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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. In the present 
chapter gas cycle refrigeration systems based on air are discussed. 
 

 Air Standard Cycle analysis 
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 
 
An analysis with the above assumptions is called as cold Air Standard Cycle (ASC) 
analysis. 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. 

 
 Basic concepts 
The temperature of an ideal gas can be reduced either by making the gas to do work in 
an isentropic process or by sensible heat exchange with a cooler environment. When 
the gas does adiabatic work in a closed system by say, expanding against a piston, its 
internal energy drops. Since the internal energy of the ideal gas depends only on its 



temperature, the temperature of the gas also drops during the process, i.e., 

 (1) 
where m is the mass of the gas, u1 and u2 are the initial and final internal energies of 
the gas, T1 and T2 are the initial and final temperatures and cv is the specific heat at 
constant volume. If the expansion is reversible and adiabatic, by using the ideal gas 
equation and the equation for isentropic process the final temperature 

(2) 
is related to the initial temperature (T1) and initial and final pressures 

(P1 and P2) by the equation: 

                      (3) 
where γ is the coefficient of isentropic expansion given by: 
Isentropic expansion of the gas can also be carried out in a steady flow in a turbine 
which gives a net work output. Neglecting potential and kinetic energy changes, the 
work output of the turbine is given by: 
 

                       (4) 
The final temperature is related to the initial temperature and initial and final 
pressures by Eq. (2) 
 

Reversed Carnot cycle employing a gas 
Reversed Carnot cycle is an ideal refrigeration cycle for constant temperature external 
heat source and heat sinks. Figure 9.1(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-Vcoordinates. 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 



 
Fig.1(a). Schematic of a reverse Carnot refrigeration system 

 
Fig. 1(b). Reverse Carnot refrigeration system in P-v and T-s coordinates 
 
The heat transferred during isothermal processes 2-3 and 4-1 are given by: 



 
 

 
 
Thus the COP of the Carnot system depends only on the refrigeration (Tl) and heat 
rejection (Th) temperatures only. 
 
Limitations of Carnot cycle: 
Carnot cycle is an idealization and it suffers from several practical limitations. 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. 
 
 
 
 
 
 
 
 
 
 



 Ideal reverse Brayton cycle 

 
 
Fig. 2(a). Schematic of a closed reverse Brayton cycle 
This is an important cycle frequently employed in gas cycle refrigeration systems. 
This may be thought of as a modification of reversed Carnot cycle, as the two 
isothermal processes of Carnot cycle are replaced by two isobaric heat transfer 
processes. This cycle is also called as Joule or Bell-Coleman cycle. Figure 2(a) and 
(b) shows the schematic of a closed, reverse Brayton cycle and also the cycle on T-s 
diagram. As shown in the figure, the ideal cycle consists of the following four 
processes: 
 
Process 1-2: Reversible, adiabatic compression in a compressor 
Process 2-3: Reversible, isobaric heat rejection in a heat exchanger 
Process 3-4: Reversible, adiabatic expansion in a turbine 
Process 4-1: Reversible, isobaric heat absorption in a heat exchanger 

 
Fig. 2(b). Reverse Brayton cycle in T-s plane 



  



 

 
 
Fig. 9.3. Comparison of reverse Carnot and reverse Brayton cycle in T-s plane 
 
 
 
 
 
 

 



 
The actual net work input, wnet,act is given by: 
Wnet,act =W1−2,act −W3−4,act (9.22) 
thus the net work input increases due to increase in compressor work input and 
reduction in turbine work output. The refrigeration effect also reduces due to the 



irreversibilities. As a result, the COP of actual reverse Brayton cycles will be 
considerably lower than the ideal cycles. Design of efficient compressors and turbines 
plays a major role in improving the COP of the system. 
In practice, reverse Brayton cycles can be open or closed. In open systems, cold air at 
the exit of the turbine flows into a room or cabin (cold space), and air to the 
compressor is taken from the cold space. In such a case, the low side pressure will be 
atmospheric. In closed systems, the same gas (air) flows through the cycle in a closed 
manner. In such cases it is possible to have low side pressures greater than 
atmospheric. These systems are known as dense air systems. Dense air systems are 
advantageous as it is possible to reduce the volume of air handled by the compressor 
and turbine at high pressures. Efficiency will also be high due to smaller pressure 
ratios. It is also possible to use gases other than air (e.g. helium) in closed systems. 
 

 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: 
 
i. Large internal heat generation due to occupants, equipment etc. 
ii. Heat generation due to skin friction caused by the fast moving aircraft 
iii. At high altitudes, the outside pressure will be sub-atmospheric. 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. 
iv. Solar radiation 
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: 
i. Air is cheap, safe, non-toxic and non-flammable. Leakage of air is not a 
problem 
ii. Cold air can directly be used for cooling thus eliminating the low 
temperature heat exchanger (open systems) leading to lower weight 
iii. 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 an 
equivalent vapour compression system 
iv. Design of the complete system is much simpler due to low pressures. 
Maintenance required is also less. 
 
