
UNIT II 

BOILER CALCULATIONS AND POWER CYCLES 

 

Boilers 

Steam generator is a device or equipment which burns the fuel and facilitates the exchange of heat produced 

to the water to generate required quantity and quality of steam. Thus it is a heat exchanger which has the 

place for burning of fuel and flow of hot flue gases produced and also has space for storing of water and 

steam. As steam is produced & stored at high pressure than the atmospheric pressure, steam generator is also 

a pressure vessel. To handle the hot flue gases and to keep high pressure steam, certain other mountings and 

accessories are also required for its safe and efficient operation. In this way steam generator is not simply a 

vessel to boil water but it is a complete unit performing the complete task of producing & handling the high 

pressure steam by burning of the fuel and exhausting the flue gases efficiently and safely. Most of the boilers 

are actually a type of shell & tube type heat exchangers. 

Supercritical & Subcritical Boiler 

 Supercritical steam generators (also known as Benson boilers) are frequently used for the production 

of electric power. They operate at "supercritical pressure". In contrast to a "subcritical boiler", a supercritical 

steam generator operates at such a high pressure (over 3,200 psi/22.06 MPa or 220.6 bar) that actual boiling 

ceases to occur, and the boiler has no water - steam separation. There is no generation of steam bubbles 

within the water, because the pressure is above the "critical pressure" at which steam bubbles can form. It 

passes below the critical point as it does work in the high pressure turbine and enters the generator's 

condenser. This is more efficient, resulting in slightly less fuel use. The term "boiler" should not be used for 

a supercritical pressure steam generator, as no "boiling" actually occurs in this device. 

Large Subcritical thermal power plants with 170 bar and 540 / 540 ° C (SH / RH) operate at an efficiency of 

38 %. Supercritical units operating at 250 bar and 600/615 ° C can have efficiencies in the range of 42 %. 

Ultra supercritical units at 300 bar and 615 / 630 °C will still increase the efficiency up to 44 %.Increase in 

efficiency directly lead to reductions in unit cost of power and CO2 emissions.  

Operational flexibility of Supercritical power plants  

Most of the Supercritical units use the once through technology. This is ideal for sliding pressure operation 

which has much more flexibility in load changes and controlling the power grid.However this also requires 

more sensitive and quick responding control systems. 

Evaporation end point of these plants 

In subcritical units the drum acts as a fixed evaporation end point. The furnace water walls act as the 

evaporator.Not so in the case of a supercritical unit. The evaporation end point can occur in various levels of 

the furnace depending on the boiler load The percentage of Superheat in supercritical units is higher than 

subcritical units.Because of this the furnace tubes act more as superheaters than waterwalls.This necessitates 

the use of higher grade of materials like alloy steels in the furnace.  

Heat transfer area 

Higher steam temperatures in supercritical units results in a lesser differential temperature for heat transfer. 

Because of this heat transfer areas required are higher than subcritical units.Higher Superheat steam 

temperatures entering the HP turbine also mean higher reheater inlet temperatures which again results in a 

higher heat transfer areas. 

Water Chemistry 

In supercritical units the water entering the boiler has to be of extremely high levels of purity. 

Supercritical boilers do not have a steam drum that separates the steam and the water.If the entering water 

quality is not good, carry over of impurities can result in turbine blade deposits.  



 

 

Materials 

Super critical power plants use special high grade materials for the boiler tubes.The turbine blades are also 

of improved design and materials.In fact, the very increase in higher pressure and temperatue designs are 

dependendent on the development of newer and newer alloys and tube materials. 

Classification of Steam Generators 

Depending on the construction and operation, steam generators or commonly named as boilers are classified 

on the basis of: 

(a) Alignment of axis of boiler:  Boilers are classified as Horizontal, Vertical and Inclined type boiler. 

Horizontal boiler occupies more floor area but is easily accessible for inspection and maintenance. Vertical 

boiler occupies less floor area but difficult to access and clean. In a dairy processing plant, we generally find 

horizontal type boiler. 

(b) Flow of water and hot flue gases through the boiler: Boilers are broadly classified as fire tube and water 

tube boiler. This is the first major classification of boilers. Most of the boilers are actually shell and tube type 

heat exchangers in which one fluid i.e. either water or hot gas flows through the shell and other through the 

tubes. In a boiler, if fire flows through tubes and water remains in the shell, it is called fire tube boiler. 

Conversely if water flows through tubes and fire or hot flue gases pass through the shell it is called water 

tube boiler. In a dairy processing plant, fire tube boilers are generally used due to low pressure requirement, 

comparatively safe, less operational cost and easy to maintain type characteristics. 

(c) Location of furnace or burner: Boilers are classified as: Externally fired and internally fired. If fuel is 

burnt outside the boiler and after burning only, hot flue gases are forced to flow through boiler, it is called 

externally fired. e.g. Babcock & Wilcox boiler, Sterling boiler etc. 

If the furnace is located inside the boiler itself, it is called internally fired boiler e.g. Cochran boiler, 

Lancashire boiler etc. 

(d) Mode of water circulation: Boilers are classified as forced circulation and natural circulation boilers. If 

the water flows through boiler by the force of pump, it is called forced circulation boiler. If water flows due 

to natural current produced, it is called natural circulation boiler. 

(e) Pressure of steam produced: Boilers are classified as high pressure and low pressure boilers. Above 80 

bar pressure, boilers are called high pressure boilers and below this limit, boilers are called low pressure 

boilers. In a dairy processing plant where steam is used only for heating purpose and not to produce any 

mechanical work, low pressure boilers are used. High pressure boilers are used in applications where steam 

is used as a working agent like in thermal power plants etc. High pressure boilers are Benson, Babcock & 

Wilcox, and Lamont etc. Low pressure boilers are Cochran, Cornish, Lancashire & Locomotive boilers. 

