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UNIT-I 

Introduction 

 Refrigeration may be defined as the process of achieving and maintaining a temperature below that of the 

surroundings, the aim being to cool some product or space to the required temperature. To do this, heat 

must be removed from the body and it must be transferred to another body whose temperature is below 

that of the refrigerated body or space need to be cooled. 

 One of the most important applications of refrigeration has been the preservation of perishable food 

products by storing them at low temperatures. Refrigeration systems are also used extensively for 

providing thermal comfort to human beings by means of air conditioning. Air Conditioning refers to the 

treatment of air so as to simultaneously control its temperature, moisture content, cleanliness, odour and 

circulation, as required by occupants, a process, or products in the space. 

There are mainly two methods of producing cooling: 1. Natural refrigeration and 2. Artificial refrigeration 

 Methods of producing cooling or refrigeration 

The cooling may be achieved naturally or by artificially. 

Natural Refrigeration:Following are the methods of natural refrigeration: 

1. Art of Ice making by Nocturnal Cooling 

2. Evaporative Cooling 

3. Cooling by Salt Solutions 

 In olden days refrigeration was achieved by natural means such as the use of ice or evaporative cooling. In 

earlier times, ice was transported from colder regions, harvested in winter and stored in ice houses for 

summer use or made during night by cooling of water by radiation to stratosphere. 

1.  Art of Ice making by Nocturnal Cooling: The art of making ice by nocturnal cooling was perfected in 

India. In this method ice was made by keeping a thin layer of water in a shallow earthen tray, and then 

exposing the tray to the night sky. Compacted hay of about 0.3 m thickness was used as insulation. The 

water loses heat by radiation to the stratosphere, which is at around -55°C and byearly morning hours the 

water in the trays freezes to ice. This method of ice production was very popular in India. 

2.  Evaporative Cooling: 

 As the name indicates, evaporative cooling is the process of reducing the temperature of a system by 

evaporation of water. Human beings perspire and dissipate their metabolic heat by evaporative cooling if 

the ambient temperature is more than skin temperature. 

 Animals such as the hippopotamus and buffalo coat themselves with mud for evaporative cooling. 

Evaporative cooling has been used in India for centuries to obtain cold water in summer by storing the 

water in earthen pots. The water permeates through the pores of earthen vessel to its outer surface where 

it evaporates to the surrounding, absorbing its latent heat in part from the vessel, which cools the water. 

3.  Cooling by Salt Solutions: 

 Certain substances such as common salt, when added to water dissolve in water and absorb its heat of 

solution from water (endothermic process). This reduces thetemperature of the solution (water+salt). 

Sodium Chloride salt (NaCl) can yield temperatures up to -20°C and Calcium Chloride (CaCl2) up to - 50°C in 

properly insulated containers. However, as it is this process has limited application, as the dissolved salt 

has to be recovered from its solution by heating. 
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Artificial Refrigeration 

 Refrigeration as it is known these days is produced by artificial means. Though it is very difficult to 

make a clear demarcation between natural and artificial refrigeration, it isgenerally agreed that the history 

of artificial refrigeration began in the year 1755, when the Scottish professor William Cullen made the first 

refrigerating machine, which could produce a small quantity of ice in the laboratory. Based on the working 

principle, refrigeration systems can be classified as vapour compression systems, vapour absorption 

systems, gas cycle systems etc. 

 

1.  Vapour Compression Refrigeration Systems: 

 The basis of modern refrigeration is the ability of liquids to absorb enormous quantities of heat as they boil 

and evaporate. Professor William Cullen of the University of Edinburgh demonstrated this in 1755 by 

placing some water in thermal contact with ether under a receiver of a vacuum pump. The evaporation 

rate of ether increased due to the vacuum pump and water could be frozen. This process involves two 

thermodynamic concepts, the vapour pressure and the latent heat. A liquid is in thermal equilibrium with 

its own vapour at a pressure called the saturation pressure, which depends on the temperature alone. If 

the pressure is increased for example in a pressure cooker, the water boils at higher temperature. The 

second concept is that the evaporation of liquid requires latent heat during evaporation. If latent heat is 

extracted from the liquid, the liquid gets cooled. The temperature of ether will remain constant as long as 

the vacuum pump maintains a pressure equal to saturation pressure at the desired temperature. This 

requires the removal of all the vapours formed due to vaporization. If a lower temperature is desired, then 

a lower saturation pressure will have to be maintained by the vacuum pump. The component of the 

modern day refrigeration system where cooling is produced by this method is called evaporator. 