 
 
 
 



 Simple aircraft refrigeration cycle: 

 
 
Figure 9.5 shows the schematic of a simple aircraft refrigeration system and the 
operating cycle on T-s diagram. This is an open system. As shown in the T-s diagram, 
the outside low pressure and low temperature air (state 1) is compressed due to ram 
effect to ram pressure (state 2). During this process its temperature increases from 1 to 
2. This air is compressed in the main compressor to state 3, and is cooled to state 4 in 
the air cooler. Its pressure is reduced to cabin pressure in the turbine (state 5), as a 
result its temperature drops from 4 to 5. The cold air at state 5 is supplied to the cabin. 
It picks up heat as it flows through the cabin providing useful cooling effect. The 
power output of the turbine is used to drive the fan, which maintains the required air 
flow over the air cooler. This simple system is good for ground cooling (when the 
aircraft is not moving) as fan can continue to maintain airflow over the air cooler. 
By applying steady flow energy equation to the ramming process, the temperature rise 
at the end of the ram effect can be shown to be: 

 
 



 

 
Bootstrap system: 
Figure 9.6 shows the schematic of a bootstrap system, which is a modification of the 
simple system. As shown in the figure, this system consists of two heat exchangers 
(air cooler and aftercooler), instead of one air cooler of the simple system. It also 
incorporates a secondary compressor, which is driven by the turbine of the cooling 
system. This system is suitable for high speed aircraft, where in the velocity of the 
aircraft provides the necessary airflow for the heat exchangers, as a result a separate 
fan is not required. As shown in the cycle diagram, ambient air state 1 is pressurized 
to state 2 due to the ram effect. This air is further compressed to state 3 in the main 
compressor. The air is then cooled to state 4 in the air cooler. The heat rejected in the 
air cooler is absorbed by the ram air at state 2. The air from the air cooler is further 
compressed from state 4 to state 5 in the secondary compressor. It is then cooled to 
state 6 in the after cooler, expanded to cabin pressure in the cooling turbine and is 
supplied to the cabin at a low temperature T7. Since the system does not consist of a 
separate fan for driving the air through the heat exchangers, it is not suitable for 
ground cooling. However, in general ground cooling is normally done by an external 
air conditioning system as it is not efficient to run the aircraft engine just to provide 
cooling when it is grounded. 
Other modifications over the simple system are: regenerative system and reduced 
ambient system. In a regenerative system, a part of the cold air from the cooling 
turbine is used for precooling the air entering the turbine. As a result much lower 
temperatures are obtained at the exit of the cooling turbine, however, this is at the 
expense of additional weight and design complexity. The cooling turbine drives a fan 
similar to the simple system. The regenerative system is good for both ground cooling 
as well as high speed aircrafts. The reduced ambient system is well-suited for 
supersonic aircrafts and rockets. 
 

 



 
Fig. 9.6. Schematic of a bootstrap system 

 
Dry Air Rated Temperature (DART): 
The concept of Dry Air Rated Temperature is used to compare different aircraft 
refrigeration cycles. Dry Air Rated Temperature is defined as the temperature of the 
air at the exit of the cooling turbine in the absence of moisture condensation. For 
condensation not to occur during expansion in turbine, the dew point temperature and 
hence moisture content of the air should be very low, i.e., the air should be very dry. 
The aircraft refrigeration systems are rated based on the mass flow rate of air at the 
design DART. The cooling capacity is then given by: 
 

 
is the mass flow rate of air, TDART and Ti are the dry air rated temperature 
and cabin temperature, respectively. 
A comparison between different aircraft refrigeration systems based on DART at 
different Mach numbers shows that: 
i. DART increases monotonically with Mach number for all the systems 
except the reduced ambient system 
ii. The simple system is adequate at low Mach numbers 
iii. At high Mach numbers either bootstrap system or regenerative system 
should be used 
iv. Reduced ambient temperature system is best suited for very high Mach 
number, supersonic aircrafts 



 
Vapour Compression 
Refrigeration Systems 

 
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. 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. The subject of refrigeration and air 
conditioning has evolved out of human need for food and comfort, and its history dates back 
to centuries. The history of refrigeration is very interesting since every aspect of it, the 
availability of refrigerants, the prime movers and the developments in compressors and the 
methods of refrigeration all are a part of it.  
 

 Natural Refrigeration 
In olden days refrigeration was achieved by natural means such as the use of ice or 
evaporative cooling. In earlier times, ice was either: 
1. Transported from colder regions, 
2. Harvested in winter and stored in ice houses for summer use or, 
3. Made during night by cooling of water by radiation to stratosphere. 
In Europe, America and Iran a number of icehouses were built to store ice. Materials like 
sawdust or wood shavings were used as insulating materials in these icehouses. Later on, cork 
was used as insulating material. Literature reveals that ice has always been available to 
aristocracy who could afford it. In India, the Mogul emperors were very fond of ice during 
the harsh summer in Delhi and Agra, and it appears that the ice used to be made by nocturnal 
cooling. 
 
In 1806, Frederic Tudor, (who was later called as the “ice king”) began the trade in ice by 
cutting it from the Hudson River and ponds of Massachusetts and exporting it to various 
countries including India. In India Tudor’s ice was cheaper than the locally manufactured ice 
by nocturnal cooling. The ice trade in North America was a flourishing business. Ice was 
transported to southern states of America in train compartments insulated by 0.3m of cork 
insulation. Trading in ice was also popular in several other countries such as Great Britain, 
Russia, Canada, Norway and France. In these countries ice was either transported from colder 
 
 
 
 



Comparison between gas cycles and vapour cycles 
 
Thermodynamic cycles can be categorized into gas cycles and vapour cycles. As mentioned 
in the previous chapter, in a typical gas cycle, the working fluid (a gas) does not undergo 
phase change; consequently the operating cycle will be away from the vapour dome. In gas 
cycles, heat rejection and refrigeration take place as the gas undergoes sensible cooling and 
heating. In a vapour cycle the working fluid undergoes phase change and refrigeration effect 
is due to the vaporization of refrigerant liquid. If the refrigerant is a pure substance then its 
temperature remains constant during the phase change processes. However, if a zeotropic 
mixture is used as a refrigerant, then there will be a temperature glide during vaporization and 
condensation. Since the refrigeration effect is produced during phase change, large amount of 
heat (latent heat) can be transferred per kilogram of refrigerant at a near constant temperature. 
Hence, the required mass flow rates for a given refrigeration capacity will be much smaller 
compared to a gas cycle. Vapour cycles can be subdivided into vapour compression systems, 
vapour absorption systems, vapour jet systems etc. Among these the vapour compression 
refrigeration systems are predominant. 
 

