Mechanical Efficiency. 

(b) Mean Effective Pressure and Torque. 

(c) Specific Output. 

(d) Volumetric Efficiency. 

(e) Fuel-air Ratio. 

(f) Specific Fuel Consumption. 

(g) Thermal Efficiency and Heat Balance. 

(h) Exhaust Smoke and Other Emissions. 

(i) Specific Weight. 

Power and Mechanical Efficiency 

The main purpose of running an engine is to obtain mechanical power. 

• Power is defined as the rate of doing work and is equal to the product 

of force and linear velocity or the product of torque and angular 

velocity. 

• Thus, the measurement of power involves the measurement of force 

(or torque) as well as speed. The force or torque is measured with the 

help of a dynamometer and the speed by a tachometer. 

The power developed by an engine and measured at the output shaft is called the 

brake power (bp) and is given by, 

2

60

π
=

NT
bp              . . . (7.1) 

where, T is torque in N-m and N is the rotational speed in revolutions per minute. 

The total power developed by combustion of fuel in the combustion chamber is, 

however, more than the bp and is called indicated power (ip). Of the power 

developed by the engine, i.e. ip, some power is consumed in overcoming the 

friction between moving parts, some in the process of inducting the air and 

removing the products of combustion from the engine combustion chamber. 
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IC Engine Testing Indicated Power 

It is the power developed in the cylinder and thus, forms the basis of 

evaluation of combustion efficiency or the heat release in the cylinder. 

  
60

= imp LANk
IP  

where,   pm = Mean effective pressure, N/m
2
, 

        L = Length of the stroke, m, 

        A = Area of the piston, m2, 

        N = Rotational speed of the engine, rpm (It is N/2 for four stroke  

      engine), and 

       k = Number of cylinders. 

Thus, we see that for a given engine the power output can be measured in 

terms of mean effective pressure. 

The difference between the ip and bp is the indication of the power lost in 

the mechanical components of the engine (due to friction) and forms the 

basis of mechanical efficiency; which is defined as follows : 

Mechanical efficiency 
bp

ip
=            . . . (7.2) 

The difference between ip and bp is called friction power (fp). 

   fp ip bp= −            . . . (7.3) 

∴ Mechanical efficiency 
( )

bp

bp fp
=

+
          . . . (7.4) 

Mean Effective Pressure and Torque 

Mean effective pressure is defined as a hypothetical/average pressure which is 

assumed to be acting on the piston throughout the power stroke. Therefore, 

  
60×

=m

ip
p

LANk
                      . . . (7.5) 

where,  Pm = Mean effective pressure, N/m
2
, 

     Ip = Indicated power, Watt, 

    L = Length of the stroke, m, 

   A = Area of the piston, m
2
, 

   N = Rotational speed of the engine, rpm (It is N/2 for four stroke engine),  

   and 

    k = Number of cylinders. 

If the mean effective pressure is based on bp it is called the brake mean effective 

pressure (bmep Pmb replace ip by bp in Eq. 5.5), and if based on ihp it is called 

indicated mean effective pressure (imep). Similarly, the friction mean effective 

pressure (fmep) can be defined as, 

  fmap imep bmep= −             . . . (7.6) 

The torque is related to mean effective pressure by the relation 

  
2

60

NT
bp

π
=              . . . (7.7) 

  
60

imp LANk
iP =  
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By Eq. (5.5), 

  
2

. . .
60 60

NT Nk
bemp A L

π  
=  
 

 

or,  
( . . . )

2

bemp A L k
T =

π
            . . . (7.8) 

Thus, the torque and the mean effective pressure are related by the engine size.       

A large engine produces more torque for the same mean effective pressure. For 

this reason, torque is not the measure of the ability of an engine to utilize its 

displacement for producing power from fuel. It is the mean effective pressure 

which gives an indication of engine displacement utilization for this conversion. 

Higher the mean effective pressure, higher will be the power developed by the 

engine for a given displacement. 

Again we see that the power of an engine is dependent on its size and speed. 

Therefore, it is not possible to compare engines on the basis of either power or 

torque. Mean effective pressure is the true indication of the relative performance 

of different engines.  

Specific Output 

Specific output of an engine is defined as the brake power (output) per unit of 

piston displacement and is given by, 

  Specific output
bp

A L
=

×
 

         = Constant × bmep × rpm         . . . (7.9) 

• The specific output consists of two elements – the bmep (force) 

available to work and the speed with which it is working. 

• Therefore, for the same piston displacement and bmep an engine 

operating at higher speed will give more output. 

• It is clear that the output of an engine can be increased by increasing 

either speed or bmep. Increasing speed involves increase in the 

mechanical stress of various engine parts whereas increasing bmep 

requires better heat release and more load on engine cylinder. 

Volumetric Efficiency 

Volumetric efficiency of an engine is an indication of the measure of the degree to 

which the engine fills its swept volume. It is defined as the ratio of the mass of air 

inducted into the engine cylinder during the suction stroke to the mass of the air 

corresponding to the swept volume of the engine at atmospheric pressure and 

temperature. Alternatively, it can be defined as the ratio of the actual volume 

inhaled during suction stroke measured at intake conditions to the swept volume 

of the piston. 

Volumetric efficiency, ηv  

= 
Mass of charge actually sucked in

Mass of charge corresponding to the cylinder intake and conditionsP T
 . . . (5.10) 

The amount of air taken inside the cylinder is dependent on the volumetric 

efficiency of an engine and hence puts a limit on the amount of fuel which can be 

efficiently burned and the power output. 

For supercharged engine the volumetric efficiency has no meaning as it comes out 

to be more than unity. 
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IC Engine Testing Fuel-Air Ratio (F/A) 

Fuel-air ratio (F/A) is the ratio of the mass of fuel to the mass of air in the fuel-air 

mixture. Air-fuel ratio (A/F) is reciprocal of fuel-air ratio. Fuel-air ratio of the 

mixture affects the combustion phenomenon in that it determines the flame 

propagation velocity, the heat release in the combustion chamber, the maximum 

temperature and the completeness of combustion. 

Relative fuel-air ratio is defined as the ratio of the actual fuel-air ratio to that of 

the stoichiometric fuel-air ratio required to burn the fuel supplied. Stoichiometric 

fuel-air ratio is the ratio of fuel to air is one in which case fuel is completely 

burned due to minimum quantity of air supplied. 

 
Actual fuel Air ratio

Relative fuel-air ratio, =
Stoichiometric fuel Air ratio

RF
−

−
     . . . (7.11) 

Brake Specific Fuel Consumption 

Specific fuel consumption is defined as the amount of fuel consumed for each unit 

of brake power developed per hour. It is a clear indication of the efficiency with 

which the engine develops power from fuel. 

          Brake specific fuel consumption (bsfc) 
Actual fuel Air ratio

Stoichiometric fuel Air ratio

−
=

−
. . . (7.12) 

This parameter is widely used to compare the performance of different engines. 

Thermal Efficiency and Heat Balance 

Thermal efficiency of an engine is defined as the ratio of the output to that of the 

chemical energy input in the form of fuel supply. It may be based on brake or 

indicated output. It is the true indication of the efficiency with which the chemical 

energy of fuel (input) is converted into mechanical work. Thermal efficiency also 

accounts for combustion efficiency, i.e., for the fact that whole of the chemical 

energy of the fuel is not converted into heat energy during combustion. 

  Brake thermal efficiency
f v

bp

m C
=

×
       . . . (7.13) 

where,  Cv = Calorific value of fuel, kJ/kg, and 

   mf = Mass of fuel supplied, kg/sec. 

• The energy input to the engine goes out in various forms – a part is in 

the form of brake output, a part into exhaust, and the rest is taken by 

cooling water and the lubricating oil. 

• The break-up of the total energy input into these different parts is 

called the heat balance. 

• The main components in a heat balance are brake output, coolant 

losses, heat going to exhaust, radiation and other losses. 

• Preparation of heat balance sheet gives us an idea about the amount 

of energy wasted in various parts and allows us to think of methods to 

reduce the losses so incurred. 

Exhaust Smoke and Other Emissions 

Smoke and other exhaust emissions such as oxides of nitrogen, unburned 

hydrocarbons, etc. are nuisance for the public environment. With increasing 

emphasis on air pollution control all efforts are being made to keep them as 

minimum as it could be. 

Smoke is an indication of incomplete combustion. It limits the output of an engine 

if air pollution control is the consideration. 
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Exhaust emissions have of late become a matter of grave concern and with the 

enforcement of legislation on air pollution in many countries; it has become 

necessary to view them as performance parameters. 

Specific Weight 

Specific weight is defined as the weight of the engine in kilogram for each brake 

power developed and is an indication of the engine bulk. Specific weight plays an 

important role in applications such as power plants for aircrafts. 

7.3 BASIC MEASUREMENTS 

The basic measurements to be undertaken to evaluate the performance of an engine on 

almost all tests are the following : 

(a) Speed 

(b) Fuel consumption 

(c) Air consumption 

(d) Smoke density 

(e) Brake horse-power 

(f) Indicated horse power and friction horse power 

(g) Heat going to cooling water 

(h) Heat going to exhaust 

(i) Exhaust gas analysis. 

In addition to above a large number of other measurements may be necessary depending 

upon the aim of the test. 

7.3.1 Measurement of Speed 

One of the basic measurements is that of speed. A wide variety of speed measuring 

devices are available in the market. They range from a mechanical tachometer to digital 

and triggered electrical tachometers. 

The best method of measuring speed is to count the number of revolutions in a given 

time. This gives an accurate measurement of speed. Many engines are fitted with such 

revolution counters. 

A mechanical tachometer or an electrical tachometer can also be used for measuring the 

speed. 

The electrical tachometer has a three-phase permanent-magnet alternator to which a 

voltmeter is attached. The output of the alternator is a linear function of the speed and is 

directly indicated on the voltmeter dial. 

Both electrical and mechanical types of tachometers are affected by the temperature 

variations and are not very accurate. For accurate and continuous measurement of speed 

a magnetic pick-up placed near a toothed wheel coupled to the engine shaft can be used. 

The magnetic pick-up will produce a pulse for every revolution and a pulse counter will 

accurately measure the speed. 

7.3.2 Fuel Consumption Measurement 

Fuel consumption is measured in two ways : 

(a) The fuel consumption of an engine is measured by determining the volume 

flow in a given time interval and multiplying it by the specific gravity of the 

fuel which should be measured occasionally to get an accurate value. 

(b) Another method is to measure the time required for consumption of a given 

mass of fuel. 
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IC Engine Testing Accurate measurement of fuel consumption is very important in engine testing work.  

As already mentioned two basic types of fuel measurement methods are : 

• Volumetric type 

• Gravimetric type. 

Volumetric type flowmeter includes Burette method, Automatic Burrette flowmeter and 

Turbine flowmeter. 

Gravimetric Fuel Flow Measurement 

The efficiency of an engine is related to the kilograms of fuel which are consumed 

and not the number of litres. The method of measuring volume flow and then 

correcting it for specific gravity variations is quite inconvenient and inherently 

limited in accuracy. Instead if the weight of the fuel consumed is directly 

measured a great improvement in accuracy and cost can be obtained. 

There are three types of gravimetric type systems which are commercially 

available include Actual weighing of fuel consumed, Four Orifice Flowmeter, etc. 

7.3.3 Measurement of Air Consumption 

One can say the mixture of air and fuel is the food for an engine. For finding out the 

performance of the engine accurate measurement of both is essential. 

In IC engines, the satisfactory measurement of air consumption is quite difficult because 

the flow is pulsating, due to the cyclic nature of the engine and because the air a 

compressible fluid. Therefore, the simple method of using an orifice in the induction 

pipe is not satisfactory since the reading will be pulsating and unreliable. 

All kinetic flow-inferring systems such as nozzles, orifices and venturies have a square 

law relationship between flow rate and differential pressure which gives rise to severe 

errors on unsteady flow. Pulsation produced errors are roughly inversely proportional to 

the pressure across the orifice for a given set of flow conditions. The various methods 

and meters used for air flow measurement include  

(a) Air box method, and 

(b) Viscous-flow air meter. 

7.3.4 Measurement of Exhaust Smoke 

All the three widely used smokemeters, namely, Bosch, Hartridge, and PHS are basically 

soot density (g/m3) measuring devices, that is, the meter readings are a function of the 

mass of carbon in a given volume of exhaust gas. 

Hartridge smokemeter works on the light extinction principle. 

The basic principles of the Bosch smokemeter is one in which a fixed quantity of 

exhaust gas is passed through a fixed filter paper and the density of the smoke stains on 

the paper are evaluated optically. In a recent modification of this type of smokemeter 

units are used for the measurement of the intensity of smoke stain on filter paper. 

In Von Brand smokemeter which can give a continuous reading a filter tape is 

continuously moved at a uniform rate to which the exhaust from the engine is fed. The 

smoke stains developed on the filter paper are sensed by a recording head. The single 

obtained from the recording head is calibrated to give smoke density. 

7.4 MEASUREMENT OF EXHAUST EMISSION 

Substances which are emitted to the atmosphere from any opening of the exhaust port of 

the engine are termed as exhaust emissions. If combustion is complete and the mixture is 
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stoichiometric the products of combustion would consist of carbon dioxide (CO2) and 

water vapour only. 

However, there is no complete combustion of fuel and hence the exhaust gas consists of 

variety of components, the most important of them are carbon monoxide (CO), unburned 

hydrocarbons (UBHC) and oxides of nitrogen (NOx). Some oxygen and other inert gases 

would also be present in the exhaust gas. 

Over the decade numerous devices have been developed for measuring these various 

exhaust components. A brief discussion of some of the more commonly used instruments 

is given below. 

7.4.1 Flame Ionization Detector (FID) 

The schematic diagram of a flame ionization detector burner is shown in Figures 7.1(a) 

and (b) shows burner. 

}
Collector load

Burner load

Air in

Sample
flame

Sample

(Mg + N  + O )2 2 (Mg + O  + N )2 2} }

(Air) (Air)

flame flame

(a) (b)

(Mg + N  + O )2 2

 

          (a)        (b) 

Figure 7.1 : Flame Ionization Detector Burner 

The working principle of this burner is as follows: A hydrogen-air flame contains a 

negligible amount of ions. However, if even trace amounts of an organic compound such 

as HC are introduced into the flame, a large number of ions are produced. If a polarized 

voltage is applied across the burner jet and an adjacent collector, an ion migration will 

produce a current proportional to the number of ions and thus to the HC concentration 

present in the flame. 

The output of the FID depends on the number of carbon atoms passing through the flame 

in a unit time. Doubling the flow velocity would also double the output. Hexane (C6H14) 

would give double the output of propane (C3H8). Therefore, FID output is usually 

referred to a standard hydrocarbon, usually as ppm of normal hexane. 

Presences of CO, CO2, NOx, water and nitrogen in the exhaust have to effect on the FID 

reading. Oxygen slightly affects the reading of FID. 

FID analyzer is a rapid, continuous and accurate method of measuring HC in the exhaust 

gas. Concentration as low as 1 ppb can be measured. 

7.4.2 Spectroscopic Analyzers 

• A spectrum shows the light absorbed as a function of wavelength 

(or frequency). 

• Each compound shows a different spectrum for the light absorbed. 

• All the spectroscopic analyzers work on the principle that the quantity of 

energy absorbed by a compound in a sample cell is proportional to the 

concentration of the compound in the cell. There are two types of 

spectroscopic analyzers. 
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IC Engine Testing Dispersive Analyzers 

These analyzers use only a narrow dispersed frequency of light spectrum to 

analyze a compound. These are usually not use for exhaust emission 

measurements. 

Non-Dispersive Infra-red (NDIR) Analyzers 

In the NDIR analyzer the exhaust gas species being measuring is used to detect 

itself. This is done by selective absorption. The infrared energy of a particular 

wavelength or frequency is peculiar to a certain gas in that the gas will absorb the 

infracted energy of this wavelength and transmit and infrared energy of other 

wavelengths. For example, the absorption band for carbon monoxide is between 

4.5 and 5 microns. So the energy absorbed at this wavelength is an indication of 

the concentration of CO in the exhaust gas. 
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Figure 7.2 : Schematic of Non-dispersive Infra-red Analyzer (NDIR) 

The NDIR analyzer as shown in Figure 7.2 consists of two infrared sources, interrupted 

simultaneously by an optical chopper. Radiation from these sources passes in parallel 

paths through a reference cell and a sample cell to opposite side of a common detector. 

The sample cell contains the compounds to be analyzed, whereas this compound is not 

present in the reference cell. The latter is usually filled with an inert gas, usually 

nitrogen, which does not absorb the infrared energy for the wavelength corresponding to 

the compound being measured. A closed container filled with only the compound to be 

measured works as a detector. 

The detector is divided into two equal volumes by a thin metallic diaphragm. When the 

chopper blocks the radiation, the pressure in both parts of the detector is same and the 

diagram remains in the neutral position. As the chopper blocks and unblocks the 

radiation, the radiant energy from one source passes through the reference cell 

unchanged whereas the sample cell absorbs the infrared energy at the wavelength of the 

compound in cell. The absorption is proportional to the concentration of the compound 

to be measured in the sample cell. Thus unequal amounts of energy are transmitted to the 

two volumes of the detector and the pressure differential so generated causes movement 

of the diaphragm and a fixed probe, thereby generating an a.c., displayed on a meter. The 

signal is a function of the concentration of the compound to be measured. 

The NDIR can accurately measure CO, CO2 and those hydrocarbons which have clear 

infrared absorption peaks. However, usually the exhaust sample to be analyzed contains 

other species which also absorb infrared energy at the same frequency. For example, an 

NDIR analyzer sensitized to n-hexane for detection of HC responds equally well to other 

paraffin HC but not to olefins, acetylenes or aromatics. Therefore, the reading given by 

such analyzer is multiplied by 1.8 to correct it to the total UBHC as measured by an FID 

analyzer in the same exhaust stream. 

7.4.3 Gas Chromatography 

Gas chromatography is first a method of separating the individual constituents of a 

mixture and then a method of assured their concentration. After separation, each 
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compound can be separately analyzed for concentration. This is the only method by 

which each component existing in an exhaust sample can be identified and analyzed. 

However, it is very time consuming and the samples can be taken only in batches. Gas 

chromatograph is primarily a laboratory tool. 

In addition to the above methods such as mass spectroscopy, chemiluminescent 

analyzers, and electrochemical analyzer are also used for measuring exhaust emissions. 

7.5 MEASUREMENT OF BRAKE POWER 

The brake power measurement involves the determination of the torque and the angular 

speed of the engine output shaft. The torque measuring device is called a dynamometer. 

Dynamometers can be broadly classified into two main types, power absorption 

dynamometers and transmission dynamometer. 

Figure 7.3 shows the basic principle of a dynamometer. A rotor driven by the engine 

under test is electrically, hydraulically or magnetically coupled to a stator. For every 

revolution of the shaft, the rotor periphery moves through a distance 2πr against the 

coupling force F. Hence, the work done per revolution is . 

  W = 2 πRF 

The external moment or torque is equal to S × L where, S is the scale reading and L is the 

arm. This moment balances the turning moment R × F, i.e. 

  S × L = R × F 

∴  Work done/revolution = 2π SL 

  Work done/minute = 2π SLN  

where,  N is rpm. Hence, power is given by 

  Brake power P = 2π NT 

Scale

S

Coupling
force

Stator

Rotor

Counter
balance
weight

L

R

 

Figure7.3 : Principle of a Dynamometer 

Absorption Dynamometers 

These dynamometers measure and absorb the power output of the engine to which 

they are coupled. The power absorbed is usually dissipated as heat by some 

means. Example of such dynamometers is prony brake, rope brake, hydraulic 

dynamometer, etc. 

Transmission Dynamometers 

In transmission dynamometers, the power is transmitted to the load coupled to the 

engine after it is indicated on some type of scale. These are also called 

torque-meters. 
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IC Engine Testing 7.5.1 Absorption Dynamometers 

These include Prony brake type, Rope brake type, and Hydraulic type. 

Prony Brake 

One of the simplest methods of measuring brake power (output) is to attempt to 

stop the engine by means of a brake on the flywheel and measure the weight which 

an arm attached to the brake will support, as it tries to rotate with the flywheel. 

This system is known as the prony brake and forms its use; the expression brake 

power has come. 

The Prony brake shown in Figure 7.4 works on the principle of converting power 

into heat by dry friction. It consists of wooden block mounted on a flexible rope or 

band the wooden block when pressed into contact with the rotating drum takes the 

engine torque and the power is dissipated in frictional resistance. Spring-loaded 

bolts are provided to tighten the wooden block and hence increase the friction. 

The whole of the power absorbed is converted into heat and hence this type of 

dynamometer must the cooled. The brake horsepower is given by 

  BP = 2π NT 

where, T = W ×  l 

          W being the weight applied at a radius l. 

Torque arm

l

Weight
W

Brake
block

Fly Wheel

 

Figure 7.4 : Prony Brake 

Rope Brake 

The rope brake as shown in Figure 7.5 is another simple device for measuring bp 

of an engine. It consists of a number of turns of rope wound around the rotating 

drum attached to the output shaft. One side of the rope is connected to a spring 

balance and the other to a loading device. The power is absorbed in friction 

between the rope and the drum. The drum therefore requires cooling. 

Spring balance

S

W
Weight

D

Cooling waterCooling water

 

Figure 7.5 : Rope Brake 
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Rope brake is cheap and easily constructed but not a very accurate method 

because of changes in the friction coefficient of the rope with temperature. 

The bp is given by 

  bp = π DN (W − S) 

where, D is the brake drum diameter, W is the weight in Newton and S is the 

spring scale reading. 

Hydraulic Dynamometer 

Hydraulic dynamometer shown in Figure 7.6 works on the principle of dissipating 

the power in fluid friction rather than in dry friction. 

• In principle its construction is similar to that of a fluid flywheel. 

• It consists of an inner rotating member or impeller coupled to the 

output shaft of the engine. 

• This impeller rotates in a casing filled with fluid. 

• This outer casing, due to the centrifugal force developed, tends to 

revolve with the impeller, but is resisted by a torque arm supporting 

the balance weight. 

• The frictional forces between the impeller and the fluid are measured 

by the spring-balance fitted on the casing. 

• The heat developed due to dissipation of power is carried away by a 

continuous supply of the working fluid, usually water. 

• The output can be controlled by regulating the sluice gates which can 

be moved in and out to partially or wholly obstruct the flow of water 

between impeller, and the casing. 

Torus Rotor Stator

Trunnion bearing

Shaft bearing

Main shaft

Pedestal
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Figure 7.6 : Hydraulic Dynamometer 

Eddy Current Dynamometer 

The working principle of eddy current dynamometer is shown in Figure 7.7. 

It consists of a stator on which are fitted a number of electromagnets and a rotor 

disc made of copper or steel and coupled to the output shaft of the engine. When 

the rotor rotates eddy currents are produced in the stator due to magnetic flux set 

up by the passage of field current in the electromagnets. These eddy currents are 

dissipated in producing heat so that this type of dynamometer also requires some 

cooling arrangement. The torque is measured exactly as in other types of 
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IC Engine Testing absorption dynamometers, i.e. with the help of a moment arm. The load is 

controlled by regulating the current in the electromagnets. 