 

 

 

 

 

 

 

2.  Domestic refrigeration systems: 

 The domestic refrigerator using natural ice (domestic ice box) was invented in 1803 and was used for 

almost 150 years without much alteration. The domestic ice box used to be made of wood with suitable 

insulation. Ice used to be kept at the top of the box, and low temperatures are produced in the box due to 

heat transfer from ice by natural convection. A drip pan is used to collect the water formed due to the 

melting of ice. The box has to be replenished with fresh ice once all the ice melts. Though the concept is 

quite simple, the domestic ice box suffered from several disadvantages. The user has to replenish the ice as 

soon as it is consumed, and the lowest temperatures that could be produced inside the compartment are 

limited. 

. 
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3.  Air conditioning systems: 

 Refrigeration systems are also used for providing cooling and dehumidification in summer for personal 

comfort (air conditioning). The first air conditioning systems were used for industrial as well as comfort air 

conditioning. Eastman Kodak installed the first air conditioning system in 1891 in Rochester, New York for 

the storage of photographic films. An air conditioning system was installed in a printing press in 1902 and 

in a telephone exchange in Hamburg in 1904. Many systems were installed in tobacco and textile factories 

around 1900. The first domestic air conditioning system was installed in a house in Frankfurt in 1894. A 

private library in St Louis, USA was air conditioned in 1895, and a casino was air conditioned in Monte 

Carlo in 1901. Efforts have also been made to air condition passenger rail coaches using ice. 

 

 

 

 

 

 

 

 

 Figure shows the basic components of a vapour compression refrigeration system. As shown in the figure 

the basic system consists of an evaporator, compressor, condenser and an expansion valve. The 

refrigeration effect is obtained in the cold region as heat is extracted by the vaporization of refrigerant in 

the evaporator. The refrigerant vapour from the evaporator is compressed in the compressor to a high 

pressure at which its saturation temperature is greater than the ambient or any other heat sink. Hence 

when the high pressure, high temperature refrigerant flows through the condenser, condensation of the 

vapour into liquid takes place by heat rejection to the heat sink. To complete the cycle, the high pressure 

liquid is made to flow through an expansion valve. In the expansion valve the pressure and temperature of 

the refrigerant decrease. This low pressure and low temperature refrigerant vapour evaporates in the 

evaporator taking heat from the cold region. It should be observed that the system operates on a closed 

cycle. The system requires input in the form of mechanical work. It extracts heat from a cold space and 

rejects heat to a high temperature heat sink. Fig Schematic of a basic vapour compression refrigeration 

system. 
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 A refrigeration system can also be used as a heat pump, in which the useful output is the high temperature 

heat rejected at the condenser. Alternatively, a refrigeration system can be used for providing cooling in 

summer and heating in winter. Such systems have been built and are available now. 

 

4.  Vapour Absorption Refrigeration Systems: 

John Leslie in 1810 kept H2SO4 and water in two separate jars connected together. H2SO4has very high 

affinity for water. It absorbs water vapour and this becomes the principle of removing the evaporated 

water vapour requiring no compressor or pump. H2SO4 is an absorbent in this system that has to be 

recycled by heating to get rid of the absorbedwater vapour, for continuous operation.  

 Ferdinand Carre invented aqua-ammonia absorption system in 1860. Water is a strong absorbent of NH3. If 

NH3 is kept in a vessel that is exposed to another vessel containing water, the strong absorption potential 

of water will cause evaporation of NH3 requiring no compressor to drive the vapours. A liquid pump is used 

to increase the pressure of strong solution. The strong solution is then heated in a generator and passed 

through a rectification column to separate the water from ammonia. The ammonia vapour is then 

condensed and recycled. The pump power is negligible hence; the system runs virtually on low- grade 

energy used for heating the strong solution to separate the water from ammonia. These systems were 

initially run on steam. Later on oil and natural gas based systems were introduced. 

 

 

 

 

 

 

 

 

 

 

 

Fig. Vapour Absorption Refrigeration Systems
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 Figure shows the essential components of a vapour absorption refrigeration system. In 1922, Balzar von 

Platen and Carl Munters, two students at Royal Institute of Technology, Stockholm invented a three fluid 

system that did not require a pump. Aheating based bubble pump was used for circulation of strong and 

weak solutions and hydrogen was used as a non-condensable gas to reduce the partial pressure of NH3 in 

the evaporator. Geppert in 1899 gave this original idea but he was not successful since he was using air as 

non-condensable gas. The Platen-Munters refrigeration systems are still widely used in certain niche 

applications such as hotel rooms etc. Figure 1.5 shows the schematic of the triple fluid vapour absorption 

refrigeration system. 

 Another vapour absorption system is based on Lithium Bromide (Li-Br) water. Thissystem is used for chilled 

water air- o ditio i g s ste . This is a des e de t ofWi dhause s a hi e ith LiB  epla i g H2SO4. In 

this system LiBr is the absorbent and water is the refrigerant. This system works at vacuum pressures. The 

condenser and the generator are housed in one cylindrical vessel and the evaporator and the absorber are 

housed in second vessel. This also runs on low-grade energy requiring a boiler orprocess steam. 