Vapour Compression Refrigeration Systems 
 
As mentioned, vapour compression refrigeration systems are the most commonly used among 
all refrigeration systems. As the name implies, these systems belong to the general class of 
vapour cycles, wherein the working fluid (refrigerant) undergoes phase change at least during 
one process. In a vapour compression refrigeration system, refrigeration is obtained as the 
refrigerant evaporates at low temperatures. The input to the system is in the form of 
mechanical energy required to run the compressor. Hence these systems are also called as 
mechanical refrigeration systems. Vapour compression refrigeration systems are available to 
suit almost all applications with the refrigeration capacities ranging from few Watts to few 
megawatts. A wide variety of refrigerants can be used in these systems to suit different 
applications, capacities etc. The actual vapour compression cycle is based on Evans-Perkins 
cycle, which is also called as reverse Rankine cycle. Before the actual cycle is discussed and 
analysed, it is essential to find the upper limit of performance of vapour compression cycles. 
This limit is set by a completely reversible cycle. 

The Carnot refrigeration cycle 
 
Carnot refrigeration cycle is a completely reversible cycle, hence is used as a model of 
perfection for a refrigeration cycle operating between a constant temperature heat source 
and sink. It is used as reference against which the real cycles are compared. Figures 10.1 
(a) and (b) show the schematic of a Carnot vapour compression refrigeration system and 
the operating cycle on T-s diagram. 
 
The basic Carnot refrigeration system for pure vapour consists of four components: 
compressor, condenser, turbine and evaporator. Refrigeration effect (q4- 1 = qe) is obtained at 
the evaporator as the refrigerant undergoes the process of vaporization (process 4-1) and 
extracts the latent heat from the low temperature heat source. The low temperature, low 
pressure vapour is then compressed isentropically in the compressor to the heat sink 
temperature Tc. The refrigerant pressure increases from Pe to Pc during the compression 
process (process 1-2) and the exit vapour is saturated. Next the high pressure, high 
temperature saturated refrigerant undergoes the process of condensation in the condenser 



(process 2-3) as it rejects the heat of condensation (q2-3 = qc) to an external heat sink at Tc. 
The high pressure saturated liquid then flows through the turbine and undergoes isentropic 
expansion (process 3-4). During this process, the pressure and temperature fall from Pc, Tc to 
Pe, Te. Since a saturated liquid is expanded in the turbine, some amount of liquid flashes into 
vapour and the exit condition lies in the two-phase region. This low temperature and low 
pressure liquid-vapour mixture then enters the evaporator completing the cycle. Thus as 
shown in Fig.10.1(b), the cycle involves two isothermal heat transfer processes (processes 4-
1 and 2-3) and two isentropic work transfer processes (processes 1-2 and 3-4). Heat is 
extracted isothermally at evaporator temperature Te during process 4-1, heat is rejected 
isothermally at condenser temperature Tc during process 2-3. Work is supplied to the 
compressor during the isentropic compression (1-2) of refrigerant vapour from evaporator 
pressure Pe to condenser pressure Pc, and work is produced by the system as refrigerant liquid 
expands isentropically in the turbine from condenser pressure Pc to evaporator pressure Pe. 
All the processes are both internally as well as externally reversible, i.e., net entropy 
generation for the system and environment is zero. 
 
Applying first and second laws of thermodynamics to the Carnot refrigeration cycle, 
 

∫ δq = ∫ δw 
∫ δq = q 4−1 − q 2−3 = qe − qc 

∫ δw = w3−4 − w1−2 = wT − wC = − wnet 

⇒(qc − qe ) = wnet 
 
 
 
 
 

now for the reversible, isothermal heat transfer processes 2-3 and 4-1, we can write: 
 

qc q2- 3 = -T.ds Tc (s2 -s3 ) 
 

qe q4- 1= - T.ds Te (s1- s4 ) 
where Te and Tc are the evaporator and condenser temperatures, respectively, and, 

s1 = s2 and s3 =s4 

 
The Coefficient of Performance (COP) is given by: 

 
COP carnot = Refrigerating Effect / Net work input = qe/Wnet  
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Thus the COP of Carnot refrigeration cycle is a function of evaporator and condenser 
temperatures only and is independent of the nature of the working substance. This is the 
reason why exactly the same expression was obtained for air cycle refrigeration systems 
operating on Carnot cycle .The Carnot COP sets an upper limit for refrigeration systems 
operating between two constant temperature thermal reservoirs (heat source and sink). From 
Carnot’s theorems, for the same heat source and sink temperatures, no irreversible cycle can 
have COP higher than that of Carnot COP. 
 