 

 



Comparison between fire tube and water tube boilers 

S.No Fire Tube Boilers Water Tube Boilers 

1. Hot gases flow through tubes or flues passing 

through water stored in the shell 

Water flows through tubes passing through the 

passage of the flue gases. 

2. Steam production rate is less i.e. upto 9 tons / 

hour 

Steam production rate is high. It can be upto 450 

tones/hour. 

3. Steam pressure is limited to 25 bar approx. Steam pressure is generally in the range of 125 bar or 

even more in high pressure or super critical boilers. 

4. Due to low pressure and less production rate 

of steam, their use is generally limited to 

processing plant or small size power plants 

used in private industries. 

Due to high pressure and high production rate of 

steam, these are commonly used in large capacity 

power plants like thermal plants for power generation. 

5. Chances of bursting are less but in case of 

bursting, a great damage to the life & property 

occur. It is because the main shell is under 

pressure and whole shell bursts. 

Chances of bursting are more due to high pressure, but 

the damage is not so severe as in case of fire tube 

boilers. 

6. Feed water treatment is necessary but not so 

critically required because small deposit in the 

boiler shell does not deteriorate much the 

performance of boiler. 

Feed water treatment is critical and highly essential as 

even a small deposit in boiler tube may cause 

overheating and bursting. 

7. Construction is more complicated. It occupies 

more floor area. Transportation is difficult. 

Because it comes in assembled position. 

Hence overall cost is high for a unit steam 

production rate. 

Construction is simpler. It occupies less floor area. 

Transportation is not difficult because it can be easily 

dismantled & assembled. Overall cost is less for a unit 

steam production rate. 

8. Overall efficiency is upto 75%. Overall efficiency with economizer is 90% 

9. It can cope up with fluctuating load. It can also bear fluctuating load but only for a shorter 

period. 

10. It takes time to produce steam and increase the 

steam pressure at a slower rate. 

It produces steam fast and so increases the steam 

pressure at a faster rate. 



Cochran Boiler 

It is a best example of vertical fire tube boiler and has a very simple construction. It is internally fired multi 

tubular and natural circulation boiler. Its working can be well understood with the help of a diagram 

 

Description: Cochran boiler has a vertical cylindrical shell with dome shaped top used as steam space. 

Furnace is a single piece construction situated at the bottom of the shell. The fuel (coal) is burnt on the grate 

by supplying air naturally through fire hole. Hot flue gases produced are directed through fire brick lining to 

the horizontal fire tubes surrounded by water filled in the shell. After exchanging their heat with water flue 

gases are directed to atmosphere through smoke box and chimney. Ash collects below the grate in the ash pit 

from where it is periodically removed. The various boiler mountings are also installed over the boiler shell. 

Babcock & Wilcox Boiler 

It is a simple water-tube boiler and used where higher steam pressure and higher steam production rate is 

required. It can be used for stationary and marine purposes. It consists of a horizontal shell supported on the 

masonry structure. The shell is connected to two headers on both ends, which are at different level and 

connected by a number of inclined tubes. When shell remains filled with water, up to the desired level, the 

headers and tubes also remain filled with water. The tubes are inclined at an angle of 15˚ and remain 

suspended/ supported inside the closed furnace/flue gases space. The flue gases produced from burning of 

the fuel are directed over the tubes in between the baffles forming the zig-zag flame passage. Steam is 

produced inside the inclined tubes and lifts through the top header and collects in the steam space of the 

boiler shell. Water from the bottom header comes in place of steam. Water level is checked by level indicator 

and maintained by feed pump. 

 



 

The boiler shell & tubes are hung by means of wrought iron girders supported on pillars. This arrangement 

allows the drum and tubes to expand or contract freely. 

Boiler Terms 

(i) Boiler Shell: It is a cylindrical shaped structure fabricated with steel plates rolled & 

riveted or welded together. 

(ii) Grate: It is a Cast Iron platform in the furnace of boiler on which fuel is burnt. Fuel is coal or 

wood or any other solid fuel which rests on the perforated surface of grate made of C.I. bars. Air can 

easily pass through perforated surface from the bottom and also after burning, ash can fall down itself 

easily. 

(iii) Furnace/Fire box: It is an enclosed space where fuel is burnt and hot flue gases accumulate. 

From the furnace, flue gases are directed to flow through the boiler. 

(iv) Water Space: Volume occupied by water in the boiler is termed as water space which is 

maintained at a constant level with the help of water level indicator fitted on boiler shell. 

(v) Steam Space: It is volume occupied by steam over the water surface in boiler. As steam is light, 

it lifts up and remains in the steam space at the top end of the boiler. 

(vi) Boiler Mountings: Various fittings on the boiler like pressure gauge, safety valves etc which are 

necessary for its safe and efficient operation are called Boiler Mountings. 



(vii) Boiler Accessories: The integral parts of boiler which are required to enhance its efficiency or 

for overall performance are called accessories e.g. super heater, economizer, feed pump etc. 

(viii) Foaming: The formation of bubbles on the surface of boiling water is called foaming. 

(ix) Scale: The deposits of water salts and foreign particles on the heating surface in the form of a 

hard layer or film is called scale. 

(x) Blowing off: The suspended impurities in the boiler water usually settle down and are thrown out 

through a cock due to pressure difference inside and outside the boiler. This process is called blowing 

off and the cock used is called blow-off-cock. 

(xi) Lagging: The insulation block mode or rope made of asbestos or magnesia wrapped or fixed 

outside the boiler shell and steam pipe are called lagging. 