5.  Solar energy based refrigeration system 

 Attempts have been made to run vapour absorbtion system by solar energy with concentrating and flat 

plate solar collectors. Several small solar absorption refrigeration systems have been made around 1950s 

in several countries. Professor G.O.G. of America is one of the pioneers in the area of solar refrigeration 

using flat plate collectors. A solarrefrigeration system that could produce 250 kg of ice per day was 

installed in Tashkent, USSR in 1953. This system used a parabolic mirror of 10 m2 area for concentrating 

the solar radiation. F. Trombe installed an absorption machine with a cylindro-parabolic mirror of 20 m2 at 

Montlouis, France, which produced 100 kg of ice per day. 

 Serious concentration to solar refrigeration system was given since 1965 due to scarcity of fossil fuel based 

energy sources. LiBr-water based systems have been developed for air conditioning purposes. The first 

solar air conditioning system was installed in an experimental solar house in University of Queensland, 

Australia in 1966. After this several systems based on solar energy were built in many parts of the world 

including India. In 1976, there were about 500 solar absorption systems in USA alone. Almost all these 

were based on LiBr-water as these systems do not require very high heating temperatures. These systems 

were mainly used for space air conditioning. 

 Intermediate absorption system based on solar energy have also been built and operated successfully. In 

these s ste s, the ooli g effe t is o tai ed du i g the ightti e, hile the s ste  gets ha ged  du i g 
the day using solar energy. Though the efficiency of these systems is rather poor requiring solar collector 

area, they may find applications in remote and rural areas where space is not a constraint. In addition, 

these systems are environment friendly as they use eco-friendly refrigerants and run on clean and 

renewable solar energy. 

 Solar absorption system with ammoniacates, sodium thiocyanate, activated charcoal, zeolite as adsorbents 

and ammonia, alcohols or fluorocarbons as refrigerants have also been in use since 1950s. These systems 

also do not require a compressor. The refrigerant vapour is driven by the adsorption potential of the 

adsorbent stored in an adsorbent bed. This bed is connected to an evaporator/condenser, which consists 

of the pure refrigerant. In intermittent adsorption systems, during the night the refrigerant evaporates and 

is adsorbed in activated charcoal or zeolite providing cooling effect. 

 During daytime the adsorbent bed absorbs solar radiation and drives off the refrigerant stored in the bed. 

This refrigerant vapour condenses in the condenser and stored in a reservoir for nighttime use. Thus this 

simple system consists of an adsorbent bed and a heat exchanger, which acts as a condenser during the 
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nighttime and, as an evaporatorduring the night. Pairs of such reactors can be used for obtaining a 

continuous cooling. 

6.  Gas Cycle Refrigeration: 

 If air at high pressure expands and does work (say moves a piston or rotates a turbine), its temperature will 

decrease. This fact is known to man as early as the 18th century. Dalton and Gay Lusaac studied this in 

1807. Sadi Carnot mentioned this as a well-known phenomenon in 1824. 

 However, Dr. John Gorrie a physician in Florida developed one such machine in 1844 toproduce ice for the 

relief of his patients suffering from fever. This machine used compressed air at 2 atm. pressure and 

produced brine at a temperature of –70C, which was then used to produce ice. 

 Alexander Carnegie Kirk in 1862 made an air cycle cooling machine. This system usedsteam engine to run 

its compressor. Using a compression ratio of 6 to 8, Kirk could produce temperatures as low as 400C. Paul 

Gifford in 1875 perfected the open type of machine. 

 This machine was further improved by T B Lightfoot, A Haslam, Henry Bell and James Coleman. This was 

the main method of marine refrigeration for quite some time. Frank Allen in New York developed a closed 

cycle machine employing high pressures to reduce the volume flow rates. This was named dense air 

machine. These days air cycle refrigeration is used only in aircrafts whose turbo compressor can handle 

large volume flow rates. 

 

 

 

 

 

 

 

 Figure 1.6 shows the schematic of an open type air cycle refrigeration system. The basic system shown 

here consists of a compressor, an expander and a heat exchanger. Air from the cold room is compressed in 

the compressor. The hot and high pressure air rejects heat to the heat sink (cooling water) in the heat 

exchanger. The warm but high pressure air expands in the expander. The cold air after expansion is sent to 

the coldroom for providing cooling. The work of expansion partly compensates the work of compression; 

hence both the expander and the compressor are mounted on a common shaft. 

7.  Steam Jet Refrigeration System: 

 If water is sprayed into a chamber where a low pressure is maintained, a part of the water will evaporate. 