 



 
 
 
 
 

 
 

Carnot refrigeration system with dry compression 
 
It can be seen from the above expression that the COP of a Carnot refrigeration system 
increases as the evaporator temperature increases and condenser temperature decreases. This 
can be explained very easily with the help of the T-s diagram (Fig.10.2). As shown in the 
figure, COP is the ratio of area a-1-4-b to the area 1-2-3-4. For a fixed condenser temperature 
Tc, as the evaporator temperature Te increases, area a-1-4-b (qe) increases and area 1-2-3-4 
(wnet) decreases as a result, COP increases rapidly. Similarly for a fixed evaporator 
temperature Te, as the condensing temperature Tc increases, the net work input (area 1-2-3-4) 
increases, even though cooling output remains constant, as a result the COP falls. Figure 10.3 
shows the variation of Carnot COP with evaporator temperature for different condenser 
temperatures. It can be seen that the COP increases sharply with evaporator temperatures, 
particularly at high condensing temperatures. COP reduces as the condenser temperature 
increases, but the effect becomes marginal at low evaporator temperatures. It will be shown 
later that actual vapour compression refrigeration systems also behave in a manner similar to 
that of Carnot refrigeration systems as far as the performance trends are concerned. 

 
 

Practical difficulties with Carnot refrigeration system: 
 
It is difficult to build and operate a Carnot refrigeration system due to the following 
practical difficulties: 
 
i. During process 1-2, a mixture consisting of liquid and vapour have to be compressed 
isentropically in the compressor. Such a compression is known as wet compression due to the 
presence of liquid. In practice, wet compression is very difficult especially with reciprocating 
compressors. This problem is particularly severe in case of high speed reciprocating 
compressors, which get damaged due to the presence of liquid droplets in the vapour. Even 
though some types of compressors can tolerate the presence of liquid in vapour, since 
reciprocating compressors are most widely is refrigeration, traditionally dry compression 
(compression of vapour only) is preferred to wet compression. 



 
ii. The second practical difficulty with Carnot cycle is that using a turbine and extracting 
work from the system during the isentropic expansion of liquid refrigerant is not 
economically feasible, particularly in case of small capacity systems. This is due to the fact 
that the specific work output (per kilogram of refrigerant) from the turbine is given 
by: 

 ∫=−
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e
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since the specific volume of liquid is much smaller compared to the specific volume of a 
vapour/gas, the work output from the turbine in case of the liquid will be small. In addition, if 
one considers the inefficiencies of the turbine, then the net output will be further reduced. As 
a result using a turbine for extracting the work from the high pressure liquid is not 
economically justified in most of the cases. One way of achieving dry compression in Carnot 
refrigeration cycle is to have two compressors – one isentropic and one isothermal as shown 
in Fig. 
 
 
As shown in Fig.10.4, the Carnot refrigeration system with dry compression consists of one 
isentropic compression process (1-2) from evaporator pressure Pe to an intermediate pressure 
Pi and temperature Tc, followed by an isothermal compression process (2-3) from the 
intermediate pressure Pi to the condenser pressure Pc. Though with this modification the 
problem of wet compression can be avoided, still this modified system is not practical due to 
the difficulty in achieving true isothermal compression using high speed compressors. In 
addition, use of two compressors in place of one is not economically justified. 
 
From the above discussion, it is clear that from practical considerations, the Carnot 
refrigeration system need to be modified. Dry compression with a single compressor is 
possible if the isothermal heat rejection process is replaced by isobaric heat rejection process. 
Similarly, the isentropic expansion process can be replaced by an isenthalpic throttling 
process. A refrigeration system, which incorporates these two changes is known as Evans-
Perkins or reverse Rankine cycle. This is the theoretical cycle on which the actual vapour 
compression refrigeration systems are based regions or was harvested in winter and stored in 
icehouses for use in summer. The ice trade reached its peak in 1872 when America alone 
exported 225000 tonnes of ice to various countries as far as China and Australia. However, 
with the advent of artificial refrigeration the ice trade gradually declined. 
 
 
 



 
Standard Vapour compression refrigeration system 

 
 
Standard Vapour Compression Refrigeration System (VCRS) 
 
Figure 10.5 shows the schematic of a standard, saturated, single stage (SSS) vapour 
compression refrigeration system and the operating cycle on a T s diagram. As shown in 
the figure the standard single stage, saturated vapour compression refrigeration system 
consists of the following four processes: 
 
 
 
Process 1-2: Isentropic compression of saturated vapour in compressor 
Process 2-3: Isobaric heat rejection in condenser 
Process 3-4: Isenthalpic expansion of saturated liquid in expansion device 
Process 4-1: Isobaric heat extraction in the evaporator 
 
By comparing with Carnot cycle, it can be seen that the standard vapour compression 
refrigeration cycle introduces two irreversibilities: 1) Irreversibility due to non-isothermal 
heat rejection (process 2-3) and 2) Irreversibility due to isenthalpic throttling (process 3- 4). 
As a result, one would expect the theoretical COP of standard cycle to be smaller than that of 
a Carnot system for the same heat source and sink temperatures. Due to these irreversibilities, 
the cooling effect reduces and work input increases, thus reducing the system COP. This can 
be explained easily with the help of the cycle diagrams on T- s charts. Figure below shows 
comparison between Carnot and standard VCRS in terms of 
refrigeration effect. 



 
Comparison between Carnot and standard VCRS 

 



  
 
 
 



 



 





 
 



 



 

 
Problem: 

 



 



 



 



 
 
 
 
 
 
 
 
 



MODULE-II 
Compound Vapour 
Compression 
Refrigeration Systems 
 

 



 

 



 
 



 

 



 

 

 



 

 



 

 



 







 

 



 
 
 



 
 
 
 
 
 



Vapour Absorption 
Refrigeration Systems 
 
Introduction 
 
Vapour Absorption Refrigeration Systems (VARS) belong to the class of vapour cycles 
similar to vapour compression refrigeration systems. However, unlike vapour compression 
refrigeration systems, the required input to absorption systems is in the form of heat. Hence 
these systems are also called as heat operated or thermal energy driven systems. Since 
conventional absorption systems use liquids for absorption of refrigerant, these are also 
sometimes called as wet absorption systems. 
 