The following are the main advantages of eddy current dynamometers : 

(a) High brake power per unit weight of dynamometer. 

(b) They offer the highest ratio of constant power speed range 

(up to 5 : 1). 

(c) Level of field excitation is below 1% of total power being handled by 

dynamometer, thus, easy to control and programme. 

(d) Development of eddy current is smooth hence the torque is also 

smooth and continuous under all conditions. 

(e) Relatively higher torque under low speed conditions. 

(f) It has no intricate rotating parts except shaft bearing. 

(g) No natural limit to size-either small or large. 

Field

Stator

Rotor

 

Figure 7.7 : Eddy Current Dynamometer 

Swinging Field d.c. Dynamometer 

Basically, a swinging field d.c. dynamometer is a d.c. shunt motor so supported on 

trunnion bearings to measure there action torque that the outer case and filed coils 

tend to rotate with the magnetic drag. Hence, the name swinging field. The torque 

is measured with an arm and weighing equipment in the usual manner. 

Many dynamometers are provided with suitable electric connections to run as 

motor also. Then the dynamometer is reversible, i.e. works as motoring as well as 

power absorbing device. 

• When used as an absorption dynamometer it works as a d.c. generator 

and converts mechanical energy into electric energy which is 

dissipated in an external resistor or fed back to the mains. 

• When used as a motoring device an external source of d.c. voltage is 

needed to drive the motor. 

The load is controlled by changing the field current. 

7.5.2 Fan Dynamometer 

It is also an absorption type of dynamometer in that when driven by the engine it absorbs 

the engine power. Such dynamometers are useful mainly for rough testing and running-

in. The accuracy of the fan dynamometer is very poor. The power absorbed is 

determined by using previous calibration of the fan brake. 

7.5.3 Transmission Dynamometers 

Transmission dynamometers, also called torque meters, mostly consist of a set of 

strain-gauges fixed on the rotating shaft and the torque is measured by the angular 

deformation of the shaft which is indicated as strain of the strain gauge. Usually, a four 
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arm bridge is used to reduce the effect of temperature to minimum and the gauges are 

arranged in pairs such that the effect of axial or transverse load on the strain gauges is 

avoided.  

Strain
gauges

Input shaft

Strain
gauges

Output shaft
Beam

Beam

 

Figure 7.8 : Transmission Dynamometer 

Figure 7.8 shows a transmission dynamometer which employs beams and strain-gauges 

for a sensing torque. 

Transmission dynamometers are very accurate and are used where continuous 

transmission of load is necessary. These are used mainly in automatic units. 

7.6 MEASUREMENT OF FRICTION HORSE POWER 

• The difference between indicated power and the brake power output of an 

engine is the friction power. 

• Almost invariably, the difference between a good engine and a bad engine is 

due to difference between their frictional losses. 

• The frictional losses are ultimately dissipated to the cooling system (and 

exhaust) as they appear in the form of frictional heat and this influences the 

cooling capacity required. Moreover, lower friction means availability of 

more brake power; hence brake specific fuel consumption is lower. 

• The bsfc rises with an increase in speed and at some speed it renders the sue 

of engine prohibitive. Thus, the level of friction decides the maximum 

output of the engine which can be obtained economically. 

In the design and testing of an engine; measurement of friction power is important for 

getting an insight into the methods by which the output of an engine can be increased. In 

the evaluation of ip and mechanical efficiency measured friction power is also used. 

The friction force power of an engine is determined by the following methods : 

(a) Willan’s line method. 

(b) Morse test. 

(c) Motoring test. 

(d) Difference between ip and bp. 

Willan's Line Method or Fuel Rate Extrapolation 

In this method, gross fuel consumption vs. bp at a constant speed is plotted and the 

graph is extrapolated back to zero fuel consumption as illustrated in Figure 7.9. 

The point where this graph cuts the bp axis in an indication of the friction power 

of the engine at that speed. This negative work represents the combined loss due 

to mechanical friction, pumping and blowby. 
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IC Engine Testing The test is applicable only to compression ignition engines. 
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Figure 7.9 : Willan’s Line Method 

• The main drawback of this method is the long distance to be 

extrapolated from data measured between 5 and 40% load towards 

the zero line of fuel in put. 

• The directional margin of error is rather wide because of the graph 

which may not be a straight line many times. 

• The changing slope along the curve indicates part efficiencies of 

increments of fuel. The pronounced change in the slope of this line 

near full load reflects the limiting influence of the air-fuel ratio and of 

the quality of combustion. 

• Similarly, there is a slight curvature at light loads. This is perhaps due 

to difficulty in injecting accurately and consistently very small 

quantities of fuel per cycle. 

• Therefore, it is essential that great care should be taken at light loads 

to establish the true nature of the curve. 

• The Willan’s line for a swirl-chamber CI engine is straighter than that 

for a direct injection type engine. 

• The accuracy obtained in this method is good and compares favorably 

with other methods if extrapolation is carefully done. 

Morse Test 

The Morse test is applicable only to multicylinder engines. 

• In this test, the engine is first run at the required speed and the output 

is measured.  

• Then, one cylinder is cut out by short circuiting the spark plug or by 

disconnecting the injector as the case may be. 

• Under this condition all other cylinders ‘motor’ this cut-out cylinder. 

The output is measured by keeping the speed constant at its original 

value. 

• The difference in the outputs is a measure of the indicated horse 

power of the cut-out cylinder. 

• Thus, for each cylinder the ip is obtained and is added together to 

find the total ip of the engine. 
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The ip of n cylinder is given by 

  ipn = bpn + fp           . . . (7.17) 

ip for (n − 1) cylinders is given by 

ipn – 1 = bpn – 1 + fp           . . . (7.18) 

Since, the engine is running at the same speed it is quite reasonable to assume that 

fhp remains constant. 

From Eqs. (7.17) and (7.18), we see that the ihp of the nth cylinder is given by 

(ip) nth = bpn − bpn – 1          . . . (7.19) 

and the total ip of the engine is, 

   hpn = Σ (ihp) nth           . . . (7.20) 

By subtracting bpn from this, fp of the engine can be obtained. 

This method though gives reasonably accurate results and is liable to errors due to 

changes in mixture distribution and other conditions by cutting-out one cylinder. 

In gasoline engines, where there is a common manifold for two or more cylinders 

the mixture distribution as well as the volumetric efficiency both change. Again, 

almost all engines have a common exhaust manifold for all cylinders and cutting-

out of one cylinder may greatly affect the pulsations in exhaust system which may 

significantly change the engine performance by imposing different back pressures. 

Motoring Test 

• In the motoring test, the engine is first run up to the desired speed by its 

own power and allowed to remain at the given speed and load conditions for 

some time so that oil, water, and engine component temperatures reach 

stable conditions. 

• The power of the engine during this period is absorbed by a swinging field 

type electric dynamometer, which is most suitable for this test. 

• The fuel supply is then cut-off and by suitable electric-switching devices the 

dynamometer is converted to run as a motor to drive for ‘motor’ the engine 

at the same speed at which it was previously running. 

• The power supply to the motor is measured which is a measure of the fhp of 

the engine. During the motoring test the water supply is also cut-off so that 

the actual operating temperatures are maintained.  

• This method, though determines the fp at temperature conditions very near 

to the actual operating temperatures at the test speed and load, does, not 

give the true losses occurring under firing conditions due to the following 

reasons. 

(a) The temperatures in the motored engine are different from those in a firing 

engine because even if water circulation is stopped the incoming air cools 

the cylinder. This reduces the lubricating oil temperature and increases 

friction increasing the oil viscosity. This problem is much more sever in 

air-cooled engines. 

(b) The pressure on the bearings and piston rings is lower than the firing 

pressure. Load on main and connecting road bearings are lower. 

(c) The clearance between piston and cylinder wall is more (due to cooling). 

This reduces the piston friction. 

(d) The air is drawn at a temperature less than when the engine is firing because 

it does not get heat from the cylinder (rather loses heat to the cylinder). 

This makes the expansion line to be lower than the compression line on the 

p-v diagram. This loss is however counted in the indicator diagram. 
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IC Engine Testing (e) During exhaust the back pressure is more because under motoring 

conditions sufficient pressure difference is not available to impart gases the 

kinetic energy is necessary to expel them from exhaust. 

Motoring method, however, gives reasonably good results and is very suitable for 

finding the losses due to various engine components. This insight into the losses 

caused by various components and other parameters is obtained by progressive 

stripping-off of the under progressive dismantling conditions keeping water and 

oil circulation intact. Then the cylinder head can be removed to evaluate, by 

difference, the compression loss. In this manner piston ring, piston etc. can be 

removed and evaluated for their effect on overall friction. 

Difference between ip and bp  

(a) The method of finding the fp by computing the difference between ip, as 

obtained from an indicator diagram, and bp, as obtained by a dynamometer, 

is the ideal method. However, due to difficulties. 

(b) In obtaining accurate indicator diagrams, especially at high engine speeds, 

this method is usually only used in research laboratories. Its use at 

commercial level is very limited. 

Comments on Methods of Measuring fp 

• The Willan’ line method and Morse tests are very cheap and easy to 

conduct. 

• However, both these tests give only an overall idea of the losses whereas 

motoring test gives a very good insight into the various causes of losses and 

is a much more powerful tool. 

• As far as accuracy is concerned the ip – bp method is the most accurate if 

carefully done. 

• Motoring method usually gives a higher value for fhp as compared to that 

given by the Willian’s line method. 

7.7 BLOWBY LOSS 

Blowby is the escape of unburned air-fuel mixture and burned gases from the 

combustion chamber, past the piston rings, and into the crank-case. High blowby is quite 

harmful in that it results in higher ring temperatures and contamination of lubricating oil. 

7.8 PERFORMANCE OF SI ENGINES 

The performance of an engine is usually studied by heat balance-sheet. The main 

components of the heat balance are : 

• Heat equivalent to the effective (brake) work of the engine, 

• Heat rejected to the cooling medium, 

• Heat carried away from the engine with the exhaust gases, and 

• Unaccounted losses. 

The unaccounted losses include the radiation losses from the various parts of the engine 

and heat lost due to incomplete combustion. The friction loss is not shown as a separate 

item to the heat balance-sheet as the friction loss ultimately reappears as heat in cooling 

water, exhaust and radiation. 

17 / 134



 

 

 

Radiation, incomplete combustion etc.

Exhaust

Engine set at
full throttle

Coolant

Useful work

0

20

40

60

80

100

1000 2000 3000 4000 5000 6000

E
n
e
rg

y
 %

Engine speed in rpm  

Figure 7.10 : Heat Balance Vs. Speed for a Petrol Engine at Full Throttle 

The following Table 7.1 gives the approximate percentage values of various losses in SI 

and CI engines. 

Table7.1 : Components of Heat Balance in Percent at Full Load 

Engine 

Type 

Brake Load 

Efficiency % 

Heat Rejected 

to Cooling 

Water % 

Heat Rejected 

through Exhaust 

Gases % 

Unaccounted Heat % 

SI 21-28 12-27 30-55 
3-55 (including incomplete 

combustion loss 0-45) 

CI 29-42 15-35 25-45 
21-0 (including incomplete 

combustion loss 0-5) 

Figure 7.10 shows the heat balance for a petrol engine run at full throttle over its speed 

range. In SI engines, the loss due to incomplete combustion included on unaccounted 

form can be rather high. For a rich mixture (A/F ratio = 12.5 to 13) it could be 20%. 

Figure 7.11 shows the heat balance of uncontrolled Otto engine at different loads. 
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Figure 7.11 : Uncontrolled Otto Engine 

Figure 7.12 shows the brake thermal efficiency, indicated thermal efficiency, mechanical 

efficiency and specific fuel consumption for the above SI engine. 
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Figure 7.12 : Efficiency and Specific Fuel Consumption Vs. 

Figure 7.13 shows the ip, bp, fp (by difference) brake torque, brake mean effective 

pressure and brake specific fuel consumption of a high compression ratio (9) automotive 

SI engine at full or Wide Open Throttle (W.O.T.). 
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Figure 7.13 : Variable Speed Test of Automotive SI Engine at Full Throttle (CR = 9) 

Referring to the Figure 7.10 through Figure 7.13 the following conclusions can be 

drawn : 

(a) At full throttle the brake thermal efficiency at various speeds varies from 

20 to 27 percent, maximum efficiency being at the middle speed range. 

(b) The percentage heat rejected to coolant is more at lower speed (≈ 35 

percent) and reduces at higher speeds (≈ 25 percent). Considerably more 

heat is carried by exhaust at higher speeds. 

(c) Torque and mean effective pressure do not strongly depend on the speed of 

the engine, but depend on the volumetric efficiency and friction losses. 

Maximum torque position corresponds with the maximum air charge or 

minimum volumetric efficiency position. 

Torque and mep curves peak at about half that of the brake-power. 
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Note : If size (displacement) of the engine were to be doubled, torque 

would also double, but mean effective pressure (mep) is a ‘specific’ torque, 

a variable independent of the size of the engine. 

(d) High power arises from the high speed. In the speed range before the 

maximum power is obtained, doubling the speed doubles the power. 

(e) At low engine speed the friction power is relatively low and bhp is nearly as 

large as ip (Figure 7.13). As engine speed increases, however, fp increases 

at continuously greater rate and therefore bp reaches a peak and starts 

reducing even though ip is rising. At engine speeds above the usual 

operating range, fp increases very rapidly. Also, at these higher speeds ip 

will reach a maximum and then fall off. At some point, ip and fp will be 

equal, and bp will then drop to zero.  

Performance of SI Engine at Constant Speed and Variable Load 

The performance of SI engine at constant speed and variable loads is different 

from the performance at full throttle and variable speed. Figure 7.14 shows the 

heat balance of SI engine at constant speed and Figure 7.14 variable load. The 

load is varied by altering the throttle and the speed is kept constant by resetting the 

dynamometer. 

Closing the throttle reduces the pressure inside the cylinders but the temperature is 

affected very little because the air/fuel ratio is substantially constant, and the gas 

temperatures throughout the cycle are high. This results in high loss to coolant at 

low engine load. This is reason of poor part load thermal efficiency of the SI 

engine compared with the CI engine. 

• At low loads the efficiency is about 10 percent, rising to about 

25 percent at full load. 

• The loss to coolant is about 60 percent at low loads and 30 percent at 

full load. 

• The exhaust temperature rises very slowly with load and as mass flow 

rate of exhaust gas is reduced because the mass flow rate of fuel into 

the engine is reduced, the percentage loss to exhaust remains nearly 

constant (about 21% at low loads to 24% at full load). 

• Percentage loss to radiation increases from about 7% at loads or 20% 

at full load. 

7.9 PERFORMANCE OF CI ENGINES 

The performance of a CI engine at constant speed variable load is shown in Figure 7.15. 

• As the efficiency of eth CI engine is more than the SI engine the total losses 

are less. The coolant loss is more at low loads and radiation, etc. losses are 

more at high loads. 

• The bmep, bp and torque directly increase with load, as shown in 

Figure 7.16. Unlike the SI engine bhp and bmep are continuously raising 

curves and are limited only by the load. The lowest brake specific fuel 

consumption and hence the maximum efficiency occurs at about 80 percent 

of the full load.  

Figure 7.17 shows the performance curves of variable speed GM 7850 cc. four cycle V-6 

Toro-flow diesel engine. The maximum torque value is at about 70 percent of maximum 

speed compared to about 50 percent in the SI engine. Also, the bsfc is low through most 

of the speed range for the diesel engine and is better than the SI engine. 
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Figure 7.14 : Heat Balance Vs. Load for a Petrol Engine 
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Figure 7.15 : Heat Balance Vs. Load for a CI Engine 
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Figure 7.16 : Performance Curves of a Six Cylinder Four-stroke Cycle 

Automotive Type CI Engine at Constant Speed 
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Figure 7.17 : Performance Curves of GM-four Cycle Toro-flow Diesel Engine 

Example 7.1 

A gasoline engine works on Otto cycle. It consumes 8 litres of gasoline per hour 

and develops power at the rate of 25 kW. The specific gravity of gasoline is 0.8 

and its calorific value is 44000 kJ/kg. Find the indicated thermal efficiency of the 

engine.  

Solution 

Heat liberated at the input 

  = m Cv 

  
0.8

8
60 60

= ×
×

 

  
6.4

3600
=     

Power at the input 
6.4

44000 kW
3600

= ×  

  ith

Output power

Input power
η =  

         
25

6.4 44000

3600

=
×

 

         
25 3600

0.3196
6.4 44000

×
= =

×
 

or,          = 31.96% 

Example 7.2 

A single cylinder engine operating at 2000 rpm develops a torque of 8 N-m. 

The indicated power of the engine is 2.0 kW. Find loss due to friction as the 

percentage of brake power. 
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Brake power 
2 2 2000 8

60000 60000

π × π × ×
= =

NT
 

       = 1.6746 kW 

Friction power = 2.0 − 1.6746 

      = 0.3253 

  % loss 
0.3253

100
2

= ×  

  % loss = 16.2667% 

Example 7.3 

A diesel engine consumes fuel at the rate of 5.5 gm/sec. and develops a power of 

75 kW. If the mechanical efficiency is 85%. Calculate bsfc and isfc. The lower 

heating value of the fuel is 44 MJ/kg. 

Solution 

kW heat input

kW heat output
bsec =  

        
v f

v

C m
C bsfc

P

×
= = ×  

 
5.55

0.074 g/kWs
75

bsfc = =  

         = 0.074 × 10
−3

 kg/kWs 

Cv = 44 MJ/kg = 44 × 103 kJ/kg 

bsec = bsfc × Cv = 44 × 10
3
 × 0.074 × 10

−3
 = 3.256 

isec = bsec × ηn = 3.256 × 0.85 

 isec = 2.7676. 

Example 7.4 

Find the air-fuel ratio of a 4-stroke, 1 cylinder, air cooled engine with fuel 

consumption time for 10 cc as 20.0 sec. and air consumption time for 0.1 m3 as 

16.3 sec. The load is 16 kg at speed of 3000 rpm. Also find brake specific fuel 

consumption in g/kWh and thermal brake efficiency. Assume the density of air as 

1.175 kg/m3 and specific gravity of fuel to be 0.7. The lower heating value of fuel 

is 44 MJ/kg and the dynamometer constant is 5000. 

Solution 

Air consumption 30.1
1.175 7.21 10 kg/s

16.3

−= × = ×  

Fuel consumption 310 1
0.7 0.35 10 kg/s

20 1000

−= × × = ×  

Air-fuel ratio 
3

3

7.21 10
20.6

0.35 10

−

−

×
= =

×
 

Power output (P) 
Dynamometer constant

WN
=  

          
16 3000

9.6 kW
5000

×
= =  
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Fuel consumption (h/hr)

Power output
bsfc =  

         
30.35 10 3600 1000

9.6

−× × ×
=  

  bsfc = 131.25 g/kWh 

         
3

9.6
100

0.35 10 44000−
= =

× ×
 

  ηbth = 62.3377 

Example 7.5 

A six-cylinder, gasoline engine operates on the four-stroke cycle. The bore of each 

cylinder is 80 mm and the stroke is 100 mm. The clearance volume per cylinder is 

70 cc. At the speed of 4100 rpm, the fuel consumption is 5.5 gm/sec. 

[or 19.8 kg/hr.) and the torque developed is 160 Nm. 

Calculate : (i) Brake power, (ii) The brake mean effective pressure, (iii) Brake 

thermal efficiency if the calorific value of the fuel is 44000 kJ/kg and (iv) The 

relative efficiency on a brake power basis assuming the engine works on the 

constant volume cycle r = 1.4 for air. 

Solution 

2 2 4100 160
68.66

60000 60000

NT
bp

π × π × ×
= = =  

6000
bm

bp
P

LAn K

×
=  

      
2

68.66 60000

4100
0.1 (0.08) 6

4 2

×
=

π
× × × ×

 

       = 6.66 × 10
5
 Pa 

Pbm = 6.66 bar 

68.66 3600
100 29.03%

19.8 43000
bth

f v

bp

m C

×
η = = × =

× ×
 

Compression ratio, s d

d

V V
r

V

+
=  

          2 28 10 502.65 cc
4 4

sV D L
π π

= = × × =  

            
502.65 70

70
r

+
=  

 r = 8.18 

Air-standard efficiency, otto 0.4

1 1
1 1 0.56858

2.3179(8.18)
η = − = − =  

Relative efficiency, 
0.2903

100 51.109%
0.568

relη = × =  

             bth
f v

bp

m C
η =

×
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119.82 60
100

4.4
44000

10

×
= ×

×

 

   ηbth = 37.134% 

Volume flow rate of air at intake condition. 

  3

5

6 287 300
5.17 m /min

1 10
a

× ×
= =

×
 

Swept volume per minute, 

  2

4
sV D L n K

π
=  

       2 4500
(0.1) 0.9 9

4 2

π
= × × × ×  

          = 127.17 m
3
/min. 

Volumetric efficiency, 
5.17

100
127.17

vη = ×  

         4.654%vη =  

Air-fuel ratio, 
6.0

13.64
0.44

A

F
= =  

Example 7.6 

A gasoline engine is specified to be 4-stroke and four-cylinder. It has a bore of 

80 mm and a stroke of 100 mm. On test it develops a torque of 75 Nm when 

running at 3000 rpm. If the clearance volume in each cylinder is 60 cc the relative 

efficiency with respect to brake thermal efficiency is 0.5 and the calorific value of 

the fuel is 42 MJ/kg; determine the fuel consumption in kg/hr. and the brake mean 

effective pressure. 

Solution 

Swept volume, 2 4 30.08 0.1 5.024 10 m /cylinder
4

sV
−π

= = × = ×  

       = 502.4 cc/cylinder  

Compression ratio
502.4 + 60

= 9.373
60

=  

Air-standard efficiency 
0.4

1
= 1 = 0.5914

(9.373)
−  

ηbth = Relative η × Air-standard η 

       = 0.5 × 0.5914 

       = 0.2954 

2 3000 75
23.55 kW

60000
bp

× π × ×
= =  

Heat supplied 
23.55

79.64 kJ/s
0.2957

= =  

Fuel consumption 
79.64 3600

6.8264 kg/hr
42000

×
= =  
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60000
bm

s

P
P

V n K

×
=  

      5 2

4

23.55 60000
4.6875 10 N/m

3000
5.024 10 4

2

−

×
= = ×

× × ×

 

        = 4.6875 bar 

Example 7.7 

A six-cylinder, four-stroke engine gasoline engine having a bore of 90 mm and 

stroke of 100 mm has a compression ratio 8. The relative efficiency is 60%. When 

the indicated specific fuel consumption is 3009 g/kWh. Estimate (i) The calorific 

value of the fuel and (ii) Corresponding fuel consumption given that imep is 

8.5 bar and speed is 2500 rpm. 