The enthalpy of evaporation will cool the remaining water to itssaturation temperature at the pressure in 

the chamber. Obviously lower temperature will require lower pressure. Water freezes at 0oC hence 

temperature lower than 40C cannot be obtained with water. 

 In this system, high velocity steam is used to entrain the evaporating water vapour. High-pressure motive 

steam passes through either convergent or convergent-divergentnozzle where it acquires both sonic or 

supersonic velocity and low pressure of the order of 0.009 kPa corresponding to an evaporator 

temperature of 40C. The high momentum of motive steam entrains or carries along with it the water 

vapour evaporating from the flash chamber. Because of its high velocity it moves the vapours against the 
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pressuregradient up to the condenser where the pressure is 5.6-7.4 kPa corresponding to condenser 

temperature of 35-450C. The motive vapour and the evaporated vapour both are condensed and recycled. 

This system is known as steam jet refrigeration system. 

 Figure 1.7 shows a schematic of the system. It can be seen that this system requires a good vacuum to be 

maintained. Sometimes, booster ejector is used for this purpose. This system is driven by low- grade 

energy that is process steam in chemical plants or a boiler. 

 

 

 

 

 

 

 

 

Fig. Schematic of a steam jet refrigeration system 

 In 1838, the Frenchman Pelletan was granted a patent for the compression of steam by means of a jet of 

motive steam. Around 1900, the Englishman Charles Parsons studied the possibility of reduction of 

pressure by an entrainment effect from a steam jet. However, the credit for constructing the steam jet 

refrigeration system goes to the French engineer, Maurice Leblanc who developed the system in 1907-08. 

In this system, ejectors were used to produce a high elo it  stea  jet ≈  /s . Based o  Le la s 
design the first commercial system was made by Westinghouse in 1909 in Paris. Even though the efficiency 

of the steam jet refrigeration system was low, it was still attractive as water is harmless and the system can 

run using exhaust steam from a steam engine. From 1910 onwards, stem jet refrigeration systems were 

used mainly in breweries, chemical factories, warships etc. In 1926, the French engineer Follain improved 

the machine by introducing multiple stages of vaporization and condensation of the suction steam. 

 Betwee  1928-1930), there was much interest in this type of systems in USA. In USA they were mainly 

used for air conditioning of factories, cinema theatres, ships and even railway wagons. Several companies 

such as Westinghouse, Ingersoll Rand and Carrier started commercial production of these systems from 

1930. However, gradually these systems were replaced by more efficient vapour absorption systems using 

LiBr-water. Still, some east European countries such as Czechoslovakia and Russia manufactured these 

systems as late as 1960s. The ejector principle can also be used to provide refrigeration using fluids other 

than water, i.e., refrigerants such as CFC-11, CFC-21, CFC-22, CFC-113, CFC-114 etc. The credit for first 

developing these closed vapour jet refrigeration systems goes to the Russian engineer, I.S. Badylkes around 

1955. Usingrefrigerants other than water, it is possible to achieve temperatures as low as –100oC with a 

single stage of compression. The advantages cited for this type of systems are simplicity and robustness, 

while difficult design and economics are its chief disadvantages. 

8.  Thermoelectric refrigeration systems: 

 In 1821 the German physicist T.J. Seebeck reported that when two junctions of dissimilar metals are kept 

at two different temperatures, an electro motive force (emf) is developed, resulting in flow of electric 

current. The emf produced is found to be proportional to temperature difference 
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 In 1834, a Frenchmen, J. Peltier observed the reverse effect, i.e., cooling and heating of two junctions of 

dissimilar materials when direct current is passed through them, the heat transfer rate being proportional 

to the current. 

 In 1838, H.F.E. Lenz froze a drop of water by the Peltier effect using antimony and bismuth (it was later 

found that Lenz could freeze water as the materials used were not pure metals but had some impurities in 

them). 

 In 1857, William Thomson (Lord Kelvin) proved by thermodynamic analysis that Seebeck effect and Peltier 

effect are related and he discovered another effect called Thomson effect after his name. According to this 

when a current flow through a conductor of a thermocouple that has an initial temperature gradient in it, 

then heat transfer rate per unit length is proportional to the product of current and the temperature. As 

the current flow through thermoelectric material it gets heated due to its electrical resistance. This is 

called the Joulean effect, further, conduction heat transfer from the hot junction to the cold junction 

transfers heat. Both these heat transfer rates have to be compensated by the Peltier Effect for some useful 

cooling to be produced. For a long time, thermoelectric cooling based on the Peltier effect remained a 

laboratory curiosity as the temperature difference that could be obtained using pure metals was too small 

to be of any practical use. Insulating materials give poor thermoelectric performance because of their small 

electrical conductivity while metals are not good because of their large thermal conductivity. However, 

with the discovery of semiconductor materials in 1949-50, the available temperature drop could be 

increased considerably, giving rise to commercialization of thermoelectric refrigeration systems. 