(xii) Refractory: The fire bricks or clay having low thermal diffusivity are used in the furnace walls 

and other passages of flue gases where flue gases should retain their heat i.e. where heat loss of flue 

gases is to be prevented. 

High Pressure Boilers 

 A boiler is a closed vessel in which water or other fluid is heated. The heated or vaporized fluid exits 

the boiler for use in various processes or heating applications.Most boilers produce steam to be used at 

saturation temperature; that is, saturated steam.  

 Superheated steam boilers vaporize the water and then further heat the steam in a superheater. This 

provides steam at much higher temperature, but can decrease the overall thermal efficiency of the steam 

generating plant because the higher steam temperature requires a higher flue gas exhaust temperature. There 

are several ways to circumvent this problem, typically by providing an economizer that heats the feed water, 

a combustion air heater in the hot flue gas exhaust path, or both. There are advantages to superheated steam 

that may, and often will, increase overall efficiency of both steam generation and its utilisation: gains in input 

temperature to a turbine should outweigh any cost in additional boiler complication and expense. There may 

also be practical limitations in using wet steam, as entrained condensation droplets will damage turbine 

blades. Superheated steam presents unique safety concerns because, if any system component fails and allows 

steam to escape, the high pressure and temperature can cause serious, instantaneous harm to anyone in its 

path. Since the escaping steam will initially be completely superheated vapor, detection can be difficult, 

although the intense heat and sound from such a leak clearly indicates its presence. 

 Superheater operation is similar to that of the coils on an air conditioning unit, although for a different 

purpose. The steam piping is directed through the flue gas path in the boiler furnace. The temperature in this 

area is typically between 1,300–1,600 degrees Celsius. Some superheaters are radiant type; that is, they 

absorb heat by radiation. Others are convection type, absorbing heat from a fluid. Some are a combination of 

the two types. Through either method, the extreme heat in the flue gas path will also heat the superheater 

steam piping and the steam within. While the temperature of the steam in the superheater rises, the pressure 

of the steam does not: the turbine or moving pistons offer a continuously expanding space and the pressure 

remains the same as that of the boiler. 

Almost all steam superheater system designs remove droplets entrained in the steam to prevent damage to 

the turbine blading and associated piping. 

In all modern power plants, high pressure boilers (> 100 bar) are universally used as they offerbthe 

following advantages. 



1. In order to obtain efficient operation and high capacity, forced circulation of water through boiler tubes is 

found helpful.  

2. The efficiency and the capacity of the plant can be increased as reduced quantity of steam isrequired for 

the same power generation if high pressure steam is used. 

3. The forced circulation of water through boiler tubes provides freedom in the arrangement offurnace and 

water walls, in addition to the reduction in the heat exchange area. 

4. The tendency of scale formation is reduced due to high velocity of water. 

5. The danger of overheating is reduced as all the parts are uniformly heated. 

6. The differential expansion is reduced due to uniform temperature and this reduces the possibilityof gas 

and air leakages. 

Lamont Boiler 

 

A forced circulation boiler was first introduced in 1925 by La Mont. The arrangement of watercirculation 

and different components are shown in Figure.The feed water from hot well is supplied to a storage and 

separating drum (boiler) through theeconomizer. Most of the sensible heat is supplied to the feed water 

passing through the economizer. Apump circulates the water at a rate 8 to 10 times the mass of steam 

evaporated. This water is circulatedthrough the evaporator tubes and the part of the vapour is separated in the 

separator drum. The largequantity of water circulated (10 times that of evaporation) prevents the tubes from 

being overheated. 

The centrifugal pump delivers the water to the headers at a pressure of 2.5 bar above the drumpressure. The 

distribution headers distribute the water through the nozzle into the evaporator.The steam separated in the 

boiler is further passed through the super-heater.Secure a uniform flow of feed water through each of the 

parallel boiler circuits a choke is fitted entrance to each circuit.These boilers have been built to generate 45 

to 50 tonnes of superheated steam at a pressure of 120 bar and temperature of 500°C. Recently forced 

circulation has been introduced in large capacity power. 

 

 

 

 



Benson Boiler 

 
 

It is a water tube boiler capable of producing steam at super critical pressure (> 225 bar). At super critical 

pressure, water flashes into steam without any latent heat requirement. Therefore steam generation is faster. 

Above critical point, water transforms into steam without boiling and without change in volume. i.e., same 

density. Super critical steam generation does not have bubble formation and consequent pulsations. Materials 

of construction should be strong to withstand high pressure and temperature. 130 – 135 tonnes of steam per 

hour is generated at > 225 bar and ~90% thermal efficiency. 

 

Velox Boiler 

 

Principle 

When the velocity of the gas is greater than the speed of sound, its heat transfer rate is also increases. So 

more heat is transfer from gas to water as compare when the heat transfer at the subsonic speed. This is the 

basic principle of it. This boiler can increase the heat transfer rate or can say steam generation rate without 

increasing boiler size. This is why?  Velox boiler is most successful boiler in the gas turbine industries 

 

Construction 

Velox boiler is a water tube forced circulation boiler. It has a gas turbine driven air compressor, which 

compresses the air. This compressed air enters into the vertical combustion chamber, as result, high rate of 

heat release from the fuel, which increases the flue gases velocity up to the sound velocity. This is a force 

circulation boiler, so pump is used to circulate water inside the boiler. This boiler also consist water and fire 

tube to maintain the flow of gas and water inside the boiler. This boiler also consists other necessary mounting 

and accessories like economizer, super heater, blow off valve, safety valve etc. 

. 



 
 

Working 

The Velox boiler works as a basic heat exchanger.The air is compressed by air compressor driven by gas a 

turbine driven. This compressed air passes from the combustion chamber, where more heat release by the 

fuel which increase the velocity of the flue gases up to sound velocity. From the bottom of combustion 

chamber, this flue gases pass from the fire tubes. These fire tubes surrounded by the evaporator water tubes. 