Solution 

Air-standard efficiency 
1 0.4

1 1
= 1 = 1 = 0.5647

8r
r

−
− −  

Thermal efficiency
Relative efficiency =

Air-standard efficiency
 

Indicated thermal efficiency = 0.6 × 0.5647 = 0.3388 

  
1

=ith
sfc vi C

η
×

 

   
1 3600

0.3 0.3388
v

ith sfc

C
i

= =
η × ×

 

    Cv = 35417.035 kJ/kg 

    =
60000

imP LAnK
ip  

        

5 2 2500
8.5 10 0.1 0.09 6

4 2 67.6 kW
60000

π
× × × × × ×

= =  

Fuel consumption = isfc × ip = 0.3 × 67.6 

                ip = 20.28 kg/h. 

Example 7.8 

The observations recorded after the conduct of a retardation test on a 

single-cylinder diesel engine are as follows : 

  Rated power = 10 kW 

  Rated speed = 500 rpm 

Sl. 

No. 
Drip in Speed 

Time for Fall of Speed 

at no Load, t2 (s) 

Time for Fall of Speed 

at 50% Load, t3 (s) 

1. 

2. 

3. 

4. 

5. 

6. 

500-400 

500-350 

500-325 

500-300 

500-275 

500-250 

7 

10.6 

12.5 

15.0 

16.6 

18.9 

2.2 

3.7 

4.8 

5.4 

6.5 

7.2 
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First we draw a graph of drop in speed versus time taken for the drop. 
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Figure 7.18 : Speed Vs Time 

          
2

=
60000

π NT
P  

Full load torque, 
60000 10 60000

= 191.083 Nm
2 2 500

P
T

N

× ×
= =

π × π ×
 

Torque at half load, T1/2 = 95.5415 Nm 

From graph : 

Time for the fall of 100 rpm at no load, t2 = 8.3 sec. 

Time for the fall of same 100 rpm at half load, t3 = 3.4 sec. 

 3

2 3

=f

t
T

t t
×

−
Torque at 50% load 

      3
1/ 2

2 3

3.4
= 95.5415 66.294 Nm

(8.3 3.4)

t
T

t t
× = × =

− −
 

Friction power 
2 2 500 66.294

3.469 kW
60000 60000

fN Tπ π × ×
= = =  

        
10

100 74.24%
10 3.469

m

bp

bp fp
η = = × =

+ +
 

Example 7.9 

A 4-cylinder, 4-stroke cycle engine having cylinder diameter 100 mm and stroke 

120 mm was tested at 1600 rpm and the following readings were obtained. 

Fuel consumption = 0.27 litres/minute, Specific gravity fuel = 0.74, 

B.P. = 31.4 kW, Mechanical efficiency = 80%, Calorific value of fuel 

= 44000 kJ/kg. 

Determine : 

(i) bsfc, 

(ii) imep, and 

(iii) Brake thermal efficiency. 
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Solution 

D = 100 mm = 0.1 m 

L = 120 mm = 0.12 m 

ηm = 80% = 0.8 

(i) Brake Specific Fuel Consumption (bsfc) :  

  
0.27 0.74 60

0.38174 kJ/kW.hr
31.4

× ×
= =  

(ii) Indicated Power : 

.
2 60

impn P L A N
I P

× × × ×
=

×
 

20.12 (0.1) 1600
. 4

2 60

imp

m

n P
B P

π
× × × × ×

=
η ×

 

∴ 
31.4

4 0.01256637
0.8

impP= × ×  

∴ Pimep = 780.85 kN/m
2
 

(iii) Brake Thermal Efficiency : 

Brake power

Heat supplied
bthη =  

       
31.4

100 21.43%
0.27 0.74

44000
60

= × =
×

×

 

Example 7.10 

A single cylinder and stroke cycle I.C. engine when tested, the following 

observations available : 

Area of indicator diagram = 3 sq.cm, Length of indicator diagram = 4 cm, Spring 

constant = 10 bar/cm, Speed of engine = 400 rpm, Brake drum diameter = 120 cm, 

Dead weight on brake = 380 N, Spring balance reading = 50 N, Fuel consumption         

= 2.8 kg/hr., Cv = 42000 kJ/kg, Cylinder diameter = 16 cm, Piston stroke = 20 cm. 

Find : 

(i) F.P., 

(ii) Mechanical efficiency, 

(iii) bsfc, and 

(iv) Brake thermal efficiency. 

Solution 

Indicated mean effective pressure, 

 
Area of indicate diameter

Spring constant
Length of indicated diameter

impP = ×  

        i
i

i

A
K

L
= ×  

        
3

10
4i

= ×  
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IC Engine Testing Pimep = 7.5 bar                 . . . (1) 

Indicated power .
60

impP L A N
I P

× × ×
= =  

        

5 27.5 10 0.2 (0.16) 400
4 10.05 kW

60 2

π
× × × ×

= =
×

         . . . (2) 

Brake Power 

2 ( )
2 2.

60 60

b
N W S

NT
B P

π −
π

= = =  

    
2 400 (380 50) 1.2

. 8.294 W
60 2

B P
π × −

= × =           . . . (3) 

(i) Frictional Power = F.P. = I.P. − B.P. 

         = 10.05 − 8.294 

         = 1.756 kW 

(ii) Mechanical Efficiency 
. 8.294

100 82.53%
. . 10.05

m

B P

I P
η = = × =  

(iii) Brake Specific Fuel Consumption (bsfc) : 

    
2.8

0.3376 kg/kW.hr
8.294

= =  

(iv) Brake Thermal Efficiency (η
bth

) 

 
. 8.294

100 25.39%
2.8Heat supplied

42000
3600

B P
= = × =

×

   

Example 7.11 

A six-cylinder 4-stroke petrol engine having a bore of 90 mm and stroke of 

100 mm has a compression ratio of 7. The relative efficiency with reference to 

indicated thermal efficiency is 55% when indicated mean specific fuel 

consumption is 0.3 kg/kWh. Estimate the calorific value of the fuel and fuel 

consumption in kg/hr. Given that indicated mean effective pressure is 8.5 bar and 

speed is 2500 r.p.m. 

Solution 

Number of cylinders = n1 = 6, L = 100 mm = 0.1 m 

d = 90 mm = 0.09 m, r = 7 (P.U. May 2006) 

ηr = 55% = 0.55 [based on indicated thermal efficiency] 

isfc = 0.3 kg/kWh 

Pmi = 8.5 bar 

 N = 2500 rpm 

1.
60000

impP A L N
I P n

× × ×
= ×  

where, 
2500

1250
2 2

N
n = = =  strokes/mm [for 4 stroke engine] 

  2

4
A d

π
=    
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From Eq. (1), we have, 

5 2 1
. . (8.5 10 ) (0.09) 0.1 1250 6 67.593 kW

4 60000
I P

π
= × × × × × × =  

(i) Fuel consumption, f: 

Isfc =  i.e. 0.3 =  

f = 20.278 kg/hr 

(ii) Calorific Value (Cv) of fuel : 

Air standard efficiency, 
( 1) (1.4 1)

1 1
1 1 0.42467

( ) (7)
a

r
γ − −

η = − = − =  

Relative efficiency, 
Indicate thermal efficiency,

Air standard efficiency,

i
r

a

η
η =

η
 

 0.55 0.42647 0.2346i r aη = η × η = × =  

But, 
67.593

0.2346
20.278

3600

i

vC

η = =
 

× 
 

 

∴  Cv = 51150.6 kJ/kg. 

Example 7.12 

A two stroke diesel engine was motored when the meter reading was 1.5 kW. 

Then the test on the engine was carried out for one hour and the following 

observations were recorded: Brake torque = 120 Nm; Speed = 600 rpm; Fuel used 

= 2.5 kg; calorific value of fuel = 40.3 MJ/kg; Cooling water used = 818 kg; Rise 

in temperature of cooling water = 10°C. 

Exhaust gas temperature = 345°C. Room temperature = 25°C; A/F = 32 : 1. 

Determine : 

(i) bp, 

(ii) ip, 

(iii) Mechanical efficiency, 

(iv) Indicated thermal efficiency, and 

(v) Draw heat balance sheet on minute basis and also in percentage. 

(P.U. Dec. 2006). 

Solution 

(a) 
2 600 120

. . 2 7.54 kW
1000 60 1000

NT
B P

π
= = π × × =  

I.P. = B.P. + F.P. = 7.54 + 15 = 9.04 kW 

Mechanical 
7.54

0.834 83.4%
9.04

η = = =  

Indicated thermal 
. .

Heat supplied

I P
η =  

             
3

9.04 3600
0.323 32.3%

2.5 40.3 10

×
= = =

× ×
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IC Engine Testing (b) Heat Balance for the Engine : 

(i) Energy supplied 
2.5 40300

1680 kJ/min
60

×
= =  

(ii) Energy Distributed 

(a) Heat in B.P. = 7.54 × 60 = 452.4 kJ/min. 

(b) Heat in cooling water 
818

4.2 10 570.8 kJ/min
60

= × × =  

(c) Heat in exhaust gases = mg Cpg (∆T) 

 
33 2.5

1.05 (345 25) 462 kJ/min
60

×
= × − =  

(d) Heat unaccounted (by difference) 

= 1680 − (452.4 + 570.8 + 462) = 197.8 kJ/min 

Percentage Heats 

Heat supplied = 1679 kJ/min. = 100% 

(a) Heat in 
452.4

. . 100 20.94%
1679

B P = × =  

(b) Heat in cooling water 
462

100 33.97%
1679

= × =  

(c) Heat in exhaust gases 
462

100 27.51%
1679

= × =  

(d) Heat unaccounted 
197.8

100 11.78%
1679

= × =  

Example 7.13 

The following observations were recorded during a trial on a 4-stroke diesel 

engine : 

Power absorbed by non-firing engine when 

Driven by an electric motor = 10 kW 

Speed of the engine = 1750 rpm 

Brake torque = 327.4 Nm 

Fuel used = 15 kg/hr. 

Calorific value of fuel = 42000 kJ/kg 

Air supplied = 4.75 kg/min. 

Cooling water circulated = 16 kg/min. 

Outlet temperature of cooling water = 65.8°C 

Temperature of exhaust gas = 400°C 

Room temperature = 20.8°C 

Specific heat of water = 4.19 kJ/kg·K 

Specific heat of exhaust gas = 1.25 kJ/kg·K 

Determine : 

(i) bp, 

(ii) Mechanical efficiency, 
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(iii) bsfc, 

(iv) Draw up heat balance sheet on kW basis. 

Solution 

(i) Brake Power (b.p.) : 

 31750
. . 2 2 327.4 10 60.01 kW

60
b p NT

−= π = × π × × × =  

(ii) Mechanical Efficiency (ηm) : 

. .

. .
m

b p

i p
η =  

But, i.p. = b.p. + f.p. 

f.p. = 10 kW 

Given that power absorbed by non-firing engine when driven by electric 

motor. This is frictional power. 

This type of testing is done in a motoring test which is used to calculate the 

frictional power of an engine. 

 Hence, f.p. = 10 kW 

 ∴  i.p. = b.p. + f.p. 

                = 60.01 + 10 

∴ i.p. = 70.01 kW  

 ∴ 
60.01

0.8571 85.71%
70.01

mη = = =  

(iii) bsfc : Brake Specific Fuel Consumption :  

∴ 
/ . 15

0.25 kg/kW.hr
. . 60.01

f hrm
bsfc

b p
= = =  

(iv) Heat Balance Sheet in kW basis : 

 (i) Power supplied by fuel = mf × Cv 

         
15

42000 175 kW
3600

= × =  

(ii) Brake power = 60.01 kW 

(iii) Power to cooling water = mw Cpw ∆T 

                   
16

4.19 ( )
60

o inT T= × × −  

  To = 65.8 + 273 = 338.8 K 

            Tin = 20.8 + 273 = 293.8 K 

Power lost to cooling water = 50.28 kW 

(iv) Power to exhaust = mE CPE ∆T 

Here, mass of exhaust gases 

   mE = ma + mf 

      
4.75 15

0.0833 kg/s
60 3600

= + =  
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IC Engine Testing Power lost to exhaust = 0.0833 × 1.25 × (400 − 20.8) 

       = 39.48 kW 

Heat Balance Sheet : 

 Input (kW) % Output kW % 

01 Power from 

fuel 175 kW 

100% Brake power 

Power lost to cooling water 

Power lost to exhaust 

Unaccounted power 

60.01 

50.28 

39.48 

25.23 

34.29 

28.73 

22.56 

14.42 

Total 174 kW 100% Total 175 100% 

Example 7.14 

A single cylinder engine running at 180 rpm develops a torque of 8 Nm. 

The indicated power of the engine 1.8 kW. Find the loss due to friction power as 

the percentage of brake power. 

Solution 

Given Data : Single cylinder engine 

 Speed of engine = N = 1800 rpm 

Torque = T = 8 Nm 

I.P. = 1.8 kW 

Brake power 
2 2 1800 8

. .
60 60

NT
B P

π π × ×
= = =  

             1507.96 W = 1.50796 kW=  

Friction power = F.P. = I.P. − B.P. 

      = 1.8 − 1.50796 

       = 0.29204 kW 

Loss due to friction power as the percentage of brake power 

  
0.29204

100
1.50796

= ×  

  = 19.37% of brake power. 

SAQ 1 

(a) A vertical single cylinder four stroke diesel engine has a bore = 80 mm and 

stroke = 100 mm respectively. It is water cooled and develops a torque of 

3.5 N-m. Calculate the mean effective of the engine. 

(b) A diesel engine consumes 5 grams fuel per second and develops a brake 

power 75 kW. It has a mechanical efficiency of 85%. Find (a) Brake 

specific fuel consumption in kg/hWhr, (b) Indicated specific fuel 

consumption. 

(c) A four stroke gas engine has a bore of 20 cm and stroke of 35 cm and runs 

at 400 rpm firing every cycle. The air-fuel ratio is 4 : 1 by volume. Its 

volumetric efficiency at NTP conditions is 80%, determine the volume of 

gas used per minute. If the calorific value of the gas is 8 MJ/m
3
 at NTP and 

the brake thermal efficiency is 25%. Determine brake power of engine. 
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(d) The following readings are taken during a test of a four-cylinder, two stroke 

gasoline engine. Diameter = 10 cm, Stroke = 15 cm, Speed = 1700 rpm, 

Area of positive loop of the indicator diagram = 5.75 sq.cm; Area of the 

negative loop of the indicator diagram = 0.25 cm
2
; Length of indicator 

diagram = 5.5 cm, Spring constant = 4.0 bar/cm. Find the indicated power 

of the engine. 

(e) A four cylinder engine running at 1250 rpm delivers 21 kW power. The 

average torque when one cylinder was cut is 110 N-m. The calorific value 

of the fuel is 43 MJ/hr. The engine uses 360 gms of gasoline per kWh. Find 

indicated thermal efficiency. 

 

 

 

 

SAQ 2 

(a) An 8-cylinder, four stroke engine of bore 10 cm and 9 cm stroke has a 

compression ratio of 7 is 4500 rpm on a dynamometer which has 54 cm 

arm. During a 10 minutes test the dynamometer scale beam reading was 

48 kg and the engine consumed 4.4 kg of gasoline having a calorific value 

of 44000 kJ/kg. Air at 27°C temperature and 1 bar pressure was supplied to 

the carburetor at the rate of 6 kg/min. Find (i) the brake power delivered. 

(ii) The brake mean effective pressure, (iii) The brake specific fuel 

consumption, (iv) The brake specific air consumption, (v) The brake 

thermal efficiency, (vi) The volumetric efficiency, (vii) The air-fuel ratio. 

(b) In a test for four-cylinders, four-stroke engine has a diameter of 100 mm, 

stroke = 120 mm, speed of engine = 1800 rpm, fuel consumption of 

0.2 kg/min, calorific value of fuel is 44000 kJ/kg. Difference in tension on 

either side of brake pulley = 40 kg, Brake circumference is 300 cm. If the 

mechanical efficiency is 90%. Calculate (i) Brake-thermal efficiency, 

(ii) Indicated thermal efficiency, (iii) Indicated mean effective pressure and 

(iv) Brake specific fuel consumption. 

(c) A 4-stroke cycle gas engine has a bore of 20 cm and a stroke of 35 cm. 

The compression ratio is given to be 8. In a test on the engine the indicated 

mean effective pressure is 5 bar, the air to gas ratio is 6 : 1 and the calorific 

value of the gas is 12 MJ/m
3
 at NTP. At the beginning of the compression 

stroke the temperature is 77°C and pressure is 0.98 bar. Neglecting residual 

gases, determine the indicated power, the thermal efficiency and the relative 

efficiency of the engine at 250 rpm. 

(d) An indicator diagram taken from a single-cylinder, four-stroke CI engine 

has a length of 100 mm and an area 2000 mm2. The indicator pointer 

deflects a distance of 10 mm for pressure increment of 2 bar in the cylinder. 

If the bore and stroke of the engine cylinder are both 100 mm and the 

engine speed is 1200 rpm. Calculate the mean effective pressure and the 

indicated power. If the mechanical efficiency is 85%. What is the brake 

power developed? 

(e) A gasoline engine working on 4-stroke develops a brake power of 22 kW. 

A Morse test was conducted on this engine and the brake power (kW) 

obtained when each cylinder was made inoperative by short circuiting. The 

spark plugs are 14.9, 14.3, 14.8 and 14.5 respectively. The test was 

conducted at constant speed. Find the indicated power, mechanical 

efficiency and bmep when all the cylinders are firing. The bore of engine is 

80 mm and stroke is 90 mm. The engine is running at 3000 rpm. 
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IC Engine Testing 7.10 SUMMARY 

Let us summarise what we have learnt in this unit. In this unit, we have understood in 

detail about IC engine testing. In evaluation of engine performance, certain basic 

parameters, we chosen and we studies about measurement of fuel consumption, air 

consumption, etc. Measurements of exhaust smoke as well as exhaust emission where 

also highlighted. Lastly performance of SI engine and CI engine were discussed. 

7.11 KEY WORDS 

Engine Performance : It is a indication of the degree of success with 

which it does its assigned job, i.e. conversion of 

chemical energy contained in the fuel into the 

useful mechanical work. 

Power : Power is defined as the rate of doing work. 

Indicated Power : The total power developed by combustion of fuel 

in the combustion chamber. 

Mean Effective Pressure : It is defined as hypothetical pressure which is 

thought to be acting on the piston throughout the 

power stroke. 

Volumetric Efficiency : It is defined as the ratio of actual volume to the 

charge drawn in during the suction stroke to the 

swipt volume of the piston. 

Fuel Air Ratio : It is the ratio of the mass of fuel to the mass of air 

in the fuel air mixture. 

7.12 ANSWERS TO SAQs 

SAQ 1 

(a) 
2

60000 60000

bm nP LANT
P

π
= =  

2
2

2 2 16

4 2

bm
n

NT NT T
P

NLA D LL D

π π
= = =

π
× ×

 

       5

2

16 22.5
5.875 10 Pa

(0.08) 0.1

×
= = ×

×
 

       = 5.875 bar 

4
5

2

6 10
10 bar

4 2

bm

P
P

N
D L

−× ×
= =

π
 

       5

2

4 60000
10

1500
(0.08) 0.1

4 2

−×
= ×

π
× × ×

 

       
4 5

2

24 10 4 2 10
6.369 bar

(0.08) 0.1 1500

−× × × ×
= =

π × × ×
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460000 4 6 10
25.477 Nm

2 2 3.14 1500

P
T

N

× × ×
= = =

π × ×
 

(b) 
5

0.066 g/kWs
75

fm
bsfc

pb
= = =  

       
0.066

3600 0.24 kg/kWh
1000

g= × =  

misfc bsfc= × η  

      0.24 0.85 0.204 kg/kWh= × =  

(c) Swept volume, 2

4
sV D L

π
=  

         220 25
4

π
= × ×  

   = 7853.93 cc 

Total charge taken in per cycle 

  0.8 7853.98cV = ×  

       = 6.2832 × 10
−3

 m
3
 

Volume of gas used per minute 

  
36.2832 10 400

4 1 2
gV

−×
= ×

+
 

        = 0.25133 m
3
 at NTP/min. 

Heat input = 8000 × 0.25133 = 2010.64 kJ/min 

  th Heat inputbp = η ×  

       
0.25 2010.64

60

×
=  

   bp = 8.377 kW 

(d) Net area of diagram = 5.75 − 0.25 

     = 5.5 cm
2
 

Average height of the diagram 
5.5

1 cm
5.5

= =  

Pim = Average height of the diagram × spring constant 

       = 1 × 4 = 4 bar 

  
60000

= im nP L A
ip  

      

5 24 10 0.15 0.1 1700 4
4

60000

π
× × × × × ×

=  

  ip = 53.38 kW. 
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IC Engine Testing 
(e) Average bp for 3 cylinders 

2

60000

NTπ
=  

       
2 1250 110

60000

π × ×
=  

       = 14.39 kW 

Average ip with 1 cylinder = 21 − 14.39 

      = 6.608 kW 

Total input = 4 × 6.608 = 26.433 kW 

  
21

360
26.433

bp
isfc bsfc

ip
= × = ×  

         = 286.006 ≈ 286 g/kWh 

Fuel combustion 
3600 1000

isfc ip×
=

×
 

         
286 26.433

3600 1000

×
=

×
 

          = 2.099 × 10
−3

 kg/sec. 

  ith
f v

ip

m C
η =

×
 

         
3

26.433
100

2.009 10 43000−
= ×

× ×
 

    ηith = 29.29% 

SAQ 2 

(a) 
2 2 4500 48 0.54 9.81

119.82 kW
60000 60000

NT
bp

π π × × × ×
= = =  

5

2

6000 119.82 60000
5.653 10 Pa

4500
0.09 (0.1) 8

4 2

mep

bp
b

LAn K

× ×
= = = ×

π
× × ×

 

bmep = 5.653 bar 

4.4
60

10

119.82
bsfc

×

=  

bfsc = 0.2203 kg/kWh 

6 60
3.004 kg/kWh

119.82
bsfc

×
= =  

(b) 
2 2 2

60000 60000 60000

NT NWR WN R
bp

π π π
= = =  

     
40 9.81 1800 3

35.316 kW
60000

× × ×
= =  

35.316 60
100 24.079%

0.2 44000
bth

f v

bp

m C

×
η = × × =

× ×
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24.079
100 100 26.75%

0.9

bth
ith

m

η
η = × = × =

η
 

5

2

35.3166000 60000
0.8 6.94 10 Pa

1800
0.12 (0.1) 4

4 2

m

bp

imep
LAn K

× ×
η

= = = ×
π

× × ×

 

imep = 6.94 bar 

0.2 60
0.339 kg/kWh

35.316
sfcb

×
= =  

(c) Swept volume, 2 220 35 10990 cc
4 4

sV D L
π π

= = × × =  

Volume of gas in cylinder 1

1

1

V
A

F

= ×

+

 

         1

8 1 8
10990

1 5 8 1 5

s
s s

V
V V V

r
= + = = × ×

− +
 

Since, the residual gases are to be neglected; one can assume a volumetric 

efficiency of 100%. 