Similar to vapour compression refrigeration systems, vapour absorption refrigeration systems 
have also been commercialized and are widely used in various refrigeration and air 
conditioning applications. Since these systems run on low-grade thermal energy, they are 
preferred when low-grade energy such as waste heat or solar energy is available. Since 
conventional absorption systems use natural refrigerants such as water or ammonia they are 
environment friendly. 
 

Basic principle 
 
In this lesson, the basic working principle of absorption systems, the maximum COP of ideal 
absorption refrigeration systems, basics of properties of mixtures and simple absorption 
refrigeration systems will be discussed. 
 
When a solute such as lithium bromide salt is dissolved in a solvent such as water, the boiling 
point of the solvent (water) is elevated. On the other hand, if the temperature of the solution 
(solvent + solute) is held constant, then the effect of dissolving the solute is to reduce the 
vapour pressure of the solvent below that of the saturation pressure of pure solvent at that 
temperature. If the solute itself has some vapour pressure (i.e., volatile solute) then the total 
pressure exerted over the solution is the sum total of the partial pressures of solute and 
solvent. If the solute is non-volatile (e.g. lithium bromide salt) or if the boiling point 
difference between the solution and solvent is large (≥ 300oC), then the total pressure exerted 
over the solution will be almost equal to the vapour pressure of the solvent only. In the 
simplest absorption refrigeration system, refrigeration is obtained by connecting two vessels, 
with one vessel containing pure solvent and the other containing a solution. 
 
Since the pressure is almost equal in both the vessels at equilibrium, the temperature of the 
solution will be higher than that of the pure solvent. This means that if the solution is at 
ambient temperature, then the pure solvent will be at a temperature lower than the ambient. 
Hence refrigeration effect is produced at the vessel containing pure solvent due to this 
temperature difference. The solvent evaporates due to heat transfer from the surroundings, 



flows to the vessel containing solution and is absorbed by the solution. This process is 
continued as long as the composition and temperature of the solution are maintained and 
liquid solvent is available in the container. 
 
For example, Fig.14.1 shows an arrangement, which consists of two vessels A and B 
connected to each other through a connecting pipe and a valve. Vessel A is filled with pure 
water, while vessel B is filled with a solution containing on mass basis 50 percent of water 
and 50 percent lithium bromide (LiBr salt). Initially the valve connecting these two vessels is 
closed, and both vessels are at thermal equilibrium with the surroundings, which is at 30oC. 
At 30oC, the saturation pressure of water is 4.24 kPa, and the equilibrium vapour pressure of 
water-lithium bromide solution (50 : 50 by mass) at 30oC is 1.22 kPa. 
 
Thus at initial equilibrium condition, the pressure in vessel A is 4.24 kPa, 
while it is 1.22 kPa in vessel B. Now the valve between vessels A and B is opened. 
Initially due to pressure difference water vapour will flow from vessel A to vessel B, 
and this vapour will be absorbed by the solution in vessel B. Since absorption in this 
case is exothermic, heat will be released in vessel B. Now suppose by some means the 
concentration and temperature of vessel B are maintained constant at 50 % and 30oC, 
respectively. Then at equilibrium, the pressure in the entire system (vessels A and B) 
will be 1.22 kPa (equilibrium pressure of 50 % LiBr solution at 30oC). The 
temperature of water in vessel A will be the saturation temperature corresponding to 
1.22 kPa, which is equal to about 10oC, as shown in the figure. Since the water 
temperature in A is lower than the surroundings, a refrigeration effect (Qe) can 
produced by transferring heat from the surroundings to water at 10oC. Due to this heat 
transfer, water vaporizes in A, flows to B and is absorbed by the solution in B. The 
exothermic heat of absorption (Qa) is rejected to the surroundings. 
 
Now for the above process to continue, there should always be pure water in 
vessel A, and vessel B must be maintained always at 50 percent concentration and 
30oC. This is not possible in a closed system such as the one shown in Fig.14.1. In a 
closed system with finite sized reservoirs, gradually the amount of water in A 
decreases and the solution in B becomes diluted with water. As a result, the system 
pressure and temperature of water in A increase with time. Hence the refrigeration 
effect at A reduces gradually due to the reduced temperature difference between the 
surroundings and water. Thus refrigeration produced by systems using only two 
vessels is intermittent in nature. In these systems, after a period, the refrigeration 
process has to be stopped and both the vessels A and B have to be brought back to 
their original condition. This requires removal of water absorbed in B and adding it 
back to vessel A in liquid form, i.e., a process of regeneration as shown in Fig.14.1(c). 
Assume that before regeneration is carried out, the valve between A and B is 
closed and both A and B are brought in thermal equilibrium with the surroundings 
(30oC), then during the regeneration process, heat at high temperature Tg is supplied 
to the dilute LiBr solution in B, as a result water vapour is generated in B. The vapour 
generated in B is condensed into pure water in A by rejecting heat of condensation to 
the surroundings. This process has to be continued till all the water absorbed during 
the refrigeration process (14.1(b)) is transferred back to A. Then to bring the system 
back to its original condition, the valve has to be closed and solution in vessel B has 
to be cooled to 30oC. If we assume a steady-flow process of regeneration and neglect 
temperature difference for heat transfer, then the temperature of water in A will be 
30oC and pressure inside the system will be 4.24 kPa. Then the temperature in vessel 



B, Tg depends on the concentration of solution in B. The amount of heat transferred 
during refrigeration and regeneration depends on the properties of solution and the 
operating conditions. It can be seen that the output from this system is the 
refrigeration obtained Qe and the input is heat supplied to vessel B during vapour 
regeneration process, Qg. 
 