 The water from the economizer passes from the evaporator tube force by a circulating pump. This 

water passes 15 - 20 time from the evaporator tube at very high speed. Due to this high speed circulation, 

heat is transfer from the gases to the water at very high rate.  The mixture of water and steam is formed which 

further passes from the water and steam separator. 

 

Loeffler Boiler 
 

Economiser 
The feed water from the feed tank is supplied to the economiser by feed pump. In the economiser the feed 

water is made to flow through a number of tubes surrounding which the hot gases leaving the furnace pass 

over. There is a heat exchange from the hot gases to the feed water, which is preheated in the economiser. 

 

Evaporated Drum 
It is housed away from the furnace. It contains a mixture of steam and water. The feed water from the 

economiser tubes enters the evaporator drum into which is also passed two-thirds of the superheated steam 

generated by the boiler. The superheated steam gives its superheat to the water in the drum and evaporates 

it to saturated steam. 

 

Mixing Nozzles 
The nozzles distribute and mix the superheated steam throughout the water in the evaporator drum. 

 

Steam circulating pump 
A steam circulating pump forces this saturated steam from the evaporator drum to the radiant superheater 

through the tube of the furnace wall. 

 

 



 
 

The image shows the outline diagram of Loeffler Boiler. 

 

Radiant superheater 
 

The radiant superheater is placed in the furnace. The hot gases in the furnace are used for superheating the 

saturated steam from the drum. The radiant superheater receives heat from the burning fuel through 

radiation process. 

 

Convection superheater 
Steam from the radiant superheater enters the convection superheater where it is finally heated to the 

desired temperature of 500’C. The convection superheater receives heat from the flue gases entirely by 

convective heat transfer. Both radiant and convection superheater are arranged in series in the path of the 

flue gases. 

 

Steam outlet 
About one-third of the superheated steam from the convection superheater passes to the steam turbine while 

the remaining two-thirds is passed on to evaporator drum to evaporated the feed water to saturated steam. 

 

Capacity 
Capacity of the Loeffler boiler is about 100 Tonnes/Hr of superheated steam generated at a pressure of 140 

kgf/sq.cm and at a temperature of 500’C 

 

 

 



Performance of Boilers 

Equivalent evaporation 

It is defined as the weight of saturated water at 100˚C evaporated to dry and saturated steam at 100˚C by 

utilizing heat at the same rate as would have been used under the actual working conditions. 

If H = Total heat of steam at given working pressure in kJ/kg 

  Hw1 = Total heat of feed water in kJ/kg 

  L = Latent heat of steam at atmospheric pressure = 2257 kJ/kg 

  Wa = Weight of steam produced per hour at given working pressure per kg of fuel   

  We = Equivalent evaporation in kg per kg of fuel 

Then as per the above definition, We L = Wa (H - Hw1) 

    Or 

   = Wa .F, where F = = Factor of Evaporation      

Factor of evaporation 

It is a quantity which when multiplied by the actual amount of steam generated at a given pressure from water 

at given temperature, gives the equivalent evaporation. 

Equivalent Evaporation = F x Actual Evaporation 

Thus factor of evaporation may also be defined as ratio of Equivalent Evaporation to actual Evaporation. 

Boiler efficiency 

It is the ratio of heat actually utilized in generation of steam in a given period to the heat supplied by fuel in 

the same period or it is the ratio of heat utilized in generation of a given quantity of steam to the heat supplied 

by fuel burnt to produce this steam. 

 

Where C = calorific value of fuel in kJ/kg and Wf = weight of fuel per hour. 

Boiler efficiency is always less than 1 because of some loss of heat through hot gases escaping to atmosphere 

and also directly to atmosphere by conduction convection and radiation. 

Boiler horse power 

This term is although not justified in the boiler as it is not producing any mechanical work/power; even then 

it is adopted by American Society of Mechanical Engineers as standard of measurement of capacity of boiler. 

One boiler horse power means evaporation of 15.653 kg of water per hour from and at 100oC into dry 

saturated steam at 100℃. Or a boiler generating 15.653 kg of equivalent evaporation per hour means 

developing one boiler H.P. 



 

Numerical Problems 

1) A boiler evaporates 3.6 kg of water per kg of coal burnt into dry saturated steam at 10 bar pressure .The 

temperature of feed water is 32oC. Find the equivalent evaporation from and at 100oC as well as factor of 

evaporation. 

Solution 

Mass of steam produced, ms = 3.6 kg/kg of coal 

Initial temperature of feed water, tw = 32˚C 

So, Enthalpy of feed water, H1= m.cp.tw = 3.6 x 4.187 x 32 = 482.34 kJ 

Enthalpy of dry saturated steam produced 

H2 = m. hg 

At 10 bar pressure, the value of hg from steam tables is = 2776.2 kJ/kg 

So, H2 = 3.6 x 2776.2 = 9994.3 kJ 

Hence the heat supplied to steam per kg of coal burnt in the boiler is 

H2 - H1= 9994.3- 482.3 = 9512 kJ 

Equivalent Evaporation of Boiler                   

 

 

                           (Ans) 

2) The following readings were obtained during a boiler trial of 6 hour duration 

                   Mean Steam Pressure = 12 bar 

                   Mass of steam generated = 40000Kg 

                   Mean dryness fraction = 0.85 

                    Mean feed water temp = 30o C 

                    Coal Used = 4000kg 

                    Calorific value of coal = 33400 kJ/kg 

 Calculate: (1) Factor of equivalent evaporation 

                  (2) Equivalent evaporation  

                  (3) Efficiency of boiler      



Solution 

Mass of steam produced in 6 hours duration = 40000 Kg 

Mass of coal burnt in 6 hours duration = 4000kg 

Thus mass of steam produced per kg of coal         

 