Normal pressure = 1 bar 

1 1

1 WorkingNTP

P VPV

T T

  
=   

   
 

Volume of gas at NTP condition 
273

1953.7 0.98 1493.4 cc
350

= × × =  

Heat added = 1493.4 × 10
−6

 × 12 × 10
3
 

           = 17.92 kJ/cycle 

 

5 6 250
5 10 10990 10

2 11.44 kW
60000 60000

im sP V
ip

−× × × ×
× η

= = =  

 100
Heat added (in kW)

ith

ip
η = ×  

        
11.44

100 30.66%
250

17.92
2 60

= × =

×
×

 

Air-standard efficiency 
0.4

1
1 0.5647

8
= − =  

Relative efficiency 
0.3066

100 54.29%
0.5467

= × =  

(d) Mean height of the indicator diagram 
2000

20 mm
100

= =  

Mean effective pressure 
20

2 4 bar
10

= × =  
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IC Engine Testing 
Indicated power, 

60000

imP LAn
ip =  

             

5 2 1200
4 10 0.1 0.1

4 2 3.14 kW
60000

π
× × × × ×

= =  

      3.14 0.85 2.669 kWmbp ip= × η = × =  

(e) ip1 = bp1234 − bp234 

      = 22 − 14.9 = 7.1 kW 

ip2 = bp1224 − bp134 

     = 22 − 14.3 = 7.7 kW 

ip3 = bp1234 − bp124 

     = 22 − 14.8 = 7.2 kW 

ip4 = bp1234 − bp123 

     = 22 − 14.5 = 7.5 kW 

ip1 + ip2 + ip3 + ip4  = ip1234 = 7.1 + 7.7 + 7.2 + 7.5 

             = 29.5 kW 

22
= 100 74.57

29.5
wη × =  

60000
=bm

bp
P

AnK

×

∠
 

       5

2

22 60000
4.8665 10 Pa

3000
0.09 (0.08) 4

4 2

×
= = ×

π
× × × ×

 

  Pbm = 4.8655 bar. 
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Introduction:   
Compression of air and vapour plays an important role in engineering fields. Compression of 
air is mostly used since it is easy to transmit air compared with vapour.  
Uses of compressed air:   
The applications of compressed air are listed below:  
1) It is used in gas turbines and propulsion units.   
2) It is used in striking type pneumatic tools for concrete breaking, clay or rock drilling,   

chipping, caulking, riveting etc.  
3) It is used in rotary type pneumatic tools for drilling, grinding, hammering etc.   
4) Pneumatic lifts and elevators work by compressed air.   
5) It is used for cleaning purposes   
6) It is used as an atomiser in paint spray and insecticides spray guns.   
7) Pile drivers, extractors, concrete vibrators require compressed air.   
8) Air-operated brakes are used in railways and heavy vehicles such as buses and lorries.   
9) Sand blasting operation for cleaning of iron castings needs compressed air.   
10) It is used for blast furnaces and air-operated chucks.   
11) Compressed air is used for starting I.C.engines and also super charging them.  

 

Working principle of a compressor:  
 
 
 
 
 
 
 
 
 
 
 

 

Fig:4.1 Air Compressor 

 

A line diagram of a compressor unit is shown in fig:4.1. The compression process requires 

work input. Hence a compressor is driven by a prime mover. Generally, an electric motor is 

used as prime mover. Air from atmosphere enters into the compressor It is compressed to a 

high pressure. Then, this high pressure air is delivered to a storage vessel (reservoir). From 

the reservoir, it can be conveyed to the desired place through pipe lines. 
 
Some of the energy supplied by the prime mover is absorbed in work done against friction. 

Some portion of energy is lost due to radiation and coolant. The rest of the energy is 

maintained within the high pressure air delivered. 

 

 

AIR COMPRESSOR
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Air compressors may be classified as follows: 
According to design and principle of operation:  

(a) Reciprocating compressors in which a piston reciprocates inside the cylinder.  

(b) Rotary compressors in which a rotor is rotated.  
According to number of stages:  

(a) Single stage compressors in which compression of air takes place in one cylinder  
only.  
 

(b) Multi stage compressors in which compression of air takes place in more than one 
cylinder.   
According to pressure limit:   

(a) Low pressure compressors in which the final delivery pressure is less than 10 bar,  
(b) Medium pressure compressor in which the final delivery pressure is 10 bar to 80 bar  

and   
(c) High pressure compressors in which the final delivery pressure is 80 to 100 bar.  

 
According to capacity: 

(a)  Low  capacity  compressor  (delivers  0.15m
3
 /s of compressed air), 

(b)  Medium  capacity  compressor  (delivers  5m
3
 /s of compressed air) and 

(c)  High capacity compressor (delivers more than 5m
3
 /s of compressed air). 

According to method of cooling:  
(a) Air cooled compressor (Air is the cooling medium) and  

 
(b) Water cooled compressor (Water is the cooling medium). 

According to the nature of installation:   
(a) Portable compressors (can be moved from one place to another).  

(b) Semi-fixed compressors and  
 

(c) Fixed compressors (They are permanently installed in one 
place). According to applications:   

(a) Rock drill compressors (used for drilling rocks),   
(b) Quarrying compressors (used in quarries),  

(c) Sandblasting compressors (used for cleaning of cast iron)  and  
(d) Spray painting compressors (used for spray 

painting). According to number of air cylinders  
(a) Simplex - contains one air cylinder   
(b) Duplex - contains two air cylinders  

(c) Triplex - contains three air cylinders  

 
4.4.1 Reciprocating compressors may be classified as follows:  
 

(a) Single acting compressors in which suction, compression and delivery of air (or gas) 
take place on one side of the piston.   
(b) Double acting compressors in which suction, compression and delivery of air (or gas) 
take place on both sides of the piston.  

 
4.5 Single stage reciprocating air compressor: 
 

In a single stage compressor, the compression of air (or gas) takes place in a single 
cylinder. A schematic diagram of a single stage, single acting compressor is shown in fig:4.2. 

 
Construction: It consists of a piston which 
reciprocates inside a cylinder. The piston is 
connected to the crankshaft by means of a 
connecting rod and a crank. Thus, the 

 
rotary movement of the crankshaft is 
converted into the reciprocating motion of 
the piston. Inlet and outlet valves (suction 

Classification of compressors:
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and delivery valves) are provided at the top 
of the cylinder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig :4.2 Single stage reciprocating Air  

Compressor 
 
Working: When the piston moves down, 

the pressure inside the cylinder is reduced. 

When the cylinder pressure is reduced 

 

  
below atmospheric pressure, the inlet valve 

opens. Atmospheric air is drawn into the 

cylinder till the piston reaches the bottom 

dead centre. The delivery valve remains 

closed during this period. When the piston 

moves up, the pressure inside the cylinder 

increases. The inlet valve is closed, since 

the pressure inside the cylinder is above 

atmospheric. The pressure of air inside the 

cylinder is increased steadily. The outlet 

valve is then opened and the high pressure 

air is delivered through the outlet valve in 

to the delivery pipe line. 
 

At the top dead centre of the piston, a 

small volume of high pressure air is left in 

the clearance space. When the piston 

moves down again, this air is expanded and 

pressure reduces, Again the inlet valve 

opens and thus the cycle is repeated. 

 
 
Disadvantages  

1. Handling of high pressure air results in leakage through the piston.   
2. Cooling of the gas is not effective.   
3. Requires a stronger cylinder to withstand high delivery pressure.  

 

Applications: It is used in places where the required pressure ratio is small. 

4.6 Compression processes:  
The air may be compressed by the following processes.  
(a) Isentropic or adiabatic compression,   
(b) Polytropic compression and   
(c) Isothermal compression  
(a)Isentropic(or)adiabatic compression: 
 
In internal combustion engines, the air (or air fuel mixture) is compressed isentropically. 
By isentropic compression, maximum available energy in the gas is obtained. 
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(b)Polytropic compression: 
 
 
 
 
 
 
 
 
 

 
p 

 
 
 
 
 
 

V          s  
 

Fig: 4.3 Compression processes  
A-B": Isothermal; A-B: Polytropic; A-B': Isentropic 

 

The compression follows the law pV
n
 = Constant. This type of compression may be used in 

Bell-Coleman cycle of refrigeration. 
 
(c)Isothermal compression:  

When compressed air (or gas) is stored in a tank, it loses its heat to the surroundings. It 
attains the temperature of surroundings after some time. Hence, the overall effect of this 
compression process is to increase the pressure of the gas keeping the temperature constant. 
Thus isothermal compression is suitable if the compressed air (or gas) is to be stored. 

 

4.7 Power required for driving the compressor: 
 
The following assumptions are made in deriving the power required to drive the compressor.  
1. There is no pressure drop through suction and delivery valves.   
2. Complete compression process takes place in one cylinder.   
3. There is no clearance volume in the compressor cylinder.   
4. Pressure in the suction line remains constant. Similarly, pressure in the delivery line  
remains constant.  
5. The working fluid behaves as a perfect gas.  
6. There is no frictional losses.  
 
The cycle can be analysed for the three different case of compression. Work required can be 
obtained from the p - V diagram. 
 

Let, 
 

p1 = Pressure of the air (kN/m
2
), before compression 

V 1 = Volume of the air (m
3
), before compression 

T1 =Temperature of the air (K), before compression 

p2, V2 and T2 be the corresponding values after compression. 

m - Mass of air induced or delivered by the cycle (kg). 

N - Speed in RPM. 
 
4.7.1 Polytropic Compression  
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Fig:4.4 Polytropic compression (Compression follows pV
n
 = Constant) 

 

  
Indicated power (or) Power required, P = W x N , kW for single acting 

reciprocating compressor; 

 
= W x 2N, kW for double acting reciprocating compressor.  

4.7.2 Isentropic compression 
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4.11 Clearance and clearance volume:  

When the piston reaches top dead centre (TDC) in the cylinder, there is a dead space 
between piston top and the cylinder head. This space is known as clearance space and the 

volume occupied by this space is known as clearance volume, Vc. 

 
The clearance volume is expressed as percentage of piston displacement. Its value ranges 

from 5% - 10% of swept volume or stroke volume (Vs).The p - V diagram for a single stage 
compressor, considering clearance volume is shown in fig. . At the end of delivery of high 

pressure air (at point 3), a small amount of high pressure air at p2 remains in the clearance 
space. This high pressure air which remains at the clearance space when the piston is at TDC 

is known as remnant air. It is expanded polytropically till atmospheric pressure (p4=p1) is 
reached. The inlet valve is opened and the fresh air is sucked into the cylinder. The suction of 
air takes place for the rest of stroke (upto point 1). The volume of air sucked is known as 

effective suction volume (V1 - V4). At point 1, the air is compressed polytropically till the 

delivery pressure (p2) is reached. Then the delivery valve is opened and high pressure air is 
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discharged into the receiver. The delivery of air continues till the piston reaches its top dead 
centre, then the cycle is repeated. 
4.11.1  Effect of clearance volume: 
The following are the effects of clearance space.  
1. Suction volume (volume of air sucked) is reduced.  

2. Mass of air is reduced.  

3. If clearance volume increases, heavy compression is required.  

4. Heavy compression increases mechanical losses  
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4.13 Multi-stage air compressor:               
  

In a multi stage air compressor, compression of air takes place in more than one 
cylinder. Multi stage air compressor is used in places where high pressure air is required. Fig. 
shows the general arrangement of a two-stage air compressor. It consists of a low pressure 
(L.P) cylinder, an intercooler and a high pressure (H.P) cylinder. Both the pistons (in L.P and 
H.P cylinders) are driven by a single prime mover through a common shaft.  

Atmospheric air at pressure p1 taken into the low pressure cylinder is compressed to a 

high pressure (p2). This pressure is intermediate between intake pressure (p1) and delivery 

pressure p3). Hence this is known as intermediate pressure.  
The air from low pressure cylinder is then passed into an intercooler. In the 

intercooler, the air is cooled at constant pressure by circulating cold water. The cooled air 
from the intercooler is then taken into the high pressure cylinder. In the high pressure 

cylinder, air is further compressed to the final delivery pressure (p3) and supplied to the air 
receiver tank. 
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Advantages:  

1. Saving in work input: The air is   cooled   in   an intercooler before entering the high 

pressure cylinder.    Hence    less power   is required to drive a multistage compressor as  
compared to a single stage compressor for delivering same quantity of air at the same 
delivery pressure. 

 
2. Better balancing: When the air is sucked in one cylinder, there is compression in the other 
cylinder. This provides more uniform torque. Hence size of the flywheel is reduced.  

 

3. No leakage and better lubrication: The pressure and temperature ranges are kept within 
desirable limits. This results in a) Minimum air leakage through the piston of the cylinder and 
b) effective lubrication due to lower temperature.  

 
4. More volumetric efficiency: For small pressure range, effect of expansion of the remnant 
air (high pressure air in the clearance space) is less. Thus by increasing number of stages, 
volumetric efficiency is improved.  

 
5. High delivery pressure: The delivery pressure of air is high with reasonable volumetric 
efficiency.  

 
6. Simple construction of LP cylinder: The maximum pressure in the low pressure cylinder 
is less. Hence, low pressure cylinder can be made lighter in construction.  
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7. Cheaper materials: Lower operating temperature permits the use of cheaper materials for 
construction.  

 
Disadvantages: 

1. More than one cylinder is required. 

2 An intercooler is required. This increases initial cost. Also space required is more. 

3. Continuous flow of cooling water is required.  

4. Complicated in construction.  

 
4.14 Intercoolers: 
An intercooler is a simple heat exchanger. It exchanges the heat of compressed air from the 
LP compressor to the circulating water before the air enters the HP compressor. It consists of 
a number of special metal tubes connected to corrosion resistant plates at both ends. The 
entire nest of tubes is covered by an outer shell 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Working: Cold water enters the bottom of the intercooler through water inlet (1) and flows 
into the bottom tubes. Then they pass through the top tubes and leaves through the water 
outlet (2) at the top. Air from LP compressor enters through the air inlet (3) of the intercooler 
and passes over the tubes. While passing over the tubes, the air is cooled (by the cold water 
circulated through the tubes). This cold air leaves the intercooler through the air outlet (4). 
Baffle plates are provided in the intercooler to change the direction of air. This provides a 
better heat transfer from air to the circulating water. 
 

4.15 Work input required in multistage compressor: 

 

The following assumptions are made for 
calculating the work input in multistage 
compression.  
1. Pressure during suction and delivery 
remains constant in each stage.   
2. Intercooling takes place at constant 
pressure in each stage.   
3. The compression process is same for each 
stage.   
4. The mass of air handled by LP cylinder and HP 
cylinder is same.   
5. There  is  no  clearance  volume  in  each  

cylinder.  
6 There is no pressure drop between the two 
stages, i.e., exhaust pressure of one stage is 
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Work required to drive the multi-stage compressor can be calculated from the area of the p - V 
diagram .  

Let, p1,V1 and T1 be the condition of air entering the LP cylinder. P2, 

V2 and T2 be the condition of air entering the HP cylinder. 

p3  be the final delivery pressure of air. 
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4.18 Rotary compressors:  

Rotary compressors have a rotor to develop pressure. They are classified as  

(1) Positive displacement compressors and (2) Non positive displacement (Dynamic) 

compressors  

 

In positive displacement compressors, the air is trapped in between two sets of engaging 

surfaces. The pressure rise is obtained by the back flow of air (as in the case of Roots blower) or 

both by squeezing action and back flow of air (as in the case of vane blower). Example: (1) 

Roots blower, (2) Vane blower, (3) Screw compressor.  

In dynamic compressors, there is a continuous steady flow of air. The air is not positively 

contained within certain boundaries. Energy is transferred from the rotor of the compressor to the 

air. The pressure rise is primarily due to dynamic effects.  

Example: (1) Centrifugal compressor, (2) Axial flow compressor. 
 
 
4.18.1 Roots blower: The Roots blower is a development of the gear pump.  

 

Construction: It consists of two lobed rotors placed in separate parallel axis of a casing as shown in 

fig:4.11. The two rotors are driven by a pair of gears (which are driven by the prime mover) and they 

revolve in opposite directions. The lobes of the rotor are of cycloid shape to ensure correct mating. A 

small clearance of 0.1 mm to 0.2 mm is provided between the lobe and casing. This reduces the wear 

of moving parts.  

Working: When the rotor is driven by the gear, air is trapped between the lobes and the casing. the 

trapped air moves along the casing and discharged into the receiver. There is no increase in pressure 

since the flow area from entry to exit remains constant. But, when the outlet is opened, there is a  
back flow of high pressure air in the receiver. This creates the rise in pressure of the air delivered. 
These types of blowers are used in automobiles for supercharging. 
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Construction: A vane blower consists of (1) a rotor, (2) vanes mounted on the rotor, (3) inlet and 

outlet ports and (4) casing. The rotor is placed eccentrically in the outer casing. Concentric vanes 

(usually 6 to 8 nos.) are mounted on the rotor. The vanes are made of fiber or carbon. Inlet suction 

area is greater than outlet delivery area.  

Vane blower  
Working: When the rotor is rotated by the prime mover, air is entrapped between two consecutive 

vanes. This air is gradually compressed due to decreasing volume between the rotor and the outer 

casing. This air is delivered to the receiver. This partly compressed air is further increased in pressure 

due to the back flow of high pressure air from the receiver.  

Advantages: 1. Very simple and compact, 2. High efficiency 3. Higher speeds are possible 
 

 

 
 

4.18.3 Centrifugal compressor  
Construction: It consists of an impeller, a casing and a diffuser. The impeller consists of a number 

of blades or vanes, is mounted on the compressor shaft inside the casing. The impeller is surrounded 

by the casing.  
Working: In this compressor air enters axially and leaves radially. When the impeller rotates, air 

enters axially through the eye of the impeller with a low velocity. This air moves over the impeller 

vanes. Then, it flows radially outwards from the impeller. The velocity and pressure increases in the 

impeller. The air then enters the diverging passage known as diffuser. In the diffuser, kinetic energy 

is converted into pressure energy and the pressure of the air further increases. It is shown in fig:4.14. 

Finally, high pressure air is delivered to the receiver. Generally half of the total pressure rise takes 

place in the impeller and the other half in the diffuser.  
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Applications: Centrifugal compressors are used for low pressure units such as for refrigeration, 

supercharging of internal combustion engines, etc. 

 
 

4.18.4 Axial flow compressor  
In this air compressor, air enters and leaves axially.  

Construction: It consists of two sets of blades: Rotor blades and stator blades. The blades are so 

arranged that the unit consists of adjacent rows of rotor blades and stator blades as shown in fig:4.15. 

The stator blades are fixed to the casing. The rotor blades are fixed on the rotating drum. The drum is 

rotated by a prime mover through a driving shaft. Single stage compressor consists of a row of rotor 

blades followed by a row of stator blades. Compression of air takes place in each pair of blades (one 

rotor blade and one stator blade). Hence there are many stages of compression in this type of 

compressor.  
Working: When the switch is switched on, the prime mover rotates the drum. Air enters through 
the compressor inlet and passes through the rotor and stator blades. While passing 
 

 
 
Applications:  

1. They are widely used in high pressure units such as industrial and marine gas turbine plants,  

2. They are most suitable for aircraft work (Jet propulsion) since they require less frontal area. 
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Introduction 

 

All the thermodynamic devices employ a fluid as a medium of energy transport between 

the system and the surrounding. This fluid is known as the working substance. 

Substances may exist in various forms. A phase is any homogeneous form of a substance, 

that is, solid, liquid and gas. A pure substance is one that is homogeneous and invariable 

in chemical aggregate. It may exist in one or more phase, but the chemical composition 

remains the same in all phases. Thus, solid water (ice), liquid water or water vapour 

(steam) is pure substance since chemical composition is the same in each phase. In the 

steam power plant, the working substance is water. It is vaporized to steam in the boiler. 

The steam flows through and run the turbine. It is condensed to liquid water in the 

condenser. The water is then returned to the boiler by a pump. The mixtures of water and 

steam or vapour are pure substance since chemical composition is the same in each 

phase. In this chapter, we will consider a system comprising of a single component, that 

as a system in which only one pure substance is present. Our aim here is to study the 

phase in which this pure substance may exist, and also the conditions or states as 

specified by its properties under which it may exist in a particular space. Also in this 

chapter, we shall consider methods (Table, charts, equations etc.) for the presentation of 

thermodynamic properties of pure substances. 

 

Phase Equilibrium of a Pure Substance on T-V Diagram: 

 

Consider 1 kg of water ice at –40°C (–40°F) contained in piston-cylinder arrangement as 

shown in figure. The piston and weights maintain a constant pressure in the cylinder. If 

we heat the system from outside, change of state of water that take place inside the 

cylinder as a result of this heating. The change in state of water on heating and cooling at 

constant pressure on temperature, i.e., specific volume diagram is shown in figure. in 

stepwise manner. 

 

PROPERTIES OF STEAM
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Step-1 

Process S–S: At temperature 40°C,ice is at solid state S. The volume of ice will increase 

slightly with the increase in temperature as shown in figure. It will cause the piston to 

move slightly upwards. At the end of this step, the ice is in state S as in figure. It is 

sensible heating, in which the temperature of the substance change but the phase remain 

the same, is known as melting of ice into water. 

Step-2 

Process S–f1: On further heating, temperature remaining constant at 0°C, ice in state S 

melts to water in state f1. There is a change of phase from solid to liquid. In this process, 

there is a nominal decrease in the specific volume, since liquid water at 0°C is heavier 

than ice. Until all the ice melted to water as shown in figure in between such as at a in 

figure. There is a mixture of solid and liquid in equilibrium as shown in figure. It is seen 

from figure. That water-ice decrease in volume when changing from solid to liquid phase. 

It is latent heating, in which the phase changes, with temperature remaining constant. 

Step-3 

Process f1–f2: On further heating causes the temperature of liquid water at f1 at 0°C to 

rise. The temperature continues to rise until point f2 at 100°C is reached. In this process, 

the specific volume of water at first decreases as the temperature rises to about 4°C, and 

then increases. A state of liquid water in between this process of heating, say F at 60°C, 

is shown in figure 7.1(e). After reaching 100°C temperature the state is shown in figure 

7.1(f). Process f1–f2 is sensible heating. 

Step-4 

Process f2–g: If heating is continued, water in state f2 starts evaporating, the temperature 

remaining constant at 100°C. As a result, there is a large increase in specific volume of 

water as it changes from liquid phase to vapour phase. Until all the liquid water has 

evaporated to vapour at g as in figure. In between such as at B in figure. There is a 

mixture of liquid and vapour in equilibrium as shown in figure. the process f2–g is latent 

heating, called vaporization of liquid water into water vapour. 

Step-5 

Process g–G: On further heating of vapour at g causes its temperature to rise above 

100°C, say to 350°C at G. The vapour at G, as shown in figure 7.1(i), occupies a greater 

volume than the vapour at g. We see that there are two kinds of change of state taking 
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place on addition of heat at constant pressure. These are sensible heating and latent 

heating. Thus, in figure 7.2, we have melting of ice in water, (process S–f1 at 0°C) and 

vaporization of liquid water into water vapour, (process f2–g at 100°C).If the process is 

carried in the opposite direction by cooling is shown in figure 7.2 starting from G,process 

G–g sensible cooling of water vapour, process g–f2 condensation of steam, process f2–f1 

sensible cooling of water, process f1–S is fusion of water into ice and finally process S–S 

is sensible cooling of ice. 