The system described may be called as an Intermittent Absorption 
Refrigeration System. The solvent is the refrigerant and the solute is called as 
absorbent. These simple systems can be used to provide refrigeration using renewable 
energy such as solar energy in remote and rural areas. As already explained, these 
systems provided refrigeration intermittently, if solar energy is used for regenerating 
the refrigerant, then regeneration process can be carried out during the day and 
refrigeration can be produced during the night. 
Though the intermittent absorption refrigeration systems discussed above are 
simple in design and inexpensive, they are not useful in applications that require 
continuous refrigeration. Continuous refrigeration can be obtained by having a 
modified system with two pairs of vessels A and B and additional expansion valves 
and a solution pump. 

 

 
 
Figure 14.2(a) and (b) show a continuous output vapour compression 
refrigeration system and a continuous output vapour absorption refrigeration system. 
As shown in the figure in a continuous absorption system, low temperature and low 
pressure refrigerant with low quality enters the evaporator and vaporizes by producing 
useful refrigeration Qe. From the evaporator, the low temperature, low pressure 
refrigerant vapour enters the absorber where it comes in contact with a solution that is 
weak in refrigerant. The weak solution absorbs the refrigerant and becomes strong in 
refrigerant. The heat of absorption is rejected to the external heat sink at To. The 



solution that is now rich in refrigerant is pumped to high pressure using a solution 
pump and fed to the generator. In the generator heat at high temperature Tg is 
supplied, as a result refrigerant vapour is generated at high pressure. This high 
pressure vapour is then condensed in the condenser by rejecting heat of condensation 
to the external heat sink at To. The condensed refrigerant liquid is then throttled in the 
expansion device and is then fed to the evaporator to complete the refrigerant cycle. 
On the solution side, the hot, high-pressure solution that is weak in refrigerant is 
throttled to the absorber pressure in the solution expansion valve and fed to the 
absorber where it comes in contact with the refrigerant vapour from evaporator. Thus 
continuous refrigeration is produced at evaporator, while heat at high temperature is 
continuously supplied to the generator. Heat rejection to the external heat sink takes 
place at absorber and condenser. A small amount of mechanical energy is required to 
run the solution pump. If we neglect pressure drops, then the absorption system 
operates between the condenser and evaporator pressures. Pressure in absorber is 
same as the pressure in evaporator and pressure in generator is same as the pressure in 
condenser. 
It can be seen from Fig.14.2, that as far as the condenser, expansion valve and 
evaporators are concerned both compression and absorption systems are identical. 
However, the difference lies in the way the refrigerant is compressed to condenser 
pressure. In vapour compression refrigeration systems the vapour is compressed 
mechanically using the compressor, where as in absorption system the vapour is first 



 



 

 





 
 

 





 

 



 
 
 

 
 



 

 



 

 



 





 



 



 
 
 
 



MODULE-III 
REFRIGERANTS 
 
Introduction: 
The thermodynamic efficiency of a refrigeration system depends mainly on 
its operating temperatures. However, important practical issues such as the 
system design, size, initial and operating costs, safety, reliability, and 
serviceability etc. depend very much on the type of refrigerant selected for a 
given application. Due to several environmental issues such as ozone layer 
depletion and global warming and their relation to the various refrigerants used, 
the selection of suitable refrigerant has become one of the most important issues 
in recent times. Replacement of an existing refrigerant by a completely new 
refrigerant, for whatever reason, is an expensive proposition as it may call for 
several changes in the design and manufacturing of refrigeration systems. Hence 
it is very important to understand the issues related to the selection and use of 
refrigerants. In principle, any fluid can be used as a refrigerant. Air used in an air 
cycle refrigeration system can also be considered as a refrigerant. However, in 
this lecture the attention is mainly focused on those fluids that can be used as 
refrigerants in vapour compression refrigeration systems only. 
 

 
Primary and secondary refrigerants: 
Fluids suitable for refrigeration purposes can be classified into primary and 
secondary refrigerants. Primary refrigerants are those fluids, which are used 
directly as working fluids, for example in vapour compression and vapour 
absorption refrigeration systems. When used in compression or absorption 
systems, these fluids provide refrigeration by undergoing a phase change 
process in the evaporator. As the name implies, secondary refrigerants are those 
liquids, which are used for transporting thermal energy from one location to other. 
Secondary refrigerants are also known under the name brines or antifreezes. Of 
course, if the operating temperatures are above 0oC, then pure water can also be 
used as secondary refrigerant, for example in large air conditioning systems. 
Antifreezes or brines are used when refrigeration is required at sub-zero 
temperatures. Unlike primary refrigerants, the secondary refrigerants do not 
undergo phase change as they transport energy from one location to other. An 
important property of a secondary refrigerant is its freezing point. Generally, the 
freezing point of a brine will be lower than the freezing point of its constituents. 
The temperature at which freezing of a brine takes place its depends on its 
concentration. The concentration at which a lowest temperature can be reached 
without solidification is called as eutectic point. The commonly used secondary 
refrigerants are the solutions of water and ethylene glycol, propylene glycol or 
calcium chloride. These solutions are known under the general name of brines. 
In this lecture attention is focused on primary refrigerants used mainly in 
vapour compression refrigeration systems. As discussed earlier, in an absorption 
refrigeration system, a refrigerant and absorbent combination is used as the 



working fluid. 