 Figure 1.8 shows the schematic of the thermoelectric refrigeration system based on semiconductor 

materials. The Russian scientist, A. F. Loffe is one of the pioneers in the area of thermoelectric refrigeration 

systems using semiconductors. Several domestic refrigerators based on thermoelectric effect were made 

in USSR as early as 1949. However, since 1960s these systems are used mainly used for storing medicines, 

vaccines etc and in electronic cooling. Development also took place in many other countries. In USA 

domestic refrigerators, air conditioners, water coolers, air conditioned diving suits etc. were made using 

these effects. 

 

 

 

 

 

 

 

System capacities were typically small due to poor efficiency. However some large refrigeration capacity 

systems such as a 3000 kcal/h air conditioner and a 6 tonne capacity cold storage were also developed. By 

using multistaging temperatures as low as–145oC were obtained. These systems due to their limited 

performance (limited by the materials) are now used only in certain niche applications such as electronic 

cooling, mobile coolers etc. Efforts have also been made to club thermoelectric systems with photovoltaic 

cells with a view to develop solar thermoelectric refrigerators. 
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9.  Vortex tube systems: 

 In 1931, the French engineer Georges Ranque (1898-1973) discovered an interesting phenomenon, which 

is alled ‘a ue effe t  o  o te  effe t . The ta ge tial i je tio  of ai  i to a li d i al tu e i du es to 
uote his o ds a gi ato  e pa sio  ith si ulta eous p odu tio  of an escape of hot air and an escape 

of old ai . 

 

 

 

 

 

 Ranque was granted a French patent in 1928 and a US patent in 1934 for this effect. However, the 

discovery was neglected until after the Second World War, when in 1945, Rudolph Hilsch, a German 

physicist, studied this effect and published a widely read scientific paper on this device. Thus, the vortex 

tube has also been known as the "Ranque-Hils h Tu e . Though the effi ie  of this s ste  is uite lo , it 
is very interesting due to its mechanical simplicity and instant cooling. It is convenient where there is a 

supply of compressed air. The present day vortex tube uses compressed air as a power source; it has no 

moving parts, and produces hot air from one end and cold air from the other. The volume and 

temperature of these two airstreams are adjustable with a valve built into the hot air exhaust. 

Te pe atu es as lo  as − °C a d as high as °C a e possi le. Co p essed ai  is supplied to the o te  
tube and passes through nozzles that are tangential to an internal counter bore. These nozzles set the air 

in a vortex motion. This spinning stream of air turns 90° and passes down the hot tube in the form of a 

spinning shell, similar to a tornado. A valve at one end of the tube allows some of the warmed air to 

escape. What does not escape, heads back down the tube as a second vortex inside the low-pressure area 

of the larger vortex. This inner vortex loses heat and exhausts through the other end as cold air. Currently 

vortex tube is used for spot cooling of machine parts, in electronic cooling and also in cooling jackets for 

miners, firemen etc. 

Units of Refrigeration and Coefficient of performance 

 The u it of ef ige atio  is e p essed i  te s of to es of ef ige atio  T‘ . A to e of ef ige atio  is 
defined as the amount of refrigeration effect produced by the uniform melting of one tonne (900 kg) of ice 

at ˚C i   hou s.  “i e the late t heat of i e is 335 kJ/kg, therefore one tonne of refrigeration, 

1TR=900×335 KJ in 24 hours 
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= 9 ×× = 9. KJmin ≈ KJ/ min or .  KJ/Sec 

Coefficient of Performance of a Refrigerator 

 The coefficient of performance is the ratio of heat extracted in the refrigerator to the work done. 

Mathematically, 

C. O. P = QW 

Where, Q = Amount of heat extracted in the refrigerator (or the amount of refrigeration produced, or the 

capacity of a refrigerator) 

W = Amount of work done 

Air Refrigeration 

Introduction 

 Air cycle refrigeration systems belong to the general class of gas cycle refrigeration systems, in which a gas 

is used as the working fluid. The gas does not undergo any phase change during the cycle; consequently, all 

the internal heat transfer processes are sensible heat transfer processes. Gas cycle refrigeration systems 

find applications in air craft cabin cooling and also in the liquefaction of various gases 

 The advent of high-speed passenger aircraft, jet aircraft and missiles has introduced the need for compact 

and simple refrigeration systems, capable of high capacity, with minimum reduction of pay load. When the 

power requirements, needed to transport the additional weight of the refrigerating system are taken into 

account, the air cycle systems usually prove to be the most efficient. The cooling demands per unit volume 

of space are heavy. An ordinary passenger aircraft requires a cooling system capable of 8 TR capacities and 

a super constellation requires a cooling system of more than 8 TR capacities. A jet lighter travelling at 950 

km/s needs cooling system of 10 to 20 TR capacity. 