 

 

What is a pure substance? 

A pure substance is defined as a substance that has a fixed chemical composition 

(example: water; Co2; nitrogen; …). 

A mixture of several gases can be considered as a pure substance, if it has a uniform 

chemical composition. 

 

 

 

 

 

 

 

 

 

Figure. Liquid vapor mixture and the definition of a pure substance. 

If we add ice to the mixture of water liquid and water vapor, as water ice is also 

considered as pure substance, the mixture will be considered, therefore, as a pure 

substance. 

 

Vapor 

Liquid 

Vapor 

Liquid 

Water 

(pure substance) 

Air 

(not a pure substance because 
the composition of liquid air is 

different from the composition of 
vapor air) 
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As noticed above, a substance can exist under several forms: solid; liquid or gas. 

Furthermore, each phase may not be unique. Example: there are two possible 

arrangements for solid carbon: graphite or diamond. 

The difference between the phases is highly related to intermolecular bonds: 

- Strong intermolecular bonds     solid 

- Intermediate intermolecular bonds     liquid 

- Weak intermolecular bonds     gas 

 

Phase-change processes of pure substances 

In several applications two phases coexist in the same device (example: in refrigerators; 

the refrigerant turns from liquid to vapor in the freezer). 

In this part, we will focus our attention on the coexistence of liquid and vapor phases. 

Why? Because remember that in thermodynamics, “dynamis” means “power”, and 

almost all power plants use the conversion of a liquid to gas to generate power. 

Imagine you put some water at room temperature (20°C=293.15 K) and normal 

atmospheric pressure (1 atm) in a piston-cylinder device. 

  

The water is in liquid phase, and it is called compressed liquid or subcooled liquid 

(liquid is not ready yet to vaporize) (Fig.II.3. Point 1)  

 

Now, if we add heat to water, its temperature will increase; let us say until 50°C (325.15 

K). Due to the increase in temperature, the specific volume v (volume/mass) will increase 

(the same mass of water will occupy more volume). As a consequence, the piston will 

move slightly upward (as a result, the pressure will remain constant) 

 

Now, if we continue to add some heat to water, the temperature will increase until 100°C 

(373.15 K). At this point, any additional addition of heat will vaporize some water. This 

specific point where water starts to vaporize is called saturated liquid (Fig.II.3. Point 2).  

 

If we continue to add heat to water, more and more vapor will be created, while the 

temperature and the pressure remain constant (T=100°C=373.15 K and P=1 atm), the 

only property that changes is the specific volume. These conditions will remain the same 

until the last drop of liquid is vaporized. At this point, the entire cylinder is filled with 

vapor at 100°C (373.15 K). This state is called saturated vapor (Fig.II.3. Point 4).   

The state between saturated liquid (only liquid) and saturated vapor (only vapor) where 

two phases exist is called saturated liquid-vapor mixture (Fig.II.3. Point 3). 

After the saturated vapor phase, any addition of heat will increase the temperature of the 

vapor, this state is called superheated vapor (Fig. Point 5). 

The difference between saturated vapor and superheated vapor is that for saturated vapor, 

if we extract relatively small amount of heat from the vapor, it will start to condense. 

Whereas, for superheated vapor, the state will remain only vapor. 
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Figure. Different states for a pure substance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Saturation temperature and saturation pressure 

Remember that during a phase change, pressure and temperature are not independent 

intensive properties. As a consequence, the temperature at which water starts boiling 

depends on the pressure. 

Liquid 

Liquid 

Liquid 

vapor 

Liquid 

vapor 

vapor 

Compressed 
liquid 

Compressed 
liquid 

Saturated 
liquid 

Saturated 
liquid-vapor 

mixture 

Saturated 
vapor  
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At a given pressure, the temperature at which a pure substance changes phase is called 

the saturation temperature (Tsat). 

Likewise, at a given temperature, the pressure at which a pure substance changes phase is 

called the saturation pressure (Psat). 

Latent heat 

The energy absorbed during vaporization is called latent heat of vaporization and it is 

equivalent to the energy released during condensation. 

Example: at 1 atm, the latent heat of vaporization of water is 2257.1 kJ/kg. 

Note: the latent energy is a function of the temperature and the pressure at which the 

phase change occurs. 

Relation between the saturation temperature and the saturation pressure 

In all pure substances, the relation between the temperature of saturation and the pressure 

of saturation can be plotted under the following form: 

Pressure 

Temperature 
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Figure. Saturated pressure and saturated temperature relation for a pure substance. 

One of the consequences of the dependence of the saturation temperature upon the saturation 

pressure is that we are able to control the boiling temperature of a pure substance by changing 

its pressure. 

Effect of elevation  

As the atmospheric pressure changes with elevation, the saturation temperature also changes. 

As a consequence, water boils at a lower temperature with elevation. A simple law states that 

for each 1000 m of elevation, the saturation temperature decreases by 3°C. Therefore, it takes 

longer to cook at higher altitudes than it does at sea level. 

Property diagrams for phase-change processes 

T-v Diagram 

If we increase the pressure of water in the piston-cylinder device, the process from 

compressed liquid to superheated vapor will follow a path that looks like the process for P=1 

atm, the only difference is that the width of the mixture region will be shorter.  

 

Then, at a certain pressure, the mixture region will be represented only by one point. This 

point is called the critical point. It is defined as the point at which the saturated liquid and 

saturated vapor states are identical. 

At the critical point, the properties of a substance are called critical properties (critical 

temperature (Tcr), critical pressure (Pcr) and critical specific volume (vcr)). 

Example 

Water  Pcr = 22.09 MPa 

  Tcr  = 374.148°C = 647.298 K 

  vcr = 0.003155 m
3
/kg 

    

Air  Pcr = 3.77 MPa 

  Tcr  = 132.5°C = 405.65 K 

  vcr = 0.0883 m
3
/kg 
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Above the critical point, there is only one phase that will resemble to a vapor, but we are 

enable to say when the change has occurred. 

Saturated liquid and saturated vapor lines 

If we connect all the points representing saturated liquid we will obtain the saturated liquid 

line. 

If we connect all the points representing saturated vapor we will obtain the saturated vapor 

line. The intersection of the two lines is the critical point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P-v Diagram 

If we consider the pressure-cylinder device, but with some weights above the piston, if we 

remove the weights one by one to decrease the pressure, and we allow a heat transfer to 

obtain an isothermal process, we will obtain one of the curves of the P-v diagram. 

 

Figure P-v diagram. 
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The P-v diagram can be extended to include the solid phase, the solid-liquid and the solid-

vapor saturation regions. 

As some substances, as water, expand when they freeze, and the rest (the majority) contracts 

during freezing process, we have two configurations for the P-v diagram with solid phase.  

 

P-v diagrams for a substance that contract during freezing (left)                                                                                 

and for a substance that expends during freezing (right). 

Triple point 

 

Until now, we have defined the equilibrium between two phases. However, under certain 

conditions, water can exist at the same time as ice (solid), liquid and vapor. Theses conditions 

define the so called triple point.  

On a P-T diagram, these conditions are represented by a point.  

Example 

 

Water  T = 0.01°C = 273.16 K and P = 0.6113 kPa 

 

P-T diagram and the triple point. 

 

P-T Diagram 
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The P-T diagram is often called the phase diagram since all three phases are separated by 

three lines. 

 

Solid  vapor  sublimation 

Solid  liquid  melting 

Liquid  vapor vaporization 

 

P-T-v Diagram 

 

P-T-v diagrams for a substance that contract during freezing (left)                                                                                 

and for a substance that expends during freezing (right). 

T-v diagram: 

T-s diagram (water) 

H-s diagram 

P-v-T surface 

 

Thermodynamic properties of steam: 

Various properties of water at various conditions of steam (i.e. wet, dry and superheated)  

i) Enthalpy of steam (h) 

It is the amount of heat added to the water from freezing point to till the water 

becomes wet or dry or superheated steam. 

For wet steam, hwet=hf+xhfg kj/kg 

For dry steam, hdry=hg=hf+hfg kj/kg 

For superheated steam hsup=hg+Cp (Tsup-Tsat) kj/kg 

Where 

(Tsup-Tsat) is called as degree of superheat. 

ii) Specific volume of steam (v) 
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It is defined as the volume occupied by the unit mass of the steam at the given 

pressure and temperature. 

For wet steam, vwet= xvg m
3
/kg 

For dry steam, vdry=vg m
3
/kg 

For superheated steam, vsup=vgTsup/Tsat m
3
/kg 

iii) Density of steam (v) 

It is defined as the ratio of mass to the unit volume of the steam at given pressure 

and temperature . its value for wet,dry, and superheated steam is the reciprocal of 

the specific volume of the steam. 

iv) Work done during expansion (W) 

For wet steam steam, Wwet=100 p x vg kj 

For dry steam, Wdry=100 p vg  kj 

For superheated steam, Wsup=100 p vsup kj 

Where p-pressure at which evaporation takes place in bar 

v) Internal energy of steam (U) 

Internal energy of the steam is defined as the actual heat energy stored in the 

steam above the freezing point of water at the given conditions. It is the difference 

between enthalpy of steam and the external workdone. 

h=W+∆u 

∆u=h-W 

For wet steam, uwet=[hf+xhfg]-[100 p x vg] kj/kg 

For dry steam,udry=[hf+hfg]-[100 p vg] kj/kg 

For superheated steam, usup=hsup-[100 p vsup] kj/kg 

Vi) Entropy of steam (s) 

It is the property of the steam which increases with increase in temperature and 

decreases with decreases in temperature 

For wet steam,swet=sf+x sfg kj/kg K 

For dry steam,sdry=sf+sfg kj/kg K 

For superheated steam,ssup=sg+Cps loge(Tsup/Ts) kj/kg K. 

(a) Wet steam 

When the steam contains moisture or particle of water in suspension it is called wet 

steam. It means evaporation of water not completed and the whole of the latent heat 

has not been absorbed. 

(b) Dry saturated steam 

When the wet steam is further heated and it does not contain any suspended particles 

of water known as dry saturated steam. The dry saturated steam has absorbed its full 

latent heat and behaves practically in the same way as a perfect gas. 

(c) Superheated steam 

When the dry steam is further heated at a constant pressure, thus rising its temperature 

it is said to be superheated steam. Since the press is constant the volume of super 

heated steam increases. The volume of 1 kg of superheated steam is considerably 

greater than the volume of 1 kg of dry saturated steam at the same pressure. 

(d) Dryness fraction or quality of wet steam 
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It is the ratio of the mass of actual dry steam to the mass of same quantity of wet steam. It 

denoted by „x‟ 

  

(e) Sensible heat of water 

Since specific heat of water at constant pressure = 4.2 kJ/kg K 

Heat absorbed by 1 kg of water from 0°C to t°C (sensible heat) 

= 1 × 4.2 {(t + 273) – (0 + 273)} 

= 4.2 t kJ/kg 

Note: Sensible heat of water is taken equal to the specific enthalpy = hf.. 

(f) Latent heat of vaporisation 

It is the amount of heat absorbed to evaporate 1 kg of water at its boiling point or 

saturation temperature without change of temperature. It is denoted by change of temperature 

hfg and the value depends on its pressure. Latent heat of steam or heat of vaporisation or 

water = 2257 kJ/kg at atmospheric pressure. If the steam is wet and dryness fraction is x, heat 

absorbed by it during evaporation is xhfg. 

(g) Enthalpy or total heat of steam 

Enthalpy = Sensible heat + Latent heat 

It is amount of heat absorbed by water from freezing point to saturation temperature plus the 

heat absorbed during evaporation denoted by hg and the value of dry saturation steam may be 

read directly from the steam table. 

Enthalpy of 

(i) wet steam 

h = hf + xhfg. x = dryness fraction 

(ii) dry steam in case of dry steam x = 1 

h = hg = hf + hfg 

(iii) superheated steam 

If we further add heat to the dry steam its temperature increases while the pressure 

remains constant. The increase in steam temperature shows the super heat stage of the 

steam 

hsup = hf + hfg + Cp (tsup – t) 

where, tsup = temperature other superheated steam 

t = saturation temperature at constant pressure 

tsup – t = degree of superheat 

Cp of steam lies between 1.67 kJ/kg K to 2.5 kJ/kg K. 

(h) Specific volume of steam 
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It is the volume occupied by the steam per unit mass at a given temperature and pressure and 

is 

expressed in m3/kg. It is reciprocal of the density of steam in kg/m3. Specific volume 

decreases as 

the increases in pressure. 

(i) Wet steam 

Consider 1 kg of wet steam of dryness fraction x, i.e., this steam will have x kg of dry 

steam and (1–x) kg of water. Let vf be the vol of 1 kg of water then, volume of one kg 

of wet steam= xvg + (1–x) vf 

vf is very small as compared to vg 

(1–x) vf may be rejected 

So, volume of 1 kg of wet steam = xvg m3 

Specific volume of wet steam v = xvg m3/kg. 

(ii) Dry steam 

We know in case of dry steam mass of water in suspension is zero and dryness fraction = 1 

So, specific volume of dry steam = vg m3/kg 

(iii) Superheated steam 

When the dry saturated steam is further heated under a constant pressure, there is no increase 

in volume with the rise in temperature. The super heated steam behaves like a perfect gas. 

 According to Charle‟s law 

 

 

vsup = specific volume of super heated steam 

vg = specific volume of dry steam at the pressure of steam formation 

Tsup = absolute temperature of super heated steam. 

T = absolute temperature at the pressure of steam for motion. 

Steam Tables and Their Uses 

The properties of dry saturated steam like its temperature of formation i.e., saturation 

temperature, sensible heat, latent heat of vaporisation, enthalpy or total heat, specific volume 

of water, specific volume of vapour, enthalpy of liquid and enthalpy of vapour, vary with 

pressure and can be found by experiments only. Then properties have been carefully 

determined and made available in a tabular form known as steam tables. There are two 

important steam tables, one in terms of absolute pressure and other in terms of temperature. 

The properties of dry saturated steam is shown in the five tables 

ENTROPY OF STEAM 

The entropy of steam consist of 

(a) Increase in entropy of water during heating from freezing point to boiling point, 

corresponding to the pressure at which the water is being heated. 

(b) Increase in entropy during evaporation. 

(c) Increase in entropy during super heating. 

ENTROPY OF WATER 
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Consider 1 kg of water being heated at a constant pressure from freezing point (0°C or 273K) 

to the boiling temperature. Now consider an instant when the absolute temperature of water is 

T K. Let for small rises in temperature of dT, the heat absorbed by 1 kg of water is δq then 

 

δq = mass × specific heat of water × rise in temperature = 1 × Cw × dT= Cw . dT 

 

 Cw = specific heat of water= 4.2 kJ/kg K 

 

We know that increase in entropy for rise in temperature  

 

ENTROPY INCREASES DURING EVAPORATION 

When the water is completely evaporated into steam it absorbs full latent heat hfg at constant 

temperature T, corresponding to the given pressure. We know that  

Entropy =heat absorbed/absolute temperature 

Increase of entropy during evaporation 

Sfg = hfg/T 

If the steam is wet with dryness fraction x, the evaporation will be partial. In such a case heat 

absorbed = xhfg 

Increase in entropy Sfg = xhfg/T 

ENTROPY OF WET AND DRY STEAM 

The entropy of wet and dry steam above the freezing point of water is the entropy of water 

plus the 

entropy during evaporation. 

Increase in entropy 

= Sf + xhfg/T 

= Sf + xsfg (for wet steam) 

= Sf + sfg 

= Sg (for dry steam) 

 Sg can directly be read from steam tables. 

 

Entropy for Superheated Steam 
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During super heating heat is supplied at constant pressure and the temperature of dry steam 

(T) 

increases to the temperature of superheated steam (Tsup) For a small rise in temp dT the heat 

absorbed. 

 

 

 

External Work of Evaporation 

Latent heat of vaporization supplied during the evaporation not only changes the phase of the 

substance but also does an external work in moving the piston at constant pressure due to 

increase in volume from vf to vg . 

External work of evaporation per kg of dry saturated steam 

= p (vg – vf) kJ 

= pvg kJ [∵ vf is very small at low pressure] 

External work of evaporation per kg of wet steam 

= pxvg kJ 

And external work of evaporation per kg of superheated steam 

= pvsup kJ 

Internal Latent Heat 
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It is obtained by subtracting the external work of evaporation from the latent heat of 

evaporation. 

 Internal latent heat of dry saturated steam 

= (hfg – pvg) kJ/kg 

 

Internal Energy of Steam 

The internal energy of steam is defined as the difference between the enthalpy of the steam 

and the external work of evaporation. 

Internal energy of dry saturated steam 

ug = hg – pvg kJ/kg 

Internal energy of wet steam 

u = (hf + xhfg – pxvg) kJ/kg 

Internal energy of superheated steam 

usup = hsup – pvsup kJ/kg 

Temperature-Entropy Diagram of Water And Steam 

It is useful in solving the problem on adiabatic expansion and compression of steam. The 

abscissa of the diagram represents the entropy of the vertical ordinate showing the values of 

temperature as shown in figure. Consider 1 kg of water and steam above the freezing point of 

water at constant pressure. When heat is added to the water entropy will increase where the 

logarithmic curve increase in entropy = Sf = AB. 

On further heating water starts evaporating and receives heat at constant temperature T. 

Entropy goes on increasing till the entire latent heat required to evaporate 1 kg of water has 

been supplied, increase in entropy Sfg = BC. 

 

If we draw a family of similar curves at different pressure and plot the points B1, B2 and C1, 

C2 etc., then the line joining the points A, B1, B2, B3 etc. is called water line. Similarly, the 

line joining the points C, C1, C2, C3 etc. is called dry steam line. The point where the water 

and dry steam line meets (P) is called critical point, it is represented by 374.15°C. 

 

Isothermal Lines on T-S Diagram 

We know that there is no change of temperature during isothermal process. 

1 kg of wet steam at 250°C, x = 0.2 at A expanded isothermally up to x = 0.8 at B 

Increase in entropy = Sb – Sa= 5.42 – 3.45= 1.97 kJ/kg. K. 
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Isothermal line AB is shown in figure. 

 

Isentropic Lines 

There is no increase or decrease in enthalpy or total heat during an isentropic process. There 

is no change in entropy during the process. 

Consider a sample of 1 kg of wet steam at temperature of 310°C and dryness fraction of 0.8 

at A. Let the sample expanded isentropically till its dryness fraction 0.6 marks B. 

TA = 310°C, TB = 40°C Fall in temperature = 310 – 40= 270°C 

It is shown in figure on t-s diagram. 

 

Enthalpy–Entropy (H-S) Diagram For water And Steam Or Mollier Chart 

Mollier chart is a graphical representation of the steam tables, in which the enthalpy 

(h) Is plotted along the ordinate and entropy (s) along abscissa. First of all, enthalpy and 

entropy of water and dry saturated steam, for any particular pressure, are obtained from the 

steam tables. These values of enthalpies and entropies are plotted and then liquid line and dry 

saturated line is obtained. Both these line meet at C, i.e., the critical point as shown in figure. 

The critical point corresponds to the enthalpy of liquid and dry saturated steam at 221.2 bar. 

The enthalpy-entropy chart like temperature entropy chart, is also very useful in solving the 

problems in adiabatic or isentropic expansion and compression of steam. In actual diagram, 

abscissa of the diagram represents the entropy of 1 kg ofwater and steam, i.e., specific 

entropy above the freezing point of water and the vertical ordinate shows the values of 

specific enthalpy i.e., total heat, as shown in figure.The diagram is divided into two parts by a 

line termed as saturation line. Upper region of the saturation line is called superheated region 

where temperature of steam increases at given pressure and lower region of saturation line is 

called wet region where temperature of steam remains constant at a given pressure. 

The Mollier diagram has the following lines 
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1. Dryness fraction lines 

2. Constant volume (i.e., specific volume) line 

3. Constant pressure lines 

4. Isothermal lines 

5. Isentropic lines and 

6. Throttling line 
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Dryness Fraction Lines On H-S Diagram 

Below the saturation line is known as wet region, so the dryness fraction lines are drawn only 

below the saturation (which represents dryness fraction equal to 1.0). These lines represent 

the condition of wet steam between various values of enthalpy and entropy as shown in 

figure.For example, a sample of 1 kg of wet steam of dryness of 0.9 is represented by the line 

AB which is shown in figure 7.13. If A and B be the initial and final stage, then enthalpy at 

point A is hA = 2500 kJ/kg and enthalpy at point B is hB = 2400 kJ/kg is shown in figure. 
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Constant Volume Line 

The constant volume lines are drawn in both the wet region and superheated steam region. 

These lines are straight in the wet steam region, but curved upwards above the saturation 

curve, i.e., superheated region as shown in figure. by parts AB and CD of line of constant 

volume 1.0. 

 

Constant Pressure Line 

Constant pressure lines are drawn in both upper and lower region of saturated steam line. 

These lines are straight in the wet region because during vaporisation the increase of enthalpy 

is directly proportional to the increase in quality, and hence to the increase in entropy. It is 

curve and it is closer to wet region than superheated region is shown in figure. 

 

Isothermal Line 

The isothermal lines or constant pressure lines are drawn only above the saturation line. 

These lines represent the condition of superheated steam between various values of enthalpy and 

entropy, as shown in figure 7.16 by the line AB. 

 

Isentropic Line on (H-S) Diagram 

Isentropic process is a reversible adiabatic process. In this process entropy is constant. So 

isentropic line is parallel to vertical axis by the line AB which is shown in figure 
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Throttling Lines on H-S Diagram 

In throttling process enthalpy before throttling is equal to enthalpy after throttling i.e., there is 

no change of enthalpy. So enthalpy line AB will be parallel to horizontal axis as shown in 

figure 

 

 

 

Calculation of work done and heat transfer in Non-flow processes: 

For non-flow process 

Q=W+∆U 

Or 

dQ=pdV+dU 

I) Constant volume process 

The wet steam at state 1 with x1,p1vg1,T1 is heated to superheated steam at 

state 2 with p2,vsup2,Tsup2 at constant volume. 

p-v and T-s diagram of this process 

mass of the steam before and after the heating process remains same, 

m=V/x1vg1=V/vsup2 

x1vg1=vsup2=vg2(Tsup2/Ts2) 

Tsup2=Ts2x1vg1/vg2 

Constant volume process, workdone, W=0 

First law of thermodynamics, Q=W+∆u 

W=0 

Heat transfer, Q=∆u=u2-u1 

= (h2-p2vsup2)-(h1-p1x1vg1) [h=u+pv] 

Q=(h2-h1)-(p2vsup2-p1x1vg1) 

Steam is in wet condition at x2 after heating 

X1vg1=x2vg2 
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X2=x1vg1/vg2 

Q=u2-u1=(h2-h2)-(p2x2vg2-p1x1vg1) 

i) Constant pressure process 

ii) Constant temperature process 

iii) Hyperbolic process 

iv) Reversible adiabatic or isentropic process 

v) Polytrophic process 

vi) Throttling process 

Calculation of work done and heat transfer in flow processes: 

Formula 

For properties of steam 

For non-flow processes 

For flow processes 

 

Quality or dryness fraction: 

If in 1 kg of liquid-vapour mixture, x kg is the mass of vapour and (1-x) kg is the mass of 

liquid, then x is known as the quality or dryness fraction of the liquid-vapour mixture. 