 
Refrigerant selection criteria: 
Selection of refrigerant for a particular application is based on the following 
requirements: 
i. Thermodynamic and thermo-physical properties 
ii. Environmental and safety properties, and 
iii. Economics 
 
Thermodynamic and thermo-physical properties: 
The requirements are: 
a) Suction pressure: At a given evaporator temperature, the saturation pressure 
should be above atmospheric for prevention of air or moisture ingress into the 
system and ease of leak detection. Higher suction pressure is better as it leads to 
smaller compressor displacement 
b) Discharge pressure: At a given condenser temperature, the discharge 
pressure should be as small as possible to allow light-weight construction of 
compressor, condenser etc. 
c) Pressure ratio: Should be as small as possible for high volumetric efficiency 
and low power consumption 
d) Latent heat of vaporization: Should be as large as possible so that the required 
mass flow rate per unit cooling capacity will be small 
The above requirements are somewhat contradictory, as the operating 
pressures, temperatures and latent heat of vaporization are related by Clausius- 
Clapeyron Equation: 
 
In the above equation, Psat is the saturation pressure (in atm.) at a temperature 
T(in Kelvin), hfg and sfg are enthalpy and entropy of vaporization and R is the gas 
constant. Since the change in entropy of vaporization is relatively small, from the 
above equation it can be shown that: 
 
In the above equation, Pc and Pe are the condenser and evaporator 
pressures, Tc and Te are condenser and evaporator temperatures. From the 
above equation, it can be seen that for given condenser and evaporator 
temperatures as the latent heat of vaporization increases, the pressure ratio also 
increases. Hence a trade-off is required between the latent heat of vaporization 
and pressure ratio. 
In addition to the above properties; the following properties are also 
important: 
e) Isentropic index of compression: Should be as small as possible so that the 
temperature rise during compression will be small 
f) Liquid specific heat: Should be small so that degree of subcooling will be large 
leading to smaller amount of flash gas at evaporator inlet 
g) Vapour specific heat: Should be large so that the degree of superheating will 
be small 
h) Thermal conductivity: Thermal conductivity in both liquid as well as vapour 
phase should be high for higher heat transfer coefficients 
i) Viscosity: Viscosity should be small in both liquid and vapour phases for 
smaller frictional pressure drops 



The thermodynamic properties are interrelated and mainly depend on 
normal boiling point, critical temperature, molecular weight and structure. 
The normal boiling point indicates the useful temperature levels as it is 
directly related to the operating pressures. A high critical temperature yields 
higher COP due to smaller compressor superheat and smaller flash gas losses. 
On the other hand since the vapour pressure will be low when critical 
temperature is high, the volumetric capacity will be lower for refrigerants with high 
critical temperatures. This once again shows a need for trade-off between high 
COP and high volumetric capacity. It is observed that for most of the refrigerants 
the ratio of normal boiling point to critical temperature is in the range of 0.6 to 0.7. 
Thus the normal boiling point is a good indicator of the critical temperature of the 
refrigerant. 
The important properties such as latent heat of vaporization and specific 
heat depend on the molecular weight and structure of the molecule. Trouton’s 
rule shows that the latent heat of vaporization will be high for refrigerants having 
lower molecular weight. The specific heat of refrigerant is related to the structure 
of the molecule. If specific heat of refrigerant vapour is low then the shape of the 
vapour dome will be such that the compression process starting with a saturated 
point terminates in the superheated zone (i.e, compression process will be 
dry). However, a small value of vapour specific heat indicates higher degree of 
superheat. Since vapour and liquid specific heats are also related, a large value 
of vapour specific heat results in a higher value of liquid specific heat, leading to 
higher flash gas losses. Studies show that in general the optimum value of molar 
vapour specific heat lies in the range of 40 to 100 kJ/kmol.K. 
The freezing point of the refrigerant should be lower than the lowest 
operating temperature of the cycle to prevent blockage of refrigerant pipelines. 
 
Environmental and safety properties: 
Next to thermodynamic and thermophysical properties, the environmental 
and safety properties are very important. In fact, at present the environment 
friendliness of the refrigerant is a major factor in deciding the usefulness of a 
particular refrigerant. The important environmental and safety properties are: 
a) Ozone Depletion Potential (ODP): According to the Montreal protocol, the ODP 
of refrigerants should be zero, i.e., they should be non-ozone depleting 
substances. Refrigerants having non-zero ODP have either already been 
phased-out (e.g. R 11, R 12) or will be phased-out in near-future(e.g. R22). Since 
ODP depends mainly on the presence of chlorine or bromine in the molecules, 
refrigerants having either chlorine (i.e., CFCs and HCFCs) or bromine cannot be 
used under the new regulations 
b) Global Warming Potential (GWP): Refrigerants should have as low a GWP 
value as possible to minimize the problem of global warming. Refrigerants with 
zero ODP but a high value of GWP (e.g. R134a) are likely to be regulated in 
future. 
c) Total Equivalent Warming Index (TEWI): The factor TEWI considers both 
direct (due to release into atmosphere) and indirect (through energy 
consumption) contributions of refrigerants to global warming. Naturally, 
refrigerants with as a low a value of TEWI are preferable from global warming 
point of view. 
d) Toxicity: Ideally, refrigerants used in a refrigeration system should be nontoxic. 
However, all fluids other than air can be called as toxic as they will cause 



suffocation when their concentration is large enough. Thus toxicity is a relative 
term, which becomes meaningful only when the degree of concentration and time 
of exposure required to produce harmful effects are specified. Some fluids are 
toxic even in small concentrations. Some fluids are mildly toxic, i.e., they are 
dangerous only when the concentration is large and duration of exposure is long. 
Some refrigerants such as CFCs and HCFCs are non-toxic when mixed with air 
in normal condition. However, when they come in contact with an open flame or 
an electrical heating element, they decompose forming highly toxic elements (e.g. 
phosgene-COCl2). In general the degree of hazard depends on: 
- Amount of refrigerant used vs total space 
- Type of occupancy 
- Presence of open flames 
- Odor of refrigerant, and 
- Maintenance condition 
 