Merits and Demerits of Air Refrigeration system: Following are the merits and demerits of air 

refrigeration system. 

Merits 

1. Air is easily available and there is no cost of refrigerant. 

2. The air is nontoxic and non-inflammable. 

3. The leakage of air in small amount is tolerable. 

4. Since the main compressor is employed for compressed air source, therefore there is no problem of space 

for extra compressor. 

5. The air is light in weight per tonne of refrigeration. 

6. The chilled air is directly used for cooling, thus by eliminating the cost of separate evaporator. 

7. Since the pressure in the whole system is quite low, therefore piping, ducting quitesimple to design, 

fabricate and maintain. 

Demerits 

1. It has low coefficient of performance. 

2. The rate of air circulation is relatively large. 

Reversed Carnot cycle and its limitations 
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 Air cycle refrigeration system analysis is considerably simplified if one makes the following assumptions: 

i. The working fluid is a fixed mass of air that behaves as an ideal gas. 

ii. The cycle is assumed to be a closed loop cycle with all inlet and exhaust processes of open loop cycles 

being replaced by heat transfer processes to or from the environment 

iii. All the processes within the cycle are reversible, i.e., the cycle is internally reversible. 

iv. The specific heat of air remains constant throughout the cycle. This analysis yields reasonably accurate 

results for most of the cycles and processes encountered in air cycle refrigeration systems. However, the 

analysis fails when one considers a cycle consisting of a throttling process, as the temperature drop during 

throttling is zero for an ideal gas, whereas the actual cycles depend exclusively on the real gas behavior to 

produce refrigeration during throttling. 

 Reversed Carnot cycle is an ideal refrigeration cycle for constant temperature external heat source and 

heat sinks. Figure 3.1(a) shows the schematic of a reversed Carnot refrigeration system using a gas as the 

working fluid along with the cycle diagram on T-s and P-v coordinates. As shown, the cycle consists of the 

following four processes: 

Process 1-2: Reversible, adiabatic compression in a compressor 

Process 2-3: Reversible, isothermal heat rejection in a compressor 

Process 3-4: Reversible, adiabatic expansion in a turbine 

Process 4-1: Reversible, isothermal heat absorption in a turbine 

Process 1-2 Isentropic compression process: The air is compressed isentropicallyas shown by the curve 1-

2 on p-v and T-s diagrams. During this process, the pressure of air increases from p1 to p2 and specific 

volume decrease from v1 to v2 and temperature increase from T1 to T2. During isentropic compression, no 

heat is absorbed or rejected by the air. 

Process 2-3 Isothermal compression process: The air is now compressed isothermally(i.e. at constant 

temperature, T2=T3) as shown by the curve 2-3 on p-v and T-s diagrams. During this process, the pressure 

of air increases from p2 to p3, and specific volume decreases from v2 to v3. Heat rejected by the air during 

isothermal compression per kg of air, 

Process 3-4 isentropicexpansion process: The air is now expanded isentropically asshown by the curve 3-4 

on p-v and T-s diagrams. The pressure of air decreases from p3 to p4, specific volume increases from v3 to 

v4 and the temperature decreases from T3 to T4. During isentropic expansion, no heat is absorbed or 

rejected by the air. 

Process 4-1 Isothermal expansion process: The air is now expanded isothermally (i.e. atconstant 

temperature, T4=T1) as shown by the curve 4-1 on p-v and T-s diagrams. The pressure of air decreases from 

p4 to p1 and specific volume increases from v4 to v1. The heat absorbed by the air (or heat extracted from 

the cold body) during isothermal expansion per kg of air, 

Work done during the cycle per kg of air, 

Coefficient of performance of the refrigeration system working on reversed Carnot cycle, 

C. O. P = HeatabsorbedWorkdone  =  qAw  = qAqR − qA  =  T  S − S   T − T   S − S   =  TT − T   
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Fig. Reverse Carnot refrigeration system in P-v and T-s coordinates 

Limitations of reversed Carnot cycle 

 One of the main difficulties with Carnot cycle employing a gas is the difficulty of achieving isothermal heat 

transfer during processes 2-3 and 4-1. For a gas to have heat transfer isothermally, it is essential to carry 

out work transfer from or to the system when heat is transferred to the system (process 4-1) or from the 

system (process 2-3). This is difficult to achieve in practice. 