Therefore, quality indicates the mass fraction of vapour in a liquid mixture. 

X= mv/mv+ml  

Where mv and ml are the masses of vapour and liquid respectively in the mixture. The value 

of x varies between 0 and 1. 

For saturated water, when water just starts boiling, x=0, and for saturated vapour, when 

vapourization is complete, x=1, for which the vapour is said to be dry saturated. 

Let V be the total volume of a liquid vapour mixture of quality x, Vf the volume of the 

saturated liquid, and Vg the volume of the saturated vapour. The corresponding masses being 

m, mf, and mg respectively. 

m=mf+mg 

V=Vf+Vg 

Mv=mfvf+mgvg 

=(m-mg) vf+mgvg 

v= (1-mg/m) vf + mg/m vg 

v= (1-x) vf+xvg 

where x= mg/m, vf=sp. Volume of saturated liquid, vg= sp. Volume of saturated vapour, and 

v= sp. Volume of the mixture of quality x 

s= (1-x)sf+xsg 

h=(1-x)hf+xhg 

u=(1-x)uf+xug 

where s,h,and u refer to the mixture of quality x, the suffux f and suffix g indicate the 

conditions of saturated liquid and vapour resp. 

v=(1-x)vf+xvg 

=vf+x(vg-vf) 
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=vf+xvfg 

v=vf+xvfg 

Similarly 

h=hf+xhfg 

s=sf+xsfg 

u=uf+xufg 

Wetness fraction: 

Ratio of the mass of water vapour in suspension to the total steam 

Wetness fraction=mf / mf+mg 

=mf/mf+mg+1-1=1-[1-(mf/mf+mg) 

=1-(mg/mf+mg)=1-x 

Wetness fraction=1-x 

The wetness fraction expressed in % i.e 100(1-x) is called priming 

Phase rule: 

The number of independent variables associated with a multicomponent, multiphase system 

is given by the phase rule. It is also called as gibbs phase rule. 

n=C-φ+2 

where, 

n= the number of independent variable 

C= the number of components 

φ =the number of phases present in equilibrium 

For the single component (C=1) two phase system (φ=2) system, the number of independent 

variable needed  

n=1-2+2=1 

 

Steam tables: 

The properties of water are arranged in the steam tables as function of pressure and 

temperature. Separate tables are provided to give the properties of water in the saturation 

states and in the liquid and vapour phases. The internal energy of saturated water at the triple 

point (t=0.01ºC) is arbitrailly chosen positive because of the small value of (pv) term. The 

entropy of saturated water is also chosen to be zero at the triple point. 

Saturation state: 

Liquid- vapour mixtures: 

v=vf+x vfg 

u=uf+x ufg 

h=hf+x hfg 

s= sf+x sfg 

superheated vapour: 

When the temperature of the vapour is greater than the saturation temperature corresponding 

to the given pressure, the vapour is said to be superheated (state 1). The difference between 

the temperature of the superheated vapour and the saturation temperature at that pressure is 

called the superheat or the degree of superheat. The difference (t1-tsat) is the superheat. 
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Compressed liquid: 

When the temperature of a liquid is less than the saturation temperature at the given pressure, 

the liquid is called compressed liquid. 

Sub cooled. 

When a liquid is cooled below its saturation temperature at a certain pressure it is said to be 

subcooled. 

Sub cooling: 

The difference in saturation temperature and the actual liquid temperature is known as the 

degree of subcooling or simply subcooling. 

Phase change process of pure substance (water) or steam formation: 

Latent heat of fusion of ice or latent heat of ice: 

 Add more heat after the point 2, the ice start melting at the same time. There is no rise 

in temperature till the whole of the ice has been melted and converted in to water. 

This process is represented by a line 2-3. The heat added during this period is called 

latent heat of fusion of ice or latent heat of ice. 

 On further heating, water reaches its boiling point or saturation point 4. At a given 

pressure, the temperature at which a pure substance starts boiling is called the 

saturation temperature, Tsat. 

 At a given temperature, the pressure at which a pure substance starts boiling is    

called the saturation temperature, psat. 

 At the atmospheric pressure, boiling point of water is 100ºC. The amount of heat 

added during heating of water from 0 ºC to saturation temperature of 100 ºC is known 

as sensible heat or latent heat of water. hf 

 hf= mCp (T2-T1) 

 Further heating beyond 4, the water will gradually be converted into steam, when the 

temperature remains constant. At this stage, the steam will have some water particles 

in suspension and is called wet steam. The same process continues till all the water 

particles converted into wet steam. The line 4-5. 

 Water is heated further the water particles in suspension will be converted into steam. 

The whole steam without any water suspension is called as dry steam or dry saturated 

steam 

 The amount of heat added during heating of water from boiling point to dry saturated 

stage is called as latent heat of vaporization or enthalpy of vaporization or latent heat 

of steam. hfg 

 The dry steam is further heated, the temperature rises again. This process is called 

superheating  and the steam obtained is known as superheated steam. 

 The heat supplied to the dry steam at saturation temperature Ts (100ºC), to convert it 

into superheated steam at the temperature T sup is called heat of superheat enthalpy. 

hsup 

 hsup=hg+Cp (Tsup-Ts) kj/kg 

 where, Cp-specific heat capacity of water at constant pressure. 

Rankine Cycle 
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The simple Rankine cycle has the same component layout as the Carnot Cycle shown above.  

The simple Rankine cycle continues the condensation process 4-1 until the saturated liquid 

line is reached. 

 

Ideal Rankine Cycle Processes  

Process  Description  

1-2   Isentropic Compression in Pump  

2-3   Constant Pressure Heat Addition in Boiler  

3-4   Isentropic Expansion in Turbine  

4-1   Constant Pressure Heat Rejection in Condenser  

 

The T-s diagram for the Rankine cycle is given below.  Locate the processes for heat transfer 

and work on the diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Example:   

Compute the thermal efficiency of an ideal Rankine cycle for which steam leaves the boiler 

as saturated vapor at 6 MPa, 350
o
C and is condensed at 10 kPa. 

 

We use the power system and T-s diagram shown above. 

P2 = P3 = 6 MPa = 6000 kPa 

T3 = 350
o
C 

P1 = P4 = 10 kPa  

[ h3 = h_g at 3 MPa = 2804.2 kJ/kg ] 

[ s3 = s_g at 3 MPa = 6.1869 kJ/(kg K) ] 

[ h1 = h_f at 100 kPa = 417.5 kJ/kg ] 

[ v1 = v_f at 100 kPa = 0.00104 m^3/kg ] 
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 Pump:  The pump work is obtained from the conservation of mass and energy for steady-

flow but neglecting potential and kinetic energy changes and assuming the pump is adiabatic 

and reversible. 

 

  

  

  ( )

m m m

m h W m h

W m h h

pump

pump

1 2

1 1 2 2

2 1

Since the pumping process involves an incompressible liquid, state 2 is in the compressed 

liquid region, we use a second method to find the pump work or the h across the pump. 

Recall the property relation: 

dh = Tds + vdP 

Since the ideal pumping process 1-2 is isentropic, ds = 0.  

The pump work is calculated from 

  ( )  ( )




( )

W m h h mv P P

w
W

m
v P P

pump

pump

pump

2 1 1 2 1

1 2 1

 Using the steam tables 

 

w v P P

m

kg
kPa

kJ

m kPa

kJ
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pump 1 2 1

3
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6 05

( )

. ( )

.

 

Now, h2 is found from 

 

h w h

kJ

kg

kJ

kg

kJ

kg

pump2 1

6 05 19183

197 88

. .

.

 

Boiler: To find the heat supplied in the boiler, we apply the steady flow conservation of mass 

and energy to the boiler.  If we neglect the potential and kinetic energies, and note that no 

work is done on the steam in the boiler, then 
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  ( )

m m m

m h Q m h

Q m h h

in

in

2 3

2 2 3 3

3 2

 

We find the properties at state 3 from the superheat tables as 

The heat transfer per unit mass is 

 

q
Q

m
h h

kJ

kg

kJ

kg

in
in




( . . )

.

3 2

3004 3 197 88

2806 4

  

Turbine:  The turbine work is obtained from the application of  the conservation of mass and 

energy for steady flow.  We assume the process is adiabatic and reversible and neglect 

changes in kinetic and potential energies. 

 

  

  

  ( )

m m m

m h W m h

W m h h

turb

turb

3 4

3 3 4 4

3 4

 

We find the properties at state 4 from the steam tables by noting s4 = s3 and asking 

three questions 

at P kPa s
kJ

kg
s

kJ

kg

is s s

is s s s

is s s

f g

f

f g

g

4

4

4

4

10 0 6483 81502: . ; .

?

?

?

 

 

 

s s x s

x
s s

s

f fg

f

fg

4 4

4

4 6 335 0 6493

7 5009
0 758

. .

.
.  
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h h x h

kJ

kg

kJ

kg

kJ

kg

f fg4 4

19183 0 758 2584 7 19183

2005 6

. . ( . . )

.

 

 

The turbine work per unit mass is 

 

w h h

kJ

kg

kJ

kg

turb 3 4

3004 3 2005 63

998 7

( . . )

.

 

 

The net work done by the cycle is 

 

w w w

kJ

kg

kJ

kg

net turb pump

( . . )

.

998 7 6 05

992 6

 

The thermal efficiency is 

th
net

in

w

q

kJ

kg

kJ

kg

or

992 6

2806 4

0 354 35 4%

.

.

. .

 

 

Ways to improve the simple Rankine cycle efficiency 
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 Superheat the vapor 

  Higher average temperature during heat addition 

   Reduces moisture at turbine exit (we want x4 in the above example > 85%) 

 

 Increase boiler pressure (for fixed maximum temperature) 

Availability of steam is higher at higher pressures 

    Increases the moisture at turbine exit 

 Lower condenser pressure 

Less energy is lost to surroundings 

    Increases the moisture at turbine exit 

 

Reheat Cycle: 

 

As the boiler pressure is increased in the simple Rankine cycle, not only does the thermal 

efficiency increase but also the turbine exit moisture increases.  The reheat cycle allows the 

use of higher boiler pressures and provides a means to keep the turbine exit moisture (x > 

0.85 to 0.90) at an acceptable level.  

 

Rankine Cycle with Reheat 

Comp    Process   1
st
  Law Result   

Boiler   Const. P   qin  = (h3 - h2) + (h5 - h4)  

Turbine  Isentropic  wout   = (h3 - h4) + (h5 - h6)  

Condenser  Const. P  qout   = (h6 - h1)   

Pump   Isentropic  win  = (h2 - h1) = v1(P2 - P1)  

 

The thermal efficiency is given by 

 

th
net

in

w

q

h h h h h h

h h h h

h h

h h h h

(  -  ) +  (  -  ) -  (  -  )

(  -  ) +  (  -  ) 

(  -  ) +  (  -  ) 

3 4 5 6 2 1

3 2 5 4

6 1

3 2 5 4

1

 

 

Example:   
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Compare the thermal efficiency and turbine-exit quality at the condenser pressure for a 

simple Rankine cycle and the reheat cycle when the boiler pressure is 4 MPa, boiler exit 

temperature is 400
o
C and the condenser pressure is 10 kPa.  The reheat takes place at 0.4 MPa 

and the steam leaves the reheater at 400
o
C. 

 

 

     th    xturb exit  

No  Reheat  35.3%   0.8159  

With  Reheat  35.9%   0.9664  

 

Regenerative Cycle 

 

To improve the cycle thermal efficiency, the average temperature at which heat is added must 

be increased. 

 

One way to do this is to allow the steam leaving the boiler to expand the steam in the turbine 

to an intermediate pressure.  A portion of the steam is extracted from the turbine and sent to a 

regenerative heater to preheat the condensate before entering the boiler.  This approach 

increases the average temperature at which heat is added in the boiler.  However, this reduces 

the mass of steam expanding in the lower pressure stages of the turbine; and, thus, the total 

work done by the turbine.  The work that is done is done more efficiently. 

 

The preheating of the condensate is done in a combination of open and closed heaters.  In the 

open feedwater heater the extracted steam and the condensate are physically mixed.  In the 

closed feedwater heater the extracted steam and the condensate are not mixed. 

 

Cycle with an open feedwater heater:  

Rankine Steam Power Cycle with an Open Feedwater Heater 
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Cycle with a closed feed water heater with steam trap to condenser:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cycle with a closed feed water heater with pump to boiler pressure:  
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Consider the regenerative cycle with the open feedwater heater. 

 

 

To find the fraction of mass to be extracted from the turbine, apply the first law to the 

feedwater heater and assume, in the ideal case, that the water leaves the feedwater heater as a 

saturated liquid.  (In the case of the closed feedwater heater, the feedwater leaves the heater at 

a temperature equal to the saturation temperature at the extraction pressure.) 

 

Conservation of mass for the open feedwater heater: 

 

Let y m m / 
6 5  be the fraction of mass extracted from the turbine for the 

feedwater heater. 

 

   

    ( )

m m

m m m m

m m m m y

in out

6 2 3 5

2 5 6 5 1
 

 

Conservation of energy for the open feedwater heater: 

 

 

  

 ( )  

E E

m h m h m h

ym h y m h m h

y
h h

h h

in out

6 6 2 2 3 3

5 6 5 2 5 3

3 2

6 2

1
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Example:  

An ideal regenerative steam power cycle operates so that steam enters the turbine at 3 MPa, 

500
o
C and exhausts at 10 kPa.  A single open feedwater heater is used and operates at 0.5 

MPa.  Compute the cycle thermal efficiency. 

 

Using the software package the following data are obtained. 

 

State       P        T       h           s   v 

  kPa   
  o

C    kJ/kg     kJ/(kg K)  m
3
/kg 

1              10            191.8          0.00101 

2            500                        

3            500             640.2      0.00109       

4            500                         

5          3000     500     3456.5      7.2338  

6            500            2941.6    7.2338  

7              10            2292.7    7.2338  

 

The work for pump 1 is calculated from 

 

w v P P

m

kg
kPa

kJ

m kPa

kJ

kg

pump 1 1 2 1

3

3
0 00101 10

05

( )

. (500 )

.

 

Now, h2 is found from 

 

h w h

kJ

kg

kJ

kg

kJ

kg

pump2 1 1

05 1918

192 3

. .

.

 

The fraction of mass extracted from the turbine for the closed feedwater heater is obtained 

from the energy balance on the open feedwater heater, as shown above. 

y
h h

h h

kJ

kg

kJ

kg

3 2

6 2

640 2 192 3

29416 192 3

0163

( . . )

( . . )

.
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This means that for each kg of steam entering the turbine, 0.163 kg are extracted for the 

feedwater heater. 

 

The work for pump 2 is calculated from 

 

w v P P

m

kg
kPa

kJ

m kPa

kJ

kg

pump 2 3 4 3

3

3
0 00109 3000 500

2 7

( )

. ( )

.

 

Now, h4 is found from 

 

h w h

kJ

kg

kJ

kg

kJ

kg

pump4 2 3

2 7 640 2

643 9

. .

.

 

 

Apply the steady-flow conservation of energy to the isentropic turbine. 

   

  [ ( ) ]




( )

[ . ( . )( . ) ( . )( . )]

.

m h W m h m h

W m h yh y h

w
W

m
h yh y h

kJ

kg

kJ

kg

turb

turb

turb
turb

5 5 6 6 7 7

5 5 6 7

5

5 6 7

1

1

34565 0163 29416 1 0163 2292 7

1058 0

 The net work done by the cycle is 

   

   

   ( ) 

( )

[ . ( . )( . ) . ]

.

W W W W

m w m w m w m w

m w m w m y w m w

w w y w w

kJ

kg

kJ

kg

net turb pump pump

net turb pump pump

net turb pump pump

net turb pump pump

1 2

5 5 1 1 3 2

5 5 5 1 5 2

1 2

1

1

1058 0 1 0163 0 5 2 7

1054 9

 

Apply the steady flow conservation of mass and energy to the boiler. 
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  ( )




( )

m m

m h Q m h

Q m h h

q
Q

m
h h

in

in

in
in

4 5

4 4 5 5

5 5 4

5

5 4

 

We find the properties at state 3 from the superheat tables as 

The heat transfer per unit mass entering the turbine at the high pressure, state 5,  is 

q h h

kJ

kg

kJ

kg

in 5 4

3456 5 642 9

2813 6

( . . )

.

 

The thermal efficiency is 

th
net

in

w

q

kJ

kg

kJ

kg

or

1054 9

28136

0 375 37 5%

.

.

. .

 

 

If these data were used for a Rankine cycle with no regeneration, then th = 35.6%.  Thus, the 

one open feedwater heater operating at 0.5 MPa increased the thermal efficiency by 5.3%.  

However, note that the mass flowing through the lower pressure stages has been reduced by 

the amount extracted for the feedwater and the net work output for the regenerative cycle is 

about 10% lower than the standard Rankine cycle. 

 

Below is a plot of cycle thermal efficiency versus the open feedwater heater pressure.  The 

feedwater heater pressure that makes the cycle thermal efficiency a maximum is about 400 

kPa. 
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Introduction

A steam generator or boiler, usually, a closed vessel made of steel. Its function is to transfer

the heat produced by the combustion of fuel (solid, liquid or gaseous) to water, and ultimately to

generate steam. The steam produced may be supplied :

1. To an external combustion engine, i.e. steam engines and turbines.

2. At low pressures for industrial process work in cotton mills, sugar factories, breweries,

etc, and

3. For producing hot water, which can be used for heating installations at much lower

pressures.

3.1. Classification of steam boilers.

Though there are many classification of steam boilers, yet the following are important from

the subject point of view :

1. According to the contents in the tube. The steam boilers, according to the contents

in the tube may be classified as :

(a) Fire tube or smoke tube boiler and

(b) Water tube boiler.

In fire tube steam boilers, the flames and hot gases, produced by the combustion of fuel,

pass through the tubes (called multi-tubes) which are surrounded by water. The heat is conducted

through the walls of the tubes from the hot gases to the surrounding water. Examples of fire tube

boilers are : Simple vertical boiler, Cochran boiler, Lancashire boiler, Cornish boiler, Scotch marine

boiler, Locomotive boiler and Velcon boiler.

In water tube steam boilers, the water is contained inside the tubes (called water tubes)

which are surrounded by flames and hot gases from outside. Examples of water tube boilers are :

Babcock and Wilcox boiler, Stirling boiler, La-Mont boiler, Benson boiler, Yarrow boiler and Loeffler

boiler.

2. According to the position of the furnace. The steam boilers, according to the position

of the furnace are classified as :

(a) Internally fired boilers, and

(b) Externally fired boilers

In internally fired steam boilers, the furnace is located inside the boiler shell. Most of the fire

tube steam boilers are internally fired.

In externally fired steam boilers, the furnace is arranged underneath in a brick-work setting.

Water tube steam boilers are always externally fired.

STEAM GENERATOR
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3. According to the axis of the shell. The steam boilers, according to the axis of the

shell, may be classified as :

(a) Vertical boilers and

(b) Horizontal boilers.

In vertical steam boilers, the axis of the shell is vertical. Simple vertical boiler and Cochran

boiler are vertical boilers.

In horizontal steam boilers, the axis of the shell is horizontal. Lancashire boiler, Locomotive

boiler and Babcock and Wilcox boiler are horizontal boilers.

4. According to the number of tubes. The steam boilers, according to the number of

tubes, may be classified as :

(a) Single tube boilers and

(b) Multi tubular boilers

In single tube steam boilers there is only one fire tube or water tube. Simple vertical boiler and

Cornish boiler are single tube boilers.

In Multitubular steam boilers, there are two or more fire tubes or water tubes. Lancashire

boiler, Locomotive boiler, Cochran boiler, Babcock and Wilcox boiler are multitubular boilers.

5. According to the method circulation of water and steam. The steam boilers,

according to the method of circulation of water and steam, may be classified as :

(a) Natural circulation boilers, and

(b) Forced circulation boilers.

In natural circulation steam boilers, the circulation of water is by natural convention currents,

which are set up during the heating of water. In most of the steam boilers, there is a natural circulation

of water.

In forced circulation steam boilers, there is a forced circulation of water by a centrifugal pump

driven by some external power.  Use of forced circulation is made in high pressure boilers such as

La-Mont boiler, Benson boiler, Loeffler boiler and Velcon boiler.

6. According to the use. The steam boilers,  according the their use, may be classified as

(a) Stationary boilers, and

(b) Mobile boilers

The stationary steam boilers are used in power plants, and in industrial process work. These

are called stationary because they do not move from one place to another.

The mobile steam boilers are those which move from one place to another. These boilers

are locomotive and marine boilers.

7. According to the source of the heat. The steam boilers may also be classified

according to the source of heat supplied for producing steam. The sources maybe the combustion

of solid, liquid or gaseous fuel, hot waste gases as by-products of other chemical processes,

electrical energy or nuclear energy etc.
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3.2. Cochran Boiler or Vertical Multitubular Boiler

These are various designs of vertical multitubular boilers, A Cochran boiler is considered to

be one of the most efficient type of such boilers. It is an improved type of simple vertical boiler.

This boiler consists of an external cylindrical shell

and a fire box as shown in Fig.3.1 The shell and fire box

are both hemispherical. The hemispherical crown of the

boiler shell gives pressure of steam and strength to

withstand the pressure of steam inside the boiler. The

hemispherical crown of the fire box is also advantageous

for resisting intense heat. The fire box and the combustion

chamber is connected through a short pipe. The flue

gases from the combustion chamber flow to the smoke

box through a number of smoke tubes. Then tubes

generally have 62.5 mm external diameter and are 165 in

number. The gases from the smoke box pass to the

atmosphere through a chimney. The combustion chamber

is lined with fire bricks on the shell side. A manhole near

the top of the crown on the shell is provided for cleaning.

At the bottom of the fire box, there is a grate (in case of coal firing) and the coal is fed through

the fire hole. If the boiler is used for oil firing, no grate is provided, but the bottom of the fire box is

lined with firebricks. The oil burner is fitted at the fire hole.

3.2.1. Babcock and Wilcox Boiler

It is a straight tube, stationary type water tube boiler, as show in Fig.3.2 It consist of a stem

and water drum (1). It is connected by a short tube with uptake header or riser (2) at the back end.

The water tubes (5) (100mm diameter) are

inclined to the horizontal and connects the uptake

head to the down take header. Each row of the

tubes is connected with two headers, and there

are plenty of such rows. The headers are curved

when viewed in the direction of tubes so that one

tube is not in the space of  other, and hot gases

can pass properly after heating all the tubes. The

headers are provided with hand holes in the front

of the tubes and are covered with caps (18).

