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P-H DIAGRAM -MASTER DIAGRAM   OF REFRIGERATION 
 

PRINCIPLE OF OPERATION-CARNOT CYCLE 
 
 
The normal Carnot cycle uses heat energy and delivers mechanical work  
In the early 1820s, Sadi Carnot (1786−1832), a French engineer, became interested 
in improving the efficiencies of practical heat engines. In 1824, his studies led him to 
propose a hypothetical working cycle with the highest possible efficiency between 
the same two reservoirs, known now as the Carnot cycle. An engine operating in this 
cycle is called a Carnot engine.  
The Carnot cycle is a theoretical ideal thermodynamic cycle proposed by French 
physicist Nicolas Léonard Sadi Carnot in 1824 and expanded upon by others over 
the next few decades. It provides an upper limit on the efficiency that any classical 
thermodynamic engine can achieve during the conversion of heat into work, or 
conversely, the efficiency of a refrigeration system in creating a temperature 
difference by the application of work to the system. It is not an actual thermodynamic 
cycle but is a theoretical concept. 
 
The Carnot heat-engine cycle described is a totally reversible cycle. That is all the 
processes that compose it can be reversed.  
When reversed. it becomes the Carnot refrigeration cycle.  
The cycle remains exactly the same except that the directions of any heat and work 
interactions are reversed. Heat is absorbed from the low-temperature reservoir, and 
heat is rejected to a high-temperature reservoir, and to achieve this, a work input is 
required. 
 
Refrigeration system uses reverse Carnot cycle operation: 

 
Reverse Carnot cycle operation. This means work is supplied as energy input and 
heat is transferred from lower energy level to higher energy level. 
 

 
 

https://en.wikipedia.org/wiki/Nicolas_L%C3%A9onard_Sadi_Carnot
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The diagram above, shows on the left side Carnot cycle in which heat source is 
supplied by burning oil and work is taken out by way of driving the equipment. 
The right-hand side shows reverse Carnot cycle or refrigeration cycle in which 
energy is provided by work input i.e., electric motor and cooling effect is used in 
refrigerator or in air conditioner and heat is rejected to atmosphere. 
 
Refrigerators and heat pumps are essentially the same devices; they only differ in 
their objectives. The performance of refrigerators and heat pumps is expressed in 
terms of coefficient of performance (COP):  

 
 

 
Reverse Carnot cycle or Refrigeration cycle 
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The above diagram shows Carnot efficiency which is equal to TL/(TH-TL), this means 
we extract heat at the same temperature at which we need cooling and reject heat at 
the same temperature at which heat rejection sink is available which could be either 
water or directly to the atmospheric air. In Carnot cycle heat transfer in evaporator 
and condenser, takes place at constant temperature. The reversed Carnot Cycle 
consists of two isentropic and two isothermal processes. This is only possible 
theoretically as for actual operation we need temperature differences for heat 
transfer to take place. The Carnot efficiency is therefore maximum efficiency 
theoretically possible. 
An example of Carnot Efficiency is illustrated in the diagram below 
 

 
 
Rankin cycle: The Rankine cycle is named after William John Rankine, a 
Scottish polymath professor at Glasgow University. 
 
Since Carnot cycle is only theoretical, a more practical and realistic Rankin cycle is 
introduced consisting of two isobaric processes, one isentropic compression, and 
one adiabatic expansion. The Rankin cycle incorporates some inevitable 
irreversibility’s and COP of Rankin cycle is therefore lower than the COP of Carnot 
cycle. 
 

https://en.wikipedia.org/wiki/William_John_Macquorn_Rankine
https://en.wikipedia.org/wiki/Polymath
https://en.wikipedia.org/wiki/Glasgow_University
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Rankine Cycle 
 
REFRIGERATION CYCLE 
 
We shall now discuss actual refrigeration cycle and its component functioning. 
 
There are many types of mechanical refrigeration systems. They come in many 
varieties, shapes, sizes, and component arrangements, depending on end 
application. 
 
Refrigeration is cooling by removal of heat. In reality we cannot remove heat; we 
can only transfer it from a place where it is unwanted to a place where it is less 
objectionable. 
 
If one learns the basic refrigeration, the job becomes much easier, since the 
principles of mechanical refrigeration and essential components of system are the 
same, no matter how big or small is the system and how it is packaged. 
 
If one tries to understand each system separately, it would be a long and difficult 
task. We shall therefore concentrate on learning and mastering the major 
refrigeration diagrams making the understanding clearer and leaving no doubts in 
any one’s mind. 
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The main diagrams representing the refrigeration process are 
 

1. Carnot Cycle (already covered in earlier text) 
2. P-V diagram 
3. T-S diagram (Temperature -Entropy diagram) 
4. P-H- diagram (Pressure -Enthalpy diagram) 
5. T-H-Diagram (Temperature -Enthalpy diagram) 

 
The purpose of studying all these five diagrams is to make the understanding very 
clear since each diagram highlights certain aspect which is not very clearly visible in 
other diagrams. Our major concentration would be on P—H diagram as it is 
considered to be ultimate in describing almost all refrigeration processes. 
 

2. P-V Diagram (Pressure -volume diagram) 
 
We shall first look at the major components which are present in any vapour 
compression closed mechanical refrigeration systems with the help of P-V diagram, 
and a brief functioning of each of them. 