Now specific enthalpy of feed water at temperature 30oC 

h1 = Cpt = 4.187 x 30 = 125.6 kJ/kg 

Specific enthalpy of steam produced at 12 bar pressure and dryness fraction 0.85 

h2 = hf + x hfg 

Now at 12 bar pressure value of hf and hfg from Steam Tables are 

hf = 798.4 kJ/kg 

hfg = 1984.3 kJ/kg 

Putting in above equation 

h2= 798.4 + 0.85 x 1984.3 = 2485 kJ/kg 

 

 

       = 1.045 (Ans) 

Equivalent Evaporation = mass of steam x Factor of Evaporation 

                                    = 10 x 1.045 = 10.45 kg/kg of coal burnt  (Ans) 

Efficiency of boiler,  

   

 

 

 

 

 

 

 



Condenser 
. 
Condensers are classified as follows 

 
 

 

 

 In jet condensers, there is direct contact between the cooling water and the steam which is to be 

condensed. 

 In surface condensers, there is no direct contact between the cooling water and the steam which is to 

be condensed. 

 In parallel flow jet condensers, the flow of steam and cooling water are in the same direction. 

 In counter flow jet condensers, the steam and cooling water flow in opposite directions. 

 In low level jet condensers, the condensate is pumped by means of a condensate pump into the hot 

well. 

 In high level jet condensers, the condensate falls to the hot well by the barometric leg provided in the 

condenser. 

 In ejector condensers, a number of convergent nozzles are used. 

 In down flow surface condensers, the condensed steam flows down from the condenser. 

 In central flow surface condensers, the condensed steam moves towards the centre of condenser tubes. 

 In single pass surface condensers, the cooling water flows in the condenser tubes only once. 

 In multi pass surface condensers, the cooling water flows in the condenser tubes number of times. 

 

Working of Jet condensers 

In a jet condenser, the steam to be condensed and the cooling water come in direct contact and the temperature 

of the condensate is the same as that of the cooling water leaving the condenser. For jet condensers the 

recovery of the condensate for reuse as boiler feedwater is not possible. 

Depending upon the arrangement of the removal of condensate, the jet condensers are subdivided in to the 

following categories 

1. Low level counter flow jet condenser. 

2. High level (or) barometric jet condenser. 

3. Ejector condenser 

 

 

 

 

 

 

 



1. Low level jet condenser 

 
A low level counter flow jet condenser is shown in figure. In this condenser, the cooling water enters at the 

top and sprayed through jets. The steam enters at the bottom and mixes with the fine spray of cooling water. 

The condensate is removed by a separate pump. The air is removed by an air pump separately from the top. 

In a parallel flow type of this condenser, the cooling water and steam to be condensed move in the same 

direction. [i.e., from top to bottom]. 
 

2. High level jet condenser 

A high level jet condenser is shown in figure. This is similar to a low level condenser, except that the 

condenser shell is placed at a height of 10.36 m [barometric height] above the hot well. The column of water 

in the tail pipe forces the condensate into the hot well by gravity. Hence condensate extraction pump is not 

required. 

 
  

 

 

 

 



3. Ejector condenser 

 
An ejector condenser is shown in figure. In this condenser cooling water under a head of 5 to 6 m enters at 

the top of the condenser. It is passed through a series of convergent nozzles. There is a pressure drop at the 

throat of the nozzle. The reduction is pressure draws exhaust steam into the nozzle through a non-return 

valve. Steam is mixed with water and condensed. In the converging cones, pressure energy is partly converted 

into kinetic energy. In diverging cones, the kinetic energy is partly converted into pressure energy. The 

pressure obtained is higher than atmospheric pressure and this forces the condensate to the hot well. 

Merits and Demerits of jet condensers 

Merits 

1. Intimate mixing of steam and cooling water. 

2. Quantity of cooling water required is less. 

3. Simple equipment and cost is low. 

4. Less space is required. 

5. Cooling water pump is not needed in low level jet condenser. Condensate extraction pump is not 

required for high level and ejector condensers 

Demerits 

1. Condensate is wasted. 

2. The cooling water should be clean and free from harmful impurities. 

3. In low level jet condensers, the engine may be flooded, if condensate extraction pump fails 

 

Working of Surface condensers 

 

Surface Condenser 

In surface condensers there is no direct contact between the steam and cooling water and the condensate can 

be re-used in the boiler. In such a condenser even impure water can be used for cooling purpose whereas the 

cooling water must be pure in jet condensers. Although the capital cost and the space needed is more in 

surface condensers but it is justified b the saving in running cost and increase in efficiency of plant achieved 

by using this condenser. Depending upon the position of condensate extraction pump, flow of condensate 

and arrangement of tubes the surface condensers may be classified as follows: 

1. Down flow condenser 

2. Central flow condenser 

3. Evaporative condenser 

 

 

 

 

 

 

 



1. Down flow condenser: 

 

 

 
Figure shows a sectional view of down flow condenser. Steam enters at the top and flows downward. The 

water flowing through the tubes in one direction lower half comes out in the opposite direction in the upper 

half. In this type of condenser, the cooling water and exhaust steam do not come in direct contact with each 

other as in case of jet condensers. This is generally used where large quantities of inferior water are available 

and better quantity of feed water to the boiler must be used most economically. The arrangement of the 

surface condenser is shown in figure. It consists of cast iron airtight cylindrical shell closed at each end as 

shown in figure. A number of water tubes are fixed in the tube plates which are located between each cover 

head and shell. 