 In addition, the volumetric refrigeration capacity of the Carnot system is very small leading to large 

compressor displacement, which gives rise to large frictional effects. All actual processes are irreversible; 

hence completely reversible cycles are idealizations only. 

Temperature Limitations of reversed Carnot cycle: 

 C.O.P of reversed Carnot cycle is C.O.P =  TT −T     may be improved by, 

1. Decreasing the higher temperature (i.e. temperature of hot body, T2), or 

2. Increasing the lower temperature (i.e. temperature of cold body, T1). 

 It may be noted that temperatures T1 and T2 cannot be varied at will, due to functional limitations. The 

higher temperature T2 is the temperature of cooling water or air available for rejection of heat and the 

lower temperature T1 is the temperature to be maintained in the refrigerator. The heat transfer will take 

place in the right direction only when the higher temperature is more than the temperature of cooling 

water or air to which heat is to be rejected, while the lower temperature must be less than the 

temperature of substance to be cooled. 

 Thus, if the temperature of cooling water or air T2 available for heat rejection is low, the C.O.P. of the 

Carnot refrigerator will be high. Since T2 in winter is less than T2 in summer, therefore, C.O.P. in winter will 

be higher than C.O.P. in summer. In other words, the Carnot refrigerators work more efficiently in winter 

than in summer. Similarly, if the lower temperature fixed by the refrigeration application is high, the C.O.P. 

of the Carnot refrigerator will be high. Thus a Carnot refrigerator used for making ice at 00C will have less 

C.O.P that a Carnot refrigerator used for air conditioned plant in summer at 200C when the atmospheric 

temperature is 400C. Thus Carnot C.O.P of a domestic refrigerator is less than the Carnot C.O.P of a 

domestic air conditioner. 

Necessity of Aircraft cooling systems 

 In an aircraft, cooling systems are required to keep the cabin temperatures at a comfortable level. Even 

though the outside temperatures are very low at high altitudes, still cooling of cabin is required due to: 

1. Large internal heat generation due to occupants, equipment etc. 
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2. Heat generation due to skin friction caused by the fast moving aircraft 

3. At high altitudes, the outside pressure will be sub-atmospheric. 

4. Solar radiation 

 When air at this low pressure is compressed and supplied to the cabin at pressures close to atmospheric, 

the temperature increases significantly. For example, when outside air at a pressure of 0.2 bar and 

temperature of 223 K (at 10000 m altitude) is compressed to 1 bar, its temperature increases to about 353 

K. If the cabin is maintained at 0.8 bar, the temperature will be about 332 K. This effect is called as ram 

effect. This effect adds heat to the cabin, which needs to be taken out by the cooling system. 

 For low speed aircraft flying at low altitudes, cooling system may not be required, however, for high speed 

aircraft flying at high altitudes, a cooling system is a must. 

 Even though the COP of air cycle refrigeration is very low compared to vapour compression refrigeration 

systems, it is still found to be most suitable for aircraft refrigeration systems as: 

1. Air is cheap, safe, non-toxic and non-flammable. Leakage of air is not a problem 

2. Cold air can directly be used for cooling thus eliminating the low temperature heat exchanger (open 

systems) leading to lower weight 

3. The aircraft engine already consists of a high speed turbo-compressor, hence separate compressor for 

cooling system is not required. This reduces the weight per kW cooling considerably. Typically, less than 

50% of equivalent vapours compression system. 

4. Design of the complete system is much simpler due to low pressures. Maintenance required is also less. 

Methods of air craft cooling system 

The various methods of Air Refrigeration system for aircraft are as follow. 

1. Simple air cooling system 

2. Simple air evaporative cooling system 

3. Boot strap cooling system 

4. Boot strap air evaporative cooling system 

5. Reduced ambient air cooling system 

6. Regenerative air cooling system 

Simple Air Cooling System 

A simple air cooling system for aircrafts is shown in Fig. 3.1. The main components of this system are the 

main compressor driven by a gas turbine, a heat exchanger, a cooling turbine and a cooling air fan. The air 

required for refrigeration system is bled off from the main compressor. This high pressure and high 

temperature air is cooled initially in the heat exchanger where ram air is used for cooling. It is further 

cooled in the cooling turbine by the process of expansion. The work of this turbine is used to drive the 

cooling fan which draws cooling air through the heat exchanger. This system is good for ground surface 

cooling and for low flight speeds. The T-s diagram for a simple air cooling system is shown in Fig. 3.1 (b) the 

various processes are discussed below: 

Ramming process: Let the pressure and temperature of ambient air is p1and T1respectively. The ambient 

air is rammed isentropically from pressure p2 and temperature T2. 