A mud box (6) is provided with each down

take header and the mud, that settles down is

removed. There is slow moving automatic chain

grate on which the coal is fed from the hopper

(21). A fire bricks baffle causes hot gases to move

upwards and downwards and again upwards

before entering shell by a chain (22) which passes over a pulley to the boiler is suspended on  steel

girders, and surrender on all the four sides by fire brick walls. The doors (4) are provided for a man

Fig. 3.1 Cochran Boiler

Fig. 3.2 Babcock and Wilcox Boiler
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to enter the boiler for repairing and cleaning. Water circulates from the drum (1) into the header (2)

and through the tubes (5) to header (3) and again to the drum. Water continues to circulate like this

till it is evaporated. A steam superheater consists of a large number of steel tubes (1) and contains

two boxes; one is superheated steam box (11) and other is saturated steam box (12).

The steam generated above the water level in the drum flows in the dry pipe (13) and through

the inlet tubes into the superheated steam box (11). It then passes through the tubes (10) into the

becomes superheated. The steam, during the passage through tubes (10), gets further heated

and through the outlet pipe (14) to the stop valve (15).

The boiler is fitted with usual mountings, such as safely vale (19), feed valve (20), water level

indicator (8) and pressure gauge (9).

3.2.2. Comparison between Water and Fire Tube boilers

Following are the few points of comparison between a water tube and a fire tube boiler.

Water tube boiler

1. The water circulates inside the tubes which

are surrounded by hot gases from the

furnace.

2. It generates steam at a higher pressure upto

165 bar.

3. The rate of generation of steam is high i.e.

upto 450 tonnes per hour.

4. For a given power, the floor area required for

the generation of steam is less, i.e. about 5

m2 per tone per hour of steam generation.

5. Overall efficiency with economizer is upto

90%.

6. It can be transported and erected easily as

its various parts can be separted.

7. It is preferred for widely fluctuating loads.

8. The direction of water circulation is well

defined.

9. The operating cost is high.

10. The bursting chance are more.

11. The bursting does not produce any

destruction to the whole boiler.

12. It is used for large power plants.

Fire tube boiler

The hot gases from the furnance the furnace

pass through the tubes which are surrounded

by water.

It can generation of steam only up to 24.5 bar.

The rate of generation of steam is low, i.e. upto

9 tonnes per hour.

The floor area required is more, i.e. about 8m2

per tonne per hour of steam generation.

Its overall efficiency is only 75%.

The transportation and erection is difficult.

It can also cope reasonably with sudden

increase in load but for a shorter period.

The water does not circulate is a definite

direction.

The operating cost is less.

The bursting chances are less.

The bursting produces greater risk to the

damage of the property.

It is not suitable for large plants.
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3.3 Boiler Mountings and Accessories

Introduction

Boiler mountings and accessories are reuiqred for the proper and satisfactory functioning of

the steam boilers. Now in this chapter, we shall discuss these fittings and appliances which are

commonly used these days.

3.3.1.  Boiler Mountings

These are the fittings, which are mounted on the boiler for its proper and safe functioning.

Though there are many types of boiler mountings, yet the following are important from the subject

point of view :

1. Water level indicator

2. Pressure gauge

3. Safety valves

4. Stop valve

5. Blow off cock

6. Feed check valve and

7. Fusible plug

1. Water level indicator

It is important fitting, which indicates the water level inside

the boiler to an observer. It is a safety device upon which the

correct working of the boiler depends. This fitting may be seen

in front of the boiler, and are generally two in number.

A water level indicator, mostly employed in the steam boiler

is shown in Fig.3.3. It consists of the cocks and a glass tube.

Steam cock C
1
 Keeps the glass tube in connection with the

steam space. Water cook C
2
 Puts the glass tube in connection

with the water in the boiler. Drain cock C
3
 is used at frequent

intervals to ascertain that the steam and water cocks are clear.

In the working of a steam boiler and for the proper

functioning of the water level indicator, the steam and water cocks

are opened and the drain cock is closed. In this case, the handles

are place in a vertical position as shown in Fig. The rectangular

passage at the ends of the glass tube contains two balls.

In case the glass tube is broken, the two balls are carried along its passages to the ends of

the glass tube. It is thus obvious, that water and steam will not escape out. The glass tube can be

easily replaced by closing the steam and water cocks and opening the drain cock.

When the steam boiler is not working, the bolts may be removed for cleaning. The glass tube

is kept free from leaking by means of conical ring and the gland nut.

Fig. 3.3 Water level indicator
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2.  Pressure gauge

A pressure gauge is used to measure the pressure of the

steam inside the steam boiler. It is fixed in front of the steam boiler.

The pressure gauges generally used are of bourden type.

A bourden pressure gauge, in its simplest form, consists of

an elliptical elastic tube ABC bent into an arc of a circle, as shown

in Fig. This bent up tube is called bourden’s tube.

One end of the tube gauge is fixed and connected to the

steam space in the boiler. The other end is connected to a sector

through a link. The steam, under pressure, flows into the tube. As

a result of this increase pressure, the bourden’s tube tends to

straighten itself. Since the tube is encased in a circular curve,

therefore it tends to become circular instead of straight. With the

help of a simple pinion and sector arrangement, the elastic deformation of the bourdens tube

rotates the pointer. This pointer moves over a calibrated scale, which directly gives the gauge

pressure.

3.  Safety valves

These are the devices to the steam chest for preventing explosions due to excessive internal

pressure of steam. A steam boiler is, usually, provided with two safety valves. These are directly

placed on the boiler. In brief, the function of a safety valve is to blow off the steam when the pressure

of steam inside the boiler exceeds the working pressure. The following are the four types of safety

valves :

(i) Lever safety valve,

(ii) Dead weight safety valve

(iii) High steam and low water safety valve

(iv) Spring loaded safety valve.

It may be noted that the first three types of the safety valves are usually employed with

stationary boilers, but the fourth type is mainly used for locomotive and marine boilers.

(i) Lever safety valve

A lever safety valve used on steam boiler is shown

Fig. It serves the purpose of maintaining constant safe

pressure inside the steam boiler. If the pressure inside the

boiler exceeds the designed limit, the valve lifts from its

seat and blows off the steam pressure automatically.

A lever safety valve consists of a valve body with a

flange fixed to the steam boiler. The bronze valve seat is

screwed to the body, and the valve is also made of bronze.

It may be noted that by using the valve and seat of the same

material, rusting is considerably reduced. The thrust on the valve is transmitted by the strut. The

guide keeps the lever in a vertical plane. The load is properly adjusted at the other end of the lever.

Fig. 3.4 Water level indicator

Fig. 3.5 Lever safety valve
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(ii) Dead weight safety valve

A dead weight safely valve, used for stationary boilers, is shown in Fig. 3.6 The valve is made

of gun metal, and rests on its gun metal seat. It is fixed to the top of a steel pipe. This pipe is bolted

to the mountings block, riveted to the top of the shell. Both the valve and the pipe are covered by a

case which contains weights. These weights keep

the valve on its seat under normal working

pressure. The case hangs freely over the valve to

which it is secured by means of a nut.

When the pressure of steam exceeds the

normal pressure, the valve as well as the case

(along with the weights) are lifted up from its seat.

This enables the steam to escape through the

discharge pipe, which carries the steam outside

the boiler house.

The lift of the valve is controlled by the studs.

The head of the studs projects into the interior of

the casing. The centre of gravity of the dead weight

safety valve is considerably below the valve which

ensures that the load hangs vertically.

The dead weight safety valve has the advantage that it cannot be readily tempered because

any added weight be equal to the total increases pressure of steam on the valve. The only

disadvantage of these valves, is the heavy which these valves carry.

(iii) High steam and low water safety valve

These valves are placed at the top of

Cornish and Lancashire boilers. It is combination

of two valves, one of which is the lever safety

valve which blows off steam when the working

pressure of steam exceeds. The second valve

operates blowing off the steam when the water

level becomes too low.

A best known combination of high steam

low water safety valve is shown in Fig.3.7 It

consists of a main valve (known as lever safety

valve) and rests on its seat. In the centre of the

main valve, a seat for a hemispherical valve is

formed for low water operation. This valve is

loaded directly by the dead weights attached to

the valve by a long rod. There is a lever J.K, which

has its fulcrum at K. the lever has weight E

suspended at the K. when it is fully immersed in

water, it is balanced by a weight F at the other

end J of the lever.

Fig. 3.6 Dead weight safety valve

Fig. 3.7 High steam and low water safety valve
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When the water level falls, the weight E comes out of water and the weight F will not be

sufficient to balance weight E. Therefore weight E comes down. There are two projections on the

lever to the left of the fulcrum which comes in contact with a collar attached to the rod. When

weight E comes down, the hemispherical valve is lifted up and the steam escapes with a loud

noise, which warns the operator. A drain pipe is provided to carry water, which is deposited in the

valve casing.

(iv) Spring loaded safety valve.

A spring loaded safety valve is mainly used for

locomotives and marine boilers. It is loaded with spring

instead of weights. The spring is made of round or square

spring steel rod in helical form. The spring may be in

tension or compression, as the steam pressure acts along

the axis of the spring. In actual practice, the spring is placed

in compression.

A Ramsbottom spring loaded safety valve is shown

in Fig. 3.8 It I, usually, fitted to locomotives. It consists of a

cast iron body connected to the top of a boiler. It has two

separate valves of the same size. These valves have their

seating’s in the upper ends of two hallow valve chests. These valve chests are united by a bridge

and a base. The base is bolted to a mounting block on the top of a boiler over the fire box.

The valves are held down by means of a spring and a lever. The lever has two pivots E and

F. the pivot E is joined by a pin to the lever, while the pivot F is forged on the lever. These pivots rest

on the centre’s of the valves. The upper end of the spring is hooked to the arm H, while the lower

end of the shackle, which is secured to the bridge by a nut. The spring has two safety links, one

behind the other, or one either side of the lever connected by pins at the ends. The lower pin

passes through the shackle while the upper one passes through slot in arm H of the lever. The

lever has an extension, which projects into the driver’s cabin. By pulling or raising the lever, the

driver can release the pressure from either valve separately.

4. Steam Stop valve

It is the largest valve on the steam boiler. It is, usually,

fitted to the highest part of the shell by means of a flange as

shown in Fig. 3.9. The principal functions of a stop valve are :

1. To control the flow of steam from the boiler to the

main stream pipe.

2. To shut off the steam completely when required.

The body of the stop valve is made of cast iron or cast

steel. The valve, valve seat and the nut through which the valve

spindle works, are made of brass or gun metal.

The spindle passes through a gland and stuffing box.

The spindle is rotated by means of a hand wheel. The upper

Fig. 3.8 Spring loaded safety valve

Fig. 3.9 Steam Stop valve
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portion of the spindle is screwed and made to pass through a nut in across head carried by two

pillars. The pillars are screwed in the cover of the body as shown in the figure. The boiler pressure

acts under the valve, so that the valve must be closed against the pressure. The valve is, gen¬erally,

fastened to the spindle which lifts it up.

A non-return valve is, sometimes, fitted near the stop valve to prevent the acciden¬tal

admission of steam from other boilers. This happens when a number of boilers are con¬nected to

the same pipe, and when one is empty and under repair.

5. Blow off cock

The principal functions of a blow-off cock are :

3.  To empty the boiler whenever requited.

4.  To discharge the mud, scale or sediments

which are accumulated at the bottom of the boiler.

The blow-off cock, as shown in Fig. 3.10, is

fitted to the bottom of a boiler drum and consists of a

conical plug fitted to the body or casing. The casing

is packed, with asbestos packing, in grooves round

the top and bottom of the plug. The asbestos packing

is made tight and plug bears on the packing. It may

be noted that the cocks packed in this way keep the

grip better under high pressure and easily operated

than unpacked.

The shank of plug passes through a gland and stuffing box in the cover. The plug is held

down by a yoke and two stud bolts (not shown in the figure). The yoke forms a guard on it. There

are two vertical slots on the inside of a guard for the box spanner to be used for operating the cock.

6. Feed check valve

It is a non-return valve, fitted to a screwed

spindle to regulate the lift. Its function is to regulate the

supply of water, which is pumped into the boiler, by

the feed pump. This valve must have its spindle lifted

before the pump is started. It is fitted to the shell slightly

below the normal water level of the boiler.

A feed check valve for marine boilers is shown

in Fig. 3.11. It consists of a valve whose lift is controlled

by a spindle and hand wheel. The body of the valve is

made of brass casting and except spindle, its every

part is made of brass. The spindle is made of muntz

metal. A flange is bolted to the end of boiler at a point

from which perforated pipe leads the feed water. This

pipe distributes the water in the boiler uniformly.
Fig. 3.8 Blow off cock

Fig. 3.10 Blow off cock

Fig. 3.11 Feed check valve and
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7. Fusible plug

It is fitted to the crown plate of the furnace or the fire

box. Its object is to put off the fire in the furnace of the boiler

when the level of water in the boiler falls to an unsafe limit,

and thus avoids the explosion which may take place due to

overheating of the furnace plate.

A fusible plug consists of a hollow gun metal plug P, as

shown in Fig. 3.12. It is screwed to the furnace crown. A

second hollow gun metal plug P2 is screwed to the first plug.

There is also a third hollow gun metal plug P3 separated

from P, by a ring of fusible metal. The inner surface of P2 and

outer surface of P3 are grooved so that when the fusible metal

is poured into the plug, P2 and P3 are locked together. A

hexagonal flange is provided on plug P, to take a spanner for

fixing or removing the plug Pr There is a hexagonal flange on

plug P2 for fixing or removing it. The fusible metal is protected

from fire by the flange on the lower end of plug P2. There is

also a contact at the top between P2 and P3 so that the fusible

metal is completely enclosed.

The fusible plugs must be kept in a good condition and replaced annually. A fusible plug must

not be refilled with anything except fusible metal.

3.3.2 Boiler Accessories

These are the devices which are used as integral parts of a boiler, and help in running efficiently.

Though there are many types of boiler accessories, yet the following are important from the subject

point of view :

1. Feed pump

2. Superheater

3. Economiser and

4. Air Preheater

Fig. 3.13. shows the schematic diagram of a boiler plant with the above mentioned accessories.

Fig. 3.12 Fusible plug

Fig. 3.13 schematic diagram of a boiler plant
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1. Feed Pump

We know that water, in a boiler, is continuously converted into steam, which is used by the

engine. Thus we need a feed pump to deliver water to the boiler.

The pressure of steam inside a boiler is high. So the pressure of feed water has to be increased

proportionately before it is made to enter the boiler. Generally, the pressure of feed water is 20%

more than that in the boiler.

A feed pump may be of centrifugal type or reciprocating type. But a double acting reciprocat¬ing

pump is commonly used as a feed pump these days. The reciprocating pumps are run by the

steam from the same boiler in which water is to be fed. These pumps may be classified as simplex,

duplex and triplex pumps according to the number of pump cylinders. The common type of pump

used is a duplex feed pump, as shown in Fig. 3.14. This pump has two sets of suction and delivery

valves for forward and backward stroke. The two pumps work alternately so as to ensure continuous

supply of feed water.

2. Superheater

A superheater is an important device of a

steam generating unit. Its purpose is to increase

the temperature of saturated steam without

raising its pressure. It is generally an integral

part of a boiler, and is placed in the path of hot

flue gases from the furnace. The heat, given up

by these flue gases, is used in superheating the

steam. Such superheaters, which are installed

within the boiler, are known as integral

superheaters.

A Sudgen’s superheater commonly employed with Lancashire boilers is shown in Fig. 3.15. It

consists of two mild steel boxes or heaters from which hangs a group of solid drawn tubes bent to U-

form. The ends of these tubes are expanded into the headers. The tubes are arranged in groups of four

and one pair of headers generally carries ten of these groups or forty tubes in all. The outside of the

tubes can be cleaned through the space between the headers. This space is closed by covers.

Fig. 3.14 Duplex feed Pump

Fig. 3.15 Superheater

103 / 134

http://www.foxitsoftware.com/shopping


The steam enters at one end of the rear header and leaves at the opposite end of the front

header. The overheating of superheater tubes is prevented by the use of a balanced damper which

is operated by the handle. The superheater is in action when the damper is in a position as shown

in the figure. If the damper is in vertical position, the gases pass directly into the bottom flue without

passing over the superheater tubes. In this way, the superheater is out of action. By placing the

damper in intermediate position, some of the gases will pass over the superheater tubes and the

remainder will pass directly to the bottom flue. It is thus obvious, that required degree of heat for

superheating may be obtained by altering the position of the damper.

It may be noted that when the superheater is in action, the stop valves G and H are opened

and F is closed. When the steam is taken directly from the boiler, the valves G and H are closed

and F is open.

3.  Economiser

An economiser is a device used to heat teed water by utilising the heat in the exhaust Hue

gases before leaving through the chimney. As the name indicates, the economiser improves the

economy of the steam boiler.

A well known type of economiser is Greens economiser. It is extensively used for stationary

boilers, especially those of Lancashire type. It consists of a large number of vertical pipes or tubes

placed in an enlargement of the flue gases between the boiler and chimney as shown in Fig. 3.16.

These tubes are 2.75 meters long, 114 mm in external diameter and 11.5 mm thick and are made

of cast iron.

The economiser is built-up of transverse section. Each section consists of generally six or

eight vertical tubes (1). These tubes are joined to horizontal pipes or boxes (2) and (3) at the top

and bottom respectively. The top boxes (2) of the different sections are connected to the pipe (4),

Fig. 3.16 Economiser
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while the bottom boxes are connected to pipe (5). The pipes (4) and (5) are on opposite sides,

which are outside the brickwork enclosing the economiser.

The feed water is pumped into the economiser at (6) and enters the pipe (5). It then passes

into the bottom boxes (3) and then into the top boxes (2) through the tubes (1). It is now led by the

pipe (4) to the pipe (7) and then to the boiler. There is a blow-off cock at the end.of the pipe (5)

opposite to the feed inlet (6). The purpose of this valve is to remove mud or sediment deposited in

the bottom boxes. At the end of pipe (4) (opposite to the feed outlet) there is a safety valve.

It is essential that the vertical tubes may be kept free from deposits of soot, which greatly

affect efficiencies of the economiser. Each tube is provided with scraper for this purpose. The

scrapers of two adjoining sections of tubes are grouped together, and coupled by rods and chains

to the adjacent group of scrapers. The chain passes over a pulley (9) so that one group of scrapers

balance the adjacent group. The pulley (9) of each chain is connected to a worm wheel (10) which

is driven by a worm on a longitudinal shaft (not shown in the figure). The scrapers automatically

reverse when they reach the top or bottom end of the tubes. These are kept in motion continuously

when the economiser is in use. The speed of scraper is about 46 m/h.

It may be noted that the temperature of feed should not be less than about 35° C, otherwise

there is a danger of corrosion due to the moisture in the flue gases being deposited in cold tubes.

Following are the advantages of using an economiser

4.  There is about 15 to 20% of coal saving.

5.  It increases the steam raising capacity of a boiler because it shortens the time required

to convert water into steam.

6.  It prevents formation of scale in boiler water tubes, because the scale tormed in the

economiser tubes, can be cleaned easily.

7.  Since the feed water entering the boiler is hot, therefore strains due to unequal expansion

are minimised.

4.  Air Preheater

An air preheater is used to recover heat from the exhaust flue gases. It is installed between

the economiser and the chimney. The air required for the purpose of combustion is drawn through

the air preheater where its temperature is raised. It is then passed through ducts to the furnace.

The air is passed through the tubes of the heater internally while the hot flue gases are passed over

the outside of the tubes.

The following advantages are obtained by using an air preheater:

1.  The preheated air gives higher furnace temperature which results in more heat transfer

to the water and thus increases the evaporative capacity per kg of fuel.

2.  There is an increase of about 2% in the boiler efficiency for each 35-40° C rise in

temperature of air.

3.  It results in better combustion with less soot, smoke and ash.

 It enables a low grade fuel to be burnt with less excess air.
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STEAM POWER PLANT CYCLE: 

 Water is the working fluid here. It undergoes a change of phase in 

the course of cycle. Energy is released by the continuous burning of the fuel 

in the combustion chamber of a steam generation plant that includes a 

boiler and superheater. The working fluid is charged to the boiler via a 

BFW feed pump. Heat is transferred to the water in the boiler whereupon a 

high pressure and high temp saturated steam is generated in the boiler. The 

dry saturated HP steam is converted into a HP superheated steam in the 

super heater. 

 The high pressure and high temperature superheated steam is then 

allowed to expand through the steam turbine. As the steam passes over the 

blades of the turbine, it sheds its enthalpy which is converted into shaft 

work of the turbine which then generates power from the turbo alternator 

coupled to the turbine. 

STEAM POWER CYCLES
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 The steam after expansion in the ST is exhausted into a total 

condenser which is essentially a water steam heat exchanger wherein the 

exhaust steam is condensed into a condensate only to be recycled to the 

boiler via the boiler feed pump. 

 So a simple steam power cycle comprises a boiler + turbine + 

condenser + BFW pump where water is acting as the working fluid.`  

Sometimes a vapour power cycle is referred to as a pressure limited 

cycle indicating the power plant operates between two pressure limits: 

 The higher pressure limit is the boiler pressure 

  The lower pressure limit is the condenser pressure. 

 

  As the case of first approximation, the steam power plant cycle is idealized 

as a quasi- static process approximating an ideal heat engine cycle:     

         
     

Qnet =  
     

 Wnet  

        Or Q1 - Q2 = WT - WP 

            Where Q1= the heat input to water in the SGP(BFW preheater +boiler + 

superheater) in          

Q2 = the heat rejected from the working fluid (in the surface condenser)          

WT = the work output(the shaft work of the steam turbine)          
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WP = the mechanical work input(the BFW pump work)          

The efficiency of the ideal vapour power cycle,       =  
       

  
 

Thermal efficiency ( ) : 

 Thermal efficiency is an important index of performance of a heat engine 

or steam power plant cycle. It is obtained from the first law:   = 
 

      
 

CARNOTS CYCLE: 

 An ideal vapour power cycle would follow a carnot vapour cycle that 

comprises two iso-thermal and two adiabatic processes. In the vapour cycle ,the 

working substances changes phases .these are attainable by two internally 

reversible isothermal processes in the form of boiling of the liquid and 

condensation of the vapour. But, the heat transfer from a high temp. reservoir as 

well as from the condensing vapour to a low temp. reservoir will remain 

externally irreversible. 

  

Process 4-1: 

 Isothermal heat addition to the water. The water is converted into a dry 

saturated steam 

Heat added = Qadd 

Process1-2: 

Isentropic expansion of the steam in the steam turbine i.e; the steam is expanding 

adiabatically. 

Heat interaction is nil,   positive work output=W  

Process2-3: 

 Isothermal heat rejection. Heat is extracted from the waste steam exhausted by 

the steam turbine to the condenser, 

Heat rejected = Qrej 

Process 3-4: 

The steam water mixture is pumped to the boiler. 