Thus from toxicity point-of-view, the usefulness of a particular refrigerant 
depends on the specific application. 
e) Flammability: The refrigerants should preferably be non-flammable and nonexplosive. 
For flammable refrigerants special precautions should be taken to 
avoid accidents. 
Based on the above criteria, ASHRAE has divided refrigerants into six safety 
groups (A1 to A3 and B1 to B3). Refrigerants belonging to Group A1 (e.g. R11, 
R12, R22, R134a, R744, R718) are least hazardous, while refrigerants belonging 
to Group B3 (e.g. R1140) are most hazardous. 
Other important properties are: 
f) Chemical stability: The refrigerants should be chemically stable as long as they 
are inside the refrigeration system. 
g) Compatibility with common materials of construction (both metals and nonmetals) 
h) Miscibility with lubricating oils: Oil separators have to be used if the refrigerant 
is not miscible with lubricating oil (e.g. ammonia). Refrigerants that are 
completely miscible with oils are easier to handle (e.g. R12). However, for 
refrigerants with limited solubility (e.g. R 22) special precautions should be taken 
while designing the system to ensure oil return to the compressor 
i) Dilelectric strength: This is an important property for systems using hermetic 
compressors. For these systems the refrigerants should have as high a dielectric 
strength as possible 
j) Ease of leak detection: In the event of leakage of refrigerant from the system, it 
should be easy to detect the leaks. 
 
 Economic properties: 
The refrigerant used should preferably be inexpensive and easily 
available. 

 
 Designation of refrigerants: 
Figure 26.1 shows the classification of fluids used as refrigerants in vapour 
compression refrigeration systems. Since a large number of refrigerants have 
been developed over the years for a wide variety of applications, a numbering 
system has been adopted to designate various refrigerants. From the number 
one can get some useful information about the type of refrigerant, its chemical 



composition, molecular weight etc. All the refrigerants are designated by R 
followed by a unique number. 
 
i) Fully saturated, halogenated compounds: These refrigerants are derivatives 
of alkanes (CnH2n+2) such as methane (CH4), ethane (C2H6). These refrigerants 
are designated by R XYZ, where: 
X+1 indicates the number of Carbon (C) atoms 
Y-1 indicates number of Hydrogen (H) atoms, and 
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Z indicates number of Fluorine (F) atoms 
The balance indicates the number of Chlorine atoms. Only 2 digits indicates that 
the value of X is zero. 
Ex: R 22 
X = 0 � No. of Carbon atoms = 0+1 = 1 � derivative of methane (CH4) 
Y = 2 � No. of Hydrogen atoms = 2-1 = 1 
Z = 2 � No. of Fluorine atoms = 2 
The balance = 4 – no. of (H+F) atoms = 4-1-2 = 1 � No. of Chlorine atoms = 1 
�The chemical formula of R 22 = CHClF2 

Similarly it can be shown that the chemical formula of: 
R12 = CCl2F2 

R134a = C2H2F4 (derivative of ethane) 
(letter a stands for isomer, e.g. molecules having same chemical composition but 
different atomic arrangement, e.g. R134 and R134a) 
ii) Inorganic refrigerants: These are designated by number 7 followed by the 
molecular weight of the refrigerant (rounded-off). 
Ex.: Ammonia: Molecular weight is 17, � the designation is R 717 
Carbon dioxide: Molecular weight is 44, � the designation is R 744 
Water: Molecular weight is 18, � the designation is R 718 
 

Refrigerants 
Mixtures 
- Azeotropic 
- Zeotropic 
Pure fluids 
Synthetic 
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iii) Mixtures: Azeotropic mixtures are designated by 500 series, where as 
zeotropic refrigerants (e.g. non-azeotropic mixtures) are designated by 400 
series. 
Azeotropic mixtures: 
R 500: Mixture of R 12 (73.8 %) and R 152a (26.2%) 
R 502: Mixture of R 22 (48.8 %) and R 115 (51.2%) 
R503: Mixture of R 23 (40.1 %) and R 13 (59.9%) 
R507A: Mixture of R 125 (50%) and R 143a (50%) 
Zeotropic mixtures: 
R404A : Mixture of R 125 (44%), R 143a (52%) and R 134a (4%) 
R407A : Mixture of R 32 (20%), R 125 (40%) and R 134a (40%) 
R407B : Mixture of R 32 (10%), R 125 (70%) and R 134a (20%) 
R410A : Mixture of R 32 (50%) and R 125 (50%) 



- CFCs 
- HCFCs 
- HFCs 
Natural 
- Organic (HCs) 
- Inorganic 
o NH3 

o CO2 

o H2O 
 
Fig.26.1: Classification of fluids used as refrigerants 
 
iv) Hydrocarbons: 
Propane (C3H8) : R 290 
n-butane (C4H10) : R 600 
iso-butane (C4H10) : R 600a 
Unsaturated Hydrocarbons: R1150 (C2H4) 
R1270 (C3H6) 
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