The exhaust steam from the prime mover enters at the top of the condenser and surrounds the condenser tubes 

through which cooling water is circulated under force. The steam gets condensed as it comes in contact with 

cold surface of the tubes. The cooling water flows in one direction through the first set of the tubes situated 

in the lower half of condenser and returns in the opposite direction through the second set of the condenser 

is discharged into the river or pond. The condensed steam is taken out from the condenser by a separate 

extraction pump and air is removed by an air pump. 

 

2. Central flow condenser. 

Figure shows a central flow condenser. In this condenser the steam passages are all around the periphery of 

the shell. Air is pumped away from the centre of the condenser. The condensate moves radially towards the 

centre of the tube next. Some of the exhaust steam which moving towards the centre meets the under cooled 

condensate and pre-heats it thus reducing under cooling. 

 



 
 

3. Evaporative condenser 

 
In this condenser steam to be condensed in passed through a series of tubes and the cooling water falls over 

these tubes in the form of spray. A steam of air flows over the tubes to increase evaporation of cooling water 

which further increases the condensation of steam. These condensers are more preferable where acute 

shortage of cooling water exists. The arrangement of the condenser is shown in figure. Water is sprayed 

through the nozzles over the pipe carrying exhaust steam and forms a thin film over it. The air is drawn over 

the surface of the coil with the help of induced fan as shown in figure. The air passing over the coil carries 

the water from the surface of condenser coil in the form of vapour. The latent heat required for the 

evaporation of water vapour is taken from the water film formed on the condenser coil and drops the 

temperature of the water film and this helps for heat transfer from the steam to the water. This mode of heat 

transfer reduces the cooling water requirement of the condenser to 10% of the requirement of surface 

condensers. The water particles carried with air due to high velocity of air are removed with the help of 

eliminator as shown in the figure. The make-up water (water vapour and water particles carried with air) is 

supplied from outside source. The quantity of water sprayed over the condenser coil should be just sufficient 

to keep the condenser coil thoroughly wetted. The water flow rate higher than this will only increase the 

power requirement of water pump without materially increasing the condenser capacity. This 

type of condenser works better in dry weather ( low WBT) compared with wet weather as the water vapour 

carrying capacity of dry air is higher than wet air at the same temperature. The arrangement of this type of 

condenser is simple and cheap in first cost. It does not require large quantity of water therefore needs a small 

capacity cooling water pump. The vacuum maintained in this condenser is not as high as in surface 

condensers therefore the work done per kg of steam is less with this condenser compared with surface 



condenser. These condensers are generally preferred for small power plants and where there is acute shortage 

of cooling water. 

Advantages and disadvantages of a surface condenser. 

The various advantages of a surface condenser are as follows: 

(i) The condensate can be used as boiler feed water. 

(ii) Cooling water of even poor quality can be used because the cooling water does not come in direct contact 

with steam. 

(iii) High vacuum (about 73.5 cm of Hg) can be obtained in the surface condenser. This increases the thermal 

efficiency of the plant. 

The various disadvantages of the surface condenser are as follows: 

i) The capital cost is more. 

ii) The maintenance cost and running cost of this condenser is high. 

iii) It is bulky and required more space. 

 

Cooling Towers  

 A cooling tower is a semi-enclosed device for evaporative cooling of water by contact with air. It is 

a wooden, steel, concrete structure and corrugated surfaces or troughs or baffles or perforated trays are 

provided inside the tower for uniform distribution and better atomization of water in the tower. The hot water 

coming out from the condenser are fed to the tower on the top and allowed to tickle in the form of thin sheets 

or drops. The air flows from the bottom of the atmosphere after effective cooling. 

An evaporative cooling tower is a machine of relatively simple conception and operation.  The water 

to be cooled for a chiller, industrial process or refrigeration installation is pumped and distributed through 

spray nozzles over a fill pack or heat exchange surface through which passes an air current commonly 

generated buy a fan.  A small fraction of this water evaporates and the remainder is cooled thanks to the 

absorption of latent heat of evaporation by the passing air, and fall under gravity into a basin from there it is 

pumped back to the heat load source. 

Cooling Water Systems 

Site conditions determine the method to be used for supplying the cooling water to the condensers, and may 

be one of three systems namely: 

1. River sea or canal/lake water system. 

2. Combined river and cooling water system. 

3. Cooling water or spray pond system. 

1. Plants directly using water from river or sea:  The water is drawn directly from the river, pumped 

through the condensers the discharged to the river at a higher temperature, probably 5 to 120C in excess of 

the inlet temperature. 

2. Combined river and cooling water system: This type of cooling system uses river water as well as 

cooling ponds or cooling towers, which overcome the difficulty of re-circulation and meet the requirements 

of a fishery board on a fairly small river. 

3. Cooling tower system :( or closed system): Modern trend is to locate the stem power stations as near 

as possible to the centre of gravity of the electrical load instead of near a source of natural water to avoid 

huge transmission costs.  Also there may be constraints imposed by the limitations on thermal discharge to 

natural waters.  Therefore, for large power plants situated away from the source of natural water, enormous 

quantities of pure water may not be available for once through condenser cooling and the same supply of 

water may have to be used again the again.  Moreover enough quality of water may not be available for 

cooling requirement from river.  Therefore, there must be   some arrangement to recool the circulating   water 



and for this Purpose cooling ponds or cooling towers are needed.  This type of cooling water system is known 

as closed circuit or circulating cooling water system, or closed cooling system. 

 Due to losses caused by the evaporation leakage etc., it is still necessary to have water available to 

compensate for this loss.  Assuming the heat loss to be 1 percent, then the make up water required per hour 

in a 300 MW station would be between 650,000 to 750,000 liters per hour.  This make up water may be 

taken from a river, sewage outfall or in times of emergency, from a town main supply, the latter being rather 

expensive. 