Input work = pump work = Wp 

Net work output Wnet = Woutput - Wp 
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Therefore, efficiency,      = 
    

    
 = 

         

    
 

                                                =1- 
    

    
 

                                              =1- 
        

        
 

 Also,   =1- 
  

  
 

 

RANKINE CYCLE: 

 A rankine vapour cycle is based on a modified carnot cycle to 

overcome its limitations. It consists of four steady flow processes as in 

figure 

 

Process 4-1: 

  Heat is added in the boiler to the BFW, which is a constant pressure 

process generating a dry, saturated steam at saturation temp. corresponding 

to the boiler operating pressure, 

                            Qadd = m(h1 - h4) 

Process 1-2: 

  The steam is reversibly and adiabatically expanded in the turbine. 

So, turbine work input = We = m(h1 - h2) 
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Process 2-3: 

 Constant pressure heat rejection in the condenser. The cooling water 

extracts the latent heat of condensation from the exit steam exhausted to the 

condenser.the condensation is complete. The entire vapour is converted into 

a condensate.  

Therefore heat rejection = m(h2 - h3) 

Process 3-4: 

 Pump work. This work must be apportioned from the turbine output.   

Wp = m(h4 - h3) 

            Net work output,Wnet = We - Wp 

Therefore, efficiency, 

    = 
    

    
    

  
     

    
  

   
                 

        
  

RANKINE CYCLE WITH SUPERHEATED STEAM: 

  If  the heating of the working fluid(BFW) is continued beyond the 

dry saturation point, i.e; well into superheat regime before feeding it to the 

turbine,i.e; state   instead of state 1 , the amount of heat added increase 

bringing about an incipient increase in the work output 

(                        ) 

So, superheating begets a higher cycle efficiency. 
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RANKINE CYCLE WITH SUPERHEATED STEAM:- 

EFFECT OF INCREASING PRESSURE WHILE BEING 

TEMPERATURE CONSTANT: 

The steam pressure at the SHP exit is increased from p to    while 

maintaining a constant superheated steam temperature,i.e; T1 =  
 . 

The operating conditions of the condenser remain unchanged. The work 

output remains nearly the same,i.e; there is no drastic gain in the work 

output; 

                           

                                                                       

                    

                                                                       

 

However, the heat rejection area is reduced due to the higher pressure steam 

utilization(area 2-   -5-6). 

This increases the efficiency of the cycle. 

Efficiency,  

 Ƞ = 
         

    
 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

 =1-  
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 RANKINE CYCLE WITH SUPERHEATED STEAM: 

EFFECT OF REDUCING CONSTANT PRESSURE: 

  If the condenser pressure is reduced ,the net work is increased by 

area 2-                .. 

 
 When the operating pressure of the condenser is decreased ,the heat added 

area automatically increases and at the same time Qrej also decreases with 

the net effect;the cycle efficiency increases.. 

QUALITIES OF IDEAL WORKING  FLUID FOR VAPOUR 

POWER CYCLES: 

The desirable characteristics of the working fluid  in a vapour power 

cycle to ensure the best thermal efficiency of the cycle are : 

1. The maximum permissible limits of operating pressure and temp. is 

set by the metallurgy boiler and super heater tubes ,pipes lines, and 

headers. The working fluid should better have a high critical temp. 

so that its saturation pressure at the maximum permissible working 

temp. is relatively low. It should have a large enthalpy of 

evaporation at that pressure 

2.  To draw vaccum in the condenser is another costly setup that calls 

for adequate maintenance as less than the desired vaccum level will 

tell on the overall cycle efficiency. So it is better that the saturation 

pressure at the temp. of heat rejection should lie above the 

atmospheric pressure. 

3. The specific heat of liquid should be low so as to boil it out with a 

relatively little heat transfer. However ,low specific heat means a 

low enthalpy content-not a desirable criterion for a high cycle 

efficiency. 
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4. The  saturated vapour line in the T-s diagram should be steep 

rather than flat. This will safeguard the last stages of the turbine 

blades from an excessive level of condensation of the working  

fluid as it expands through the successive stages of the turbine. 

5. The  freezing point of the working fluid should be below the 

ambient temp. to avert pipeline chocking due to freezing. 

6. Obviously the working fluid should be chemically stable and 

non-reactive with the materials of construction of the operating 

system at the maximum working temp 

7. The working fluid must be abundantly available to buy economy. 

8. It must be non-toxic,non-corossive, and not excessively viscous. 

BINARY VAPOUR POWER CYCLES:     

A binary cycle comprises  two different cycles working in tanderm 

with two different fluids so that the sink of one becomes the source of the 

other. 

The highest achievable efficiency is that of carnots    

.  thermal =   
     

  
 

   
  

  
 

Which necessitates heat absorption at a constant temp. T1 and heat 

rejection at a constant temp. T2. Now, the efficiency is fixed byT1 asT2 is 

fixed by the natural sink. This makes it imperative that T1 should be as 

large as possible,consistent with the vapour being saturated. 

When water is used as the working fluid its critical temp. is 374.15  

and the critical pressure is 225 bar. Operating with a critical or supercritical 

steam entails design complicacy and enhances cost, operational and 

maintenance problems, and controlling difficulties . in order to obviate 

these difficulties ,it would be better to harness some fluid other than steam, 

which is having more desirable thermodynamic properties than water. The 

most fitting fluid for this purpose should have a very high critical temp. yet 

at a low pressure. Mercury, biphenyl oxide and similar other compounds, 

aluminium bromide, and zinc aluminium chloride are the fluids which 

posseses the requisite properties in varying degrees. Mercury, among them 
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,is the best candidate. It has a high critical temp. of 588.4  yet at low 

critical pressure. Mercury alone can not be used as its saturation temp. at 

the atmospheric pressure is high(355  ). Hence ,a binary vapour cycle is 

used to increase the overall efficiency of the plant. 

The most important binary vapour cycle is the mercury steam cycle, 

which comprises two cycles—mercury cycle and steam cycle. 

MERCURY CYCLE: 

 The mercury cycle is super imposed on the steam cycle. Liquid mercury is 

circulated through the evaporator tubes in the boiler whereupon the liquid 

mercury is converted into vapour which is then charged to the mercury 

turbine where the Hg – vapour expands to generate electric power. The 

turbine is then exhausted to the mercury condenser boiler where the vapour 

mercury condenses and then pumped back to the boiler. 

STEAM CYCLE: 

The heat rejected by the vapour mercury in the mercury condenser 

boiler is absorbed by the BFW to generate steam at a desired pressure. This 

steam is then superheated and then charged to the steam turbine  to produce 

an additional power output. 

Fuel is burned in the mercury boiler furnace. The liberated heat goes 

to vaporize the mercury, superheat the steam , and preheat the combustion 

air and the boiler feedwater. 

The heat rejected during the condensation of mercury is transferred 

to boil water to saturated steam(stage 5-6). The saturated steam is then 

superheated to state 1 by an external heat source(stage 6-1). 
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This superheated steam is then allowed to expand in the steam 

turbine(stage 1-2) and the waste steam is then exhausted to the surface 

condenser where the condensation is completed(stage 2-3). The condensate 

is then pumped back (by the BFW group) to the boiler(stage 3-4) . This is 

then heated in the economizer to the saturated liquid(stage 4-5) and then 

goes to the mercury condenser steam boiler, where the latent heat is 

absorbed. 

 Heat supplied = Q1= Qm = m(ha-hd) + (h1 - h6) + (h5 - h4) 

 Heat rejected= Q2=Qout=(h2-h3) 
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Turbine work= Wshaft = m(ha-hb)+(h1-h2) 

Pump work= Wpump=m(hd-hc)+(h4-h3) 

 The thermal efficiency of the mercury-steam cycle 

=  thermal,mer-wat = 
    

   
 

 
               

   
  

Steam rate = 
    

             
           

Energy balance= m(hb-hc) =h6-h5     

     m=
     

     
 

 ADVANTAGES OF MERCURY-STEAM CYCLE: 

1. High overall plant efficiency 

2. High degree of availability (-85%) 

3. Simplicity in operation 

4. Reasonable plant maintenance 

5. No operational trouble ( cf. mercury is toxic) 
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MODES OF HEAT TRANSFER: 

CONDUCTION:- 

A physical law for heat transfer by conduction is given by fourier 

according to which the rate of heat conduction is proportional to the area 

measured normal to the direction of heat flow, and to the temp. gradient in that 

direction. 

Q = - kA
  

  
    

or q = - k. 
  

  
 

HEAT TRANSFER
Introduction

                 Heat transfer is a discipline of thermal engineering that concerns the generation, use, conversionand exchange of thermal energy (heat) between physical systems. 
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The constant of proportionality is called the coefficient of thermal 

conductivity, which is a physical property of the substance and is defined as the 

ability of a substance to conduct heat,. 

The quantity of heat transferred per unit time per unit area of isothermal 

surface is defined as the heat flux is determined by the relation 

Q = - ni. k
  

  
 

The heat flux q, is normal to the isothermal surface, and is positive in the 

direction of decreasing temp. because according to the second law of 

thermodynamics, heat always flow from a hotter point to a colder one. Hence .the 

vectors grad T and q are both normal to isotherms but run in opposite directions. 

This also explains the existence of the minus sign in equation. 

  

The greatest rate of heat flow will be along the lines normal to the 

isothermal surfaces. Then, in accordance with equation we have  

QX = - Kx.A
  

  
    or qx= 

  

 
 = - KX . 

  

  
 

QY = - KY.A
  

  
       or qy = 

  

 
 = - KY. 

  

  
 

QZ = - KZ.A
  

  
       or qz = 

  

 
 = - kz.
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A material having KX = KY = KZ = K is called an isotropic material. For an 

isotropic material, the heat transfer equation reduces to   QX = - KA. 
  

  
  

The heat flow vector q can be written as; q = i.qx + j qy + k qz        

For a plane wall of thickness L with temp. TO and TL on its two sides integration 

of equation yields: 

 

QX∫       
 

 
∫    
  

         

     QX = 
  

 
        

The unit of thermal conductivity k, is    ⁄           ⁄  

Since conduction is a molecular phenomenon , fourier law is similar to newtons 

viscosity law for laminar flow:           
  

  
 

Thermal conductivity is a physical property of a substance and like viscocity , it is 

primarily a function of temp. and/ or position , nature of the substance. It varies 

significantly with pressure only in the case of gases subjected to high pressure. 

However for many enginnering problems , materials are often considered to 

process a constant thermal conductivity .  
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The  thermal conductivity for most materials can be determined 

experimentally by measuring the rate of heat flow and temp. gradient of the 

substance most commonly used. 

From table ,We see that pure metals have the highest value of thermal 

conductivities while gases and vapours have the lowest; insulating materials and 

inorganic liquids have thermal conductivities that lie in between those of metals 

and gases.  
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Thermal conductivity is also a function of temperature. For most pure 

metals it decreases with increasing temp, whereas for gases and insulating 

materials it increases with rise in temp. . Appendix A gives the thermal 

conductivity and other physical properties of some the most commonly used 

substances.  
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CONVECTION: 

For a fluid flowing at a mean temp. T  over a surface at a temp. TS , newton 

proposed the following heat convection equation;  q = 
 

 
          = h T 
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Where q is the heat flux at the wall. This equ. is called newton law of 

cooling. The heat transfer coefficient h has units     ⁄            ⁄     when 

the heat flux q is given in the units of 
 

  
 and the temp. in  . 

In fig. it is seen that the viscosity of fluid layer at the wall is zero so the 

heat must be transferred only by conduction over there. Thus we may use to 

compute heat transfer at the wall. Then question arises , why consider convection 

at all when we can easily compute q by conduction. The answer is simple; the 

temp. gradient is dependent upon the rate at which the fluids carries the heat 

away, which in turn depends upon viscosity and other thermal properties of the 

fluid. Comparing these equations at the wall, h = - 
 

     

  

  
 |   0. 

Equation relates h with thermal conductivity and the temp. gradient at wall 

,and is used in the determination of h experimentally.  

It has been found that the heat transfer coefficient h varies significantly 

with the type of fluid and temperature . table gives the approximation ranges of 

convective heat transfer coefficient for forced and free convection encountered in 

typical engineering application. 

 

THERMAL RADIATION: 

According to the Stefan-boltzmann law , the radiation energy emitted by a 

body is proportional to the fourth power of its absolute temperature. Q =   T1
4
. 

Where   is called Stefan-boltzmann constant with the value of 5.6697*10
-

8
 

 

      
 , and T1 is the surface temp. in degree Kelvin. 

Consider a black body of surface area A and at an absolute temp. T1 

exchanging radiation with another black body at a temp. T2. The net heat 

exchange is proportional to the difference in T
4
. 

Q =  A(T1
4
- T2

4
)  
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The real surface , like a polished metal plate, do not radiate as much as energy as a 

black body. The gray nature of real surfaces can be accounted for by introducing a 

factor   is called emissivity which relates radiation between gray and black 

bodies.    Q= A (T1
4
-T2

4
)  

To account for geometry and orientation of two black surfaces exchanging 

radiation is modified to Q= AF(T1
4
-T2

4
)  

When the factor F, is called view vector, is dependent upon geometry of 

the two surfaces exchanging radiation. 

 

FOURIER LAW OF HEAT CONDUCTION:- 

Q A. 
  

  
 = k. A. 

  

  
 

Where Q= amount of heat flow through the body in a unit time 

A= surface area of heat flow 

dT= temperature difference on the two faces of body 

dX= thickness of the body through which the heat flows. It is taken along the 

direction of heat flow 

k= constant of proportionality known as thermal conductivity of the body 

 

THERMAL CONDUCTIVITY:- 

.   
             

 
 

The thermal conductivity of a material is numerically equal to the quantity of heat 

which flows in one second through a slab of material of area 1 m
2
 and thickness 1 

m when its faces differ in temperature by 1 k. 
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HEAT CONDUCTION THROUGH PLANE WALLS:- 

Consider a plane wall of materials of uniform thermal conductivity k, which is 

assumed to be extending to infinity in y and z directions. For this problems, the 

temp. is only a function of x . the walls of a room may be considered as a plane if 

energy lost through the edges is negligible. Starting the general conduction 

equation 
   

   
+
   

   
+
   

   
+
 

 
 =

 

 

  

  
 

For this case 
  

  
 =0(steady state) 

  
   

   
 = 

   

   
 =0(one-dimensional)          ,

 

 
 =0(no heat generation) 

The conduction equation simplifies to 
   

   
  =0   or  

   

   
 = 0------------------------(1) 

Above equation is a second order differential equation requiring two boundary 

conditions for its solution. 

These are T = T1  at x = 0 

                T = T2  at x = L 

Integrating this above equation twice , we get     T =C1x+C2 

Where C1 and C2 can be determined from the boundary conditions 
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At  x = 0 , T = T1 ,so that C2 = T1 

At  x = L , T = T2 , so that T2 = C1L + T1 

   Or   C1 = 
     

 
 

So the equation for temp. distribution becomes  T = 
     

 
 x + T1 

                   Or    
  

  
 = 

     

 
          Q = -K.A

  

  
  = 

          

 
 = 

         

 
 ------------

-----(2) 

This quantity of heat Q, must be supplied to the low face of the wall to 

maintain a temp. difference  

        across it. The thermal resistance is defined for a plane wall is  Rth = 
 

  
 

Equation -2 can also be obtained by fourier equation  ,Q  = -KA
  

  
------------------

(3) 

Integrating this equation between the boundaries of the plane wall,  

we get ∫        
 

 
∫    
  

   

QL = - KA(       

Or     Q = 
          

 
 

= 
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The temp. at any point x along the wall can be obtained by integrating 

equation-3 between 0 and x  

Q.x = -KA(T –T1)  

and comparing with equation-2 , T = 
         

 
 +T1 

HEAT CONDUCTION THROUGH HOLLOW CYLINDER:- 

  `Consider a long cylinder of inside radius ri , outside radius r0, and length 

L. we consider the cylinder to be long so that the end losses are negligible. The 

inside and outside surfaces are kept at constant temperature Ti and To 

respectively. A steam pipe in a room can be taken as an example of a long hollow 

cylinder. The general heat conduction equation in cylindrical coordinates is 

 
   

   
 +

 

 
 
  

  
  +

 

  

   

   
 +

   

   
 +

 

 
 =

 

 

  

  
 

Assuming the heat flows only a radial directions, the above equation under 

steady state takes the form: 

   

   
 +

 

 
 
  

  
  = 0 

or    
 

  
  

  

  
  =0 

Subject to the boundary conditions,  T =T1  at r = r1 

                                                        T = T0   at r = r0 

Integrating twice we get , T = C1 ln r +C2 -----------------(1) 

Using the boundary conditions   , at   r = r1  ,T = T1; T1 = C1 ln r1 +C2 

                                                at r = r0  ,T = T0 ;T0 = C1 ln r0 +C2 
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C1 = 
      

  
  

  

 ln r1  

=  
       

  
  

  

  

   C2 = T1 – 
      

  
  

  

ln r1  

=   
                   

  
  

  

 

Substituting the values of  C1 and  C2 in equation -1 ,  

T = 
       

  
  

  

lnr +
                   

  
  

  

 

   Q = -KAr
  

  
 |       

      = -K.2 r1L.
   

  
  = -K.2 r1L(T0 -Ti) .

 

    
  

  
 
  

= 
              

  
  

  

--------------(2) 

Equation-2 can alternatively be derived as follows:  

Q = - KA
  

  
 , where   A = 2 rL 

Or       Q .
  

 
 =      dT 

Integration of this equation gives  

Q.∫
  

 

  

  
       ∫   

  

  
 

Q. (ln 
  

  
)         (T0 - T1) 

Q = 
             

  
  

  

 

The thermal resistance for the hollow cylinder would be, Rth = 
   (

  

  
)
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HEAT CONDUCTION THROUGH HOLLOW SPHERE: 

Consider a  hollow sphere whose inside and outside surfaces are held at constant 

temperature T1 and T0 respectively . if the temperation is only in the radial 

direction , then for steady state conditions with no heat generation , the heat 

conduction equation simplifies to  

 
   

   
 +

 

 
 
  

  
  = 0  

Multiplying throught by r
2
 , we get r

2 
   

   

 .
+ 2 r. 

  

  
 = 0 

                               Or            
 

  
  2  

  
 ) = 0----------------------------- (1) 

Integration of equation-1 gives dT = C1
  

  
 

Integrating again, we get    T = 
   

 
                  

Applying the boundary conditions , 

T =T1  at   r = r1;     T1 = 
   

  
           

T =T0  at   r = r0  ;   T0 = 
   

  
           

Solving for C1 and C2 

   = 
      

*
 

  
  

 

  
+
  , C2 =     

 

  

      

*
 

  
  

 

  
+
     

   T = T1 - 
      

*
 

  
  

 

  
+
*
 

 
  

 

  
+  

= 
  

 
*
    

      
+ [      ] +T1 

Knowing that Q = - KAr
  

  
|       ,  

where Ar = 4    

We can know that ,   

Q = 
                

        
 --------------------------(2) 

Equation-2 can also be obtained by integration of fourier equation as follows:  
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Q = - KA
  

  
 = - 4    

  

  
 

Q ∫
  

  
  

  

  
 - 4  ∫   

  

  
 

-Q*
 

  
  

 

  
+ = - 4  [      ] 

Or , - Q(
     

    
) = - 4  [      ] 

 And , Q =
                

        
----------------------(3)  

 

Equation-3 can also be put as  , Q  
        
 

   

[        ]

    

 

 
      
    

 

Where the thermal resistance of a sphere is defined as      = 
 

   

[        ]

    
 

Geometric mean area:        can be rearranged  as 

       =
 

   

[        ]

    
  

= 
      

  √              
   

= 
    

   √    
 

=  
    

    
------------------------(4) 
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Where A1 and A0 are the areas of the inner and outer surfaces of the 

sphere. 

     =          = thickness of sphere 

Ag =  √      is called the geometric mean area of the sphere.  

The thermal resistance of a sphere given by equation-4 is similar to that of 

a plane wall except that the area is replaced by the geometric mean area. 

NEWTON LAW OF COOLING:- 

It states that, ― heat transfer from a hot body to a cold body is directly proportional 

to the surface area and difference of temperature between the bodies. 

It is a general law, for the heat transfer which can not be applied to all sets of 

conbdition. But it paved the way for other laws dealing in the heat loss. 

ABSORPTION, REFLECTION, AND TRANSMISSION:- 

When incident radiation is called irradiation impinges on a surface, three things 

happen; a part is reflected back, a part is transmitted through and the remainder is 

absorbed, depending upon the characteristics of the body. 

By conservation of energy particle, Ga + Gr + Gt = G 

Dividing both sides by G, we get  , 
  

 
 

  

 
 

  

 
 

 

 
  

So,         

Black body:- For perfectly absorbing body,     ,    ,  =0. Such a body is 

called black body.it is one which neither reflect nor transmit any part of the 

incident radiation but absorb all of it. 

White body:- If all the incident radiation falling on a body are reflected, it is 

called white body. Gases such as hydrogen, oxygen, nitrogen have a transmittivity 

of practically unity. 

Gray body:- If the radiative properties of a body are assumed to be uniform over 

the entire wavelength spectrum, then such a body is called gray body. It is also 

defined as one whose absorpivity of a surface does not vary with temperature and 

wavelength of the incident radiation. 
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CONCEPT OF BLACK BODY:- A black body is an object that absorbs all the 

radiant energy reaching its surface. No actual body is perfectly black; a black 

body has following properties: 

1. It absorbs all the incident radiation falling on it and does not transmit or 

reflect regardless of wavelength and direction 

2. It emits maximum amount of heat radiation at all wavelength at any 

specified temperature. 

3. It is a diffuse emitter . 

KIRCHHOFF’S LAW:- 

The law states that any temp.the ratio of total emissive power E to the total 

absorpivity   is a constant for all substances which are in thermal equilibrium 

with their environment.  

Let us consider a large radiating body of surface area A which encloses a small 

body of surface area A1 . let the energy fall on the unit surface of the body at a 

rate Eb.by considering generality of bodies, we obtain, Eb = 
  

  
 

  

  
 

 

 
 

 Also , as per the definition of emissivity             
 

  
 . By  comparing ,we 

obtain ,      

 

PLANCK;S LAW :- 
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MAXWELL EQUATION:- 
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HEAT EXCHANGER:- 

It may be defined as an equipment which transfer the energy from a hot 

fluid to a cold fluid, with maximum rate and  minimum investment and running 

cost. 

In heat exchanger the temperature of each fluid changes it passes through 

the exchangers, and hence the temperature of the dividing wall  between the fluids 

also changes along the length of the exchanger. 

CLASSIFICATION OF HEAT EXCHANGER:- 

1. NATURE OF HEAT EXCHANGER PROCESS:- 

(i) Direct contact heat exchanger 

(ii) Indirect contact heat exchanger 

(a) Regenerators 

(b) Recuperators 

2. RELATIVE DIRECTION OF FLUID MOTION:- 

(i) Parallel flow 

(ii) Counter flow 

(iii) Cross flow 

3. DESIGN AND CONSTRUCTIONAL FEATURES:- 

(i) Concentric tube 

(ii) Shell and tube 

(iii) Multiple shell and tube passes 

(iv) Compact heat exchanger 

4. PHYSICAL STATE OF FLUIDS:- 

(i) Condenser 

(ii) Evaporator 
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