This ideal ramming action is shown by the vertical line 1-2 in in actual practice, because of internal friction 

due to i e e si ilit s, the te pe atu e of the a ed ai  is o e tha  T2. 
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Thus the actual ramming process is shown by the curve 1-2' which is adiabatic but not isentropic due to 

friction. The pressure and temperature of the rammed air is now p2  a d T2' respectively. During the ideal 

or actual ramming process, the total energy or enthalpy remains constant i.e. h2 = h2 , a d T2 = T2 . 

 

 

 

 

 

 

 

 

 

Fig.  (a) Simple Air Cooling System 

Due to the i e e si le o p essio  i  the a , the ai  ea hes poi t  i stead of poi t  at the sa e 
stagnation temperature but at a reduced stagnation pressure p2 . The p essu e p2  is o tai ed  ‘a  
efficiency is given by, 

ƞR = ActaulriseinpressureIsentropicriseinpressure = p′ − pp − p  

2. Compression process. The isentropic compression of air in the main compressor isrepresented by 

the li e -3. In actual process, because of internal friction, due toirreversibilities, the actual compression is 

ep ese ted  the u e - . The o k do e du i g this o p essio  p o ess is gi e  , 
 

Where ma = Mass of air bled from the main compressor for refrigeration purpose 
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3.  Cooling process. The compressed air is cooled by the ram air in the heat exchange This 

p o ess is sho   -4 in Fig. 3.2. In actual practice there is a pressure drop in the heat exchanger. The 

temperature of air decease from T3  to T4 . The heat rejected in the heat exchanger during the cooling 

process is given by, QR = macp T′ − T  

4. Expansion process. The cooled air now expanded isentropically in the cooling turbineby curve 4-5. 

In actual process, because of internal friction, due to irreversibilities, the actual expansion of cooling 

turbine is shown by 4- . The o k do e  the ooli g tu i e du i g the ooli g p o ess is gi e  , 
The work of this cooling turbine is utilized to drive cooling fan which draws cooling air from the heat 

exchanger. 

5. Refrigeration process. The air from cooling turbine is sent to the cabin and cockpitwhere it gets 

heated  the heat of e uip e t a d o upa . This p o ess is sho   the u e -6. The refrigerating 

effect produced is given by, 

 

where T6 = Inside temperature of cabin 

T5 ' = Exit temperature of cooling turbine The C.O.P of the air cycle 

COP = REW  

 

If Q tonnes of refrigeration of cooling load in the cabin, then the air required for the refrigeration is, 

Boot-strap Air Cooling System 

A boot-strap air cooling system is shown in Fig. 3. This cooling system has two heat exchangers instead of 

one and a cooling turbine drives a secondary compressor instead of cooling fan. The air bled from the main 

compressor is first cooled by the ram air in the first heat exchanger. This cooled air, after compression in 

the secondary compressor, is led to the second heat exchanger where it is again cooled by the ram air 

before passing to the cooling turbine. This type of cooling system is mostly used in transport type aircraft. 

T-s diagram for a boot-strap air cycle cooling system is shown in Fig. 4. The various processes are as 

follows: 

1. The process 1- 2 represents the isentropic ramming of ambient air from pressure p1, and 

temperature T1 to pressure p2 and temperature T2. The process 1- 2' represents the actual ramming 

process because of internal friction due to irreversibilities. 

2. The process 2'- 3 represents the isentropic compression of air in the main compressor and the 

process 2'- 3' represents the actual compression of air because of internal friction due to irreversibilities. 
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Fig. Boot-strap Air Cooling System 

 

 

 

 

 

 

 

Fig. T-s diagram for Boot-strap Air Cooling System 

3. The process 3'-4 represents the cooling by ram air in the first heat exchanger. The pressure drop in the 

heat exchanger is neglected. 

4. The process 4 - 5 represents the isentropic compression of cooled air, from first heat exchanger, in the 

secondary compressor. The process 4 - 5' represents the actual compression process because of internal 

friction due to irreversibilities. 

5. The process 5'- 6 represents the cooling by ram air in the second heat exchanger. The pressure drop in the 

heat exchanger in neglected. 

6. The process 6 - 7 represents the isentropic expansion of cooled air in the cooling turbine upto the cabin 

pressure. The process 6 - 7'represents actual expansion of the cooled air in the cooling turbine. 

7. The process 7'- 8 represents the heating of air upto the cabin temperature T8. 

If Q tonnes of refrigeration of cooling load in the cabin, then the air required for the refrigeration is, 

ma = QCp T − T′ Kgmin 

Power required for the refrigeration system, 

P = maCp T′ − T′ KW 
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C.O.P. of the refrigerating system, 

C. O. P = QmaCp T′ − T′   =   QP ×  
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We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 

 

If you have any queries or you want to submit your 

study notes please write us at 

rgpvnotes.in@gmail.com 
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