 

 COOLING TOWER SYSTEM 

 The system is similar in many respects to the river circulating system, the main difference being that 

the cooling water is alternatively warmed and cooled and circulated continuously.  The final; inlet 

temperature to the condensers depends to a large extent on atmospheric conditions, and  

The Temperatures of the cooling water tower is much above that of a river.  In this case the hot water coming 

out of a condenser is passed on to a cooling tower where it is cooled down.  The water in the cooling tower 

is made to trickle down drop by drop and is broken into small particles while passing over the baffling 

devices.  These water particles come in contact with stream of a moving in the opposite direction.  As a result 

of this, some portion of the water gets evaporated and is carried away along with air.  The air vaporizes a 

small percentage of water, thereby cooling the remaining of water.  The air gets heated and leaves the tower 

at the top.  The cooled water falls down into a tank at the bottom of the tower from where it can be again 

circulated to the condenser, through water culver.  The heat exchange between air and water through direct 

contact is from (i) by the evaporative cooling of water or by (ii) the convective heating of air.  Cooling by 

evaporation is the greatest.   

Factors affecting the cooling of water in a cooling tower are: 

(i) Temperature of air 

(ii) Humidity of air 

(iii) Temperature of hot water 

(iv) Size and height of tower 

(v) Velocity of air entering the tower. 

(vi) Accessibility of air to all parts of the cooling water 



(vii) Degree of uniformity in descending water. 

CLASSIFICATION OF COOLING TOWERS 

The cooling towers can be classified in two ways: 

1. On the basis of material used 

(a)  Timber 

(b)  Concrete: 

          ( i ) Ferro – concrete 

  ( ii ) Multi-deck concrete 

  ( iii ) Hyperbolic 

 ( c )  Metallic or steel duct type 

2. On the basis of draft: 

( a )  Atmospheric 

( b )  Natural draft 

( c )  Mechanical draft: 

 ( i ) Induced draft cooling towers 

 ( ii ) Forced draft cooling towers 

 ( iii ) Combined induced and forced draft cooling towers. 

Timber is used for small towers, and are rarely used in modern power Plants due to the following 

disadvantages:  

(1) It deteriorates due to exposure to sun, wind and water 

(2) It has short life 

(3) Limited cooling capacity 

(4) High maintenance charges 

(5) The design, construction and layout, speaking generally does not facilitate air circulation. 

Ferro concrete towers are used on all large capacity stations, but they have high  Initial cost.  Concrete type 

cooling towers are becoming more popular due to: 

(1) Its large capacity, of the order of 5 x 106 liters per hour. 

(2) Its improved draft and air circulation. 

(3) Low maintenance charges.Its good stability under air pressure and 

(4) A wide base leads to stability under wind pressure, double curvature resists buckling and shearing 

stresses in the structure due to its own weight are suppressed.  Multi deck towers are also used in 

large steam power plants. 



 The hyperbolic natural draft towers are widely used in Europe.  These types are not feasible in 

locations wherein summer time dry bulb temperature is much more higher like in U.S.A. The arrangement 

of hyperbolic cooling tower is shown in fig. Below. 

 

Schematic of a Ferro-Concrete Hyperbolic Cooling Tower 

The hyperbolic Ferro-concrete tower offers little or no impendence to air flow, and when arranged in groups 

there is no trouble due to eddies or local depressions.  The construction is good from a structural point of 

view and also provides and regulates adequate air draught as the air streams are directed towards the vertical 

axis of the tower.  The tower consists of a smooth reinforced concrete shell which depending on the capacity, 

may extend some 80m.The shape of the stack is circular in plan and hyperbolic in profile.  This construction 

offers greater resistance to wind pressure, eliminates shearing stresses and internal bracing, thus avoiding the 

formation of eddies.  Further, the lightness of the steel saves foundation work, and ground loading of 10 tons 

per sq.m. And under as possible.  The tower pond, outlet stair-cases and gangways are constructed as one 

unit.The shell is supported on specially arranged reinforced concrete columns designed to offer a minimum 

resistance to air flow through the chimney.  These columns take the shear. The operation of this tower is 

much like that of other natural draft spray cooling towers with hot-water cascading over timber splash type 

filling through which cooling air is circulating. 

With the hyperbolic cooling tower the widening of the top of the chimney permits of condensation taking 

place within the tower of a certain amount of the water evaporated at lower levels.  The velocity of the 

rising air within the chimney is diminished before exit thereby avoiding eddies around the top. 

 Some additional advantages of this type of towers are: 



1. Power cost and auxiliary equipments are eliminated as fans are not needed.Resulting operating 

and maintenance costs are consequently reduced. 

2. Chimney shape creates its own draft, assuring efficient operation even when there is no wind.  

3. Cooling capacity of this type of tower is quite comparable with that of multi cell installation of 

induced draft type towers. 

4. Local fogging and warm air circulation, which are there in mechanical draft installations, are also 

avoided. 

 

Atmospheric cooling Towers 

 Atmospheric towers have no stacks and have sides fitted with louvers.  The air enters through the 

louvers sides and flows across the unit in a transverse direction.  The air circulation takes place horizontally.  

They are best suited for places where wind velocity is constant, about 3 to 5 kmph.  The capacity of this 

tower varies from 50 to 100 liters per minute per m2 of base area depending upon the air velocity. 

(1) Its initial cost is high 

(2) Its performance varies with the seasonal changes in dry bulb temperature and relative humidity of air. 

(3) Nuisance is caused due to condensation of moisture from nearby cooling towers to householders. 

(4) During winter months trouble may be experienced from ice building up around the tower and ice 

deposits on nearby roads may necessitate salting and ashing.  It is sometimes necessary to remove some 

of the stack timber to facilitate the passage of air and so reduce the precipitation outside the top of 

tower. 

Types of Cooling Towers 

The cooling towers are mainly divided into two groups. 

1. Natural draught cooling towers 

2. Mechanical draught cooling towers 

a. Forced draught cooling towers 

b. Induced draught cooling towers 

1. Natural draught cooling towers : 

In this type of tower, hot water from the condenser is pumped to the troughs and nozzles situated 

near the bottom.  Troughs spray the water falls in the form of droplets into a pond situated at the 

bottom of the tower.  The air enters into the cooling tower from air openings provided near the base, 

rises upward and takes heat of the falling water. 



 

Natural draught towers 

Advantages: 

1. Low operative and maintenance cost 

2. It is easy in operation 

3. Less space is required to setup this tower 

4. The towers may be as high as 125m and 100m minimum diameter at the base 

5. Enlarged top of the tower water to fall out of suspension 

Disadvantages: 

1. High initial cost 

2. Its performance varies with seasonal changes in DBT and RH of air. 

 

Mechanical draught cooling towers 

In these towers the draught of air for cooling the tower is produced mechanically by means of propeller fans.  

These towers are built in cells or units, capacity depending upon the number of cells used. 

Forced draught cooling towers: 

 It is similar to natural draught towers as far as interior construction is concerned but the sites of the 

tower are closed and form an air water tight structure, except for the fan openings at the base for the inlet of 

fresh air, and outlet at the top for except of air and vapors.  There are hoods at the base projecting from the 

main portion of the tower where the fans are placed for forcing the air, into the tower. 



 

Forced draught cooling towers. 

Advantages: 

1. It is more efficient 

2. No problem of fan blade erosion 

3. It is more safe 

4. The vibration and noise are minimum 

Disadvantages: 

1. The fan size is limited to 4m 

2. The power requirement is high 

3. In the cold weather, ice is formed on near by equipment and buildings or in the fan housing 

itself.  The frost in the fan outlet can break the fan blades. 

Induced draught cooling towers: 

 In these towers, the fans are placed at the top of the tower and drawn the air in through louvers extending all 

around the tower. 

.  

Induced draught cooling towers. 



Advantages: 

1. The coldest water comes in contact with the driest air and warmest water comes in contact 

with the most humid air. 

2. In this tower, the re-circulation is seldom a problem. 

3. Initial cost is low because the reduced pump capacity and smaller length of water pipes. 

4. Less space required. 

5. This tower is capable of cooling of cooling through a wide range. 

Disadvantages: 

1. The air velocities through the packing are unevenly distributed and it has very little movement near 

the walls and centre of the tower. 

2. Higher H.P. motor is required to drive the fan comparatively.  This is due to the fact that the static 

pressure loss is higher as restricted area at base tends to choke off the flow of higher velocity air. 

 

Steam cycles (Ranking cycle) 

The Rankine cycle is a thermodynamic cycle. Like other thermodynamic cycle, the maximum efficiency of 

the Ranking cycle is given by calculating the maximum efficiency of the Carnot cycle. 

 

 
Schematic representation and T-S diagram of Rankine cycle 

There are four processes in the Rankine cycle, each changing the state of the working fluid. These states are 

identified by number in the diagram above. 

Process 3-4: 

First, the working fluid (water) is enter the pump at state 3 at saturated liquid and it is pumped (ideally 

isentropically) from low pressure to high (operating) pressure of boiler by a pump to the state 4. During this 

isentropic compression water temperature is slightly increased.Pumping requires a power input (for example, 

mechanical or electrical). The conservation of energy relation for pump is given as 

 

Wpump = m (h4 - h3) 

Process 4-1: 

The high pressure compressed liquid enters a boiler at state 4 where it is heated at constant pressure by an 

external heat source to become a saturated vapour at statel’ which in turn superheated to state 1 through super 

heater. Common heat source for power plant systems are coal (or other chemical energy), natural gas, or 

nuclear power. The conservation of energy relation for boiler is given as 

 

Qin = m (h1 - h4) 

Process 1 – 2: 



The superheated vapour enters the turbine at state 1 and expands through a turbine to generate power output. 

Ideally, this expansion is isentropic. This decreases the temperature and pressure of the vapour at state 2. The 

conservation of energy relation for turbine is given as 

Wturbine = m (h1 –h2) 

Process 2 – 3: 

The vapour then enters a condenser at state 2. At this state, steam is a saturated liquidvapour mixture where 

it is cooled to become a saturated liquid at state 3. This liquid then reenters the pump and the cycle is repeated. 

The conservation of energy relation for condenser is given as 

Qout = m (h2 – h3) 

The exposed Rankine cycle can also prevent vapour overheating, which reduces the amount of liquid 

condensed after the expansion in the turbine. 

 

 

 

 

 

 

 

Rankine cycle with reheat 

 

 
Schematic diagram and T-S diagram of Rankine cycle with reheat. 

In this variation, two turbines work in series. The first accepts vapour from the boiler at high pressure. After 

the vapour has passed through the first turbine, it re-enters the boiler and is reheated before passing through 

a second, lower pressure turbine. Among other advantages, this prevents the vapour from condensing during 

its expansion which can seriously damage the turbine blades. 

 

Reheat cycle efficiency 
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Regenerative Ranking Cycle 

 

 
The regenerative Ranking cycle is so named because after emerging from the condenser (possibly as a sub 

cooled liquid) the working fluid heated by steam tapped from the hot portion of the cycle and fed in to Open 

Feed Water Heater (OFWH). This increases the average temperature of heat addition which in turn increases 

the thermodynamics efficiency of the cycle. 

 
 