 
Pressure -Volume(P-V) diagram 

 
The mechanical closed cycle vapour compression refrigeration system has four 
basic components-  
1) Evaporator/cooling coil -1-4 
2) Compressor -4-3 
3) Condenser-3-2 
4) The metering device/expansion device.2-1 
 
In addition to this a fluid called refrigerant circulates through each component for 
moving heat and it travels in a particular direction in cooling mode. It picks up the 
heat by evaporating at a low temperature and pressure and rejects heat by 
condensing at high temperature and high pressure.  
 
The temperature at which heat is rejected depends on temperature of cooling 
medium, it could be either water or ambient air, whereas the pressure at which heat 
is rejected depends on the refrigerant used 
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The major work in refrigeration is carried out by Latent heat. The refrigerant is 
changed from a liquid into a gas in evaporator, where heat is absorbed from 
surrounding medium likewise; the refrigerant is changed from a gas back into a liquid 
in the condenser, where heat is rejected to outdoor. 
 
The fluid undergoes sensible heating, then latent heating and once saturated then 
sensible heating known as superheating starts for vapour or subcooling of liquid 
starts. 
 
When heat is added to liquid refrigerant in evaporator it EVAPORATES and when 
heat is removed in condenser it CONDENSES. 
 
The normal strategy of mechanical refrigeration is first to get heat into refrigerant. 
Then elevate its energy level and temperature level and pump it to a place where 
heat can be removed from it. The refrigerant makes this heat transfer possible. 
 
The metering device and compressor separate system components in high side and 
low side of the system. 
 
The high side comprises of part of compressor, discharge line from compressor to 
condenser, condenser, liquid line, and inlet of expansion valve.  
 
The low side comprises of outlet of metering device, evaporator, suction line, and 
compressor inlet. 
 
The function of 4 major components is as under: 
 
1. An evaporator to absorb heat into the system. 
2. A condenser to reject heat from system. 
3. A compressor to establish temperatures and pressures necessary to force heat 

to flow upwards. 
4. A liquid metering device to regulate the flow of refrigerant and in the process to 

establish two pressure levels.  
 
An evaporator when used to cool liquid, which could be water/ brine, is called chiller. 
Normally for Air Conditioning duty liquid chillers are used above 100 Tons capacity 
invariably. Similarly, condensers could be air-cooled or water-cooled. 
 
The compressor is a mechanical device that boosts pressure from low side to high 
side of refrigeration system. Heat of compression added is about   22 to 30 % to 
the heat absorbed in evaporator. As water cannot move from lower level to higher 
level without pump, and since we have to reject heat uphill, we require compressor 
and mechanical energy to raise the level of refrigerant. 
 
The condenser therefore has to reject this additional heat. Hence condensers are 
normally 15 to 20% bigger in surface area than coolers for identical design & 
temperature differences. 
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Pressure-Volume diagram 

The above diagram shows these different processes  
 
 

 
 
This P-V diagram shows operation of reciprocating compressor indicating clearance 
volume at the top dead end of piston. This is essential to avoid piston hitting the top 
dead end. A-B is a line showing downward stroke of piston and from Y axis to point 
B is trapped suction gas before the piston starts moving up. 
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This P-V diagram shows actual discharge and suction conditions because of inertia 
of valves plates, the internal discharge pressure is slightly higher than what is shown 
on discharge pressure gauge and similarly internal suction pressure is little lower 
than what is shown on suction pressure gauge. This means actual internal 
compression ratio is higher than PH/PS 
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This P-V diagram highlights the capcity loss due to clearance volume. As can be 
observed as we go for lower and lower suction pressure or lower temperature 
operation, the effect of clearance volume or trapped gas goes on increasing and the 
compressor effective output or capacity drastically reduces. It is therefore then 
essential to go for two stage systems  to break the compression ratio in two stages  
 

 
 

The above P-V diagram shows only compression process which can be either, 
isentropic, Polytropic or isothermal. We normally follow isentropic process which can 
be seen later in P-H diagram. 
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3. T-S diagram (Temperature-Entropy diagram) 
 
We shall now look at T-S diagram (Temperature-Entropy diagram) 
 

 
 

T-S diagram for a simple vapour compression system. 

1. In the mechanical refrigerating system shown above the vapour is 
compressed from point 1 to 2 in a compressor. 

2. The superheated refrigerant vapours are then fist cooled to remove superheat 
from point 2 to point 3 on saturation line and then the gas is condensed in a 
condenser till saturated liquid is formed as indicated by point 4. So, from point 
2-3 to 4 is the process taking place in most of the condensers but in many 
cases, superheat is recovered in a separate heat exchanger for making use of 
it for heating water and for subcooling the liquid in suction-liquid line heat 
exchanger. This diagram is important as it shows the removal of 
superheat and thus change in temperature from superheated to 
saturated temperature. 

3. From point 4 to 5 the saturated liquid is throttled to point 5 through the 
expansion device. In this process the pressure of refrigerant gets reduced and 
simultaneously the temperature is also lowered to our required design 
parameters, since properties of refrigerant pressure and temperature go hand 
in hand. Proper amount of liquid is metered in the expansion device. At the 
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expansion device, about 10%-20% of the refrigerant liquid is flashed into 
vapour. The process taking place is expansion device is Isenthalpic (no 
change in enthalpy) since no heat transfer takes place and it only expands 
the saturated high pressure high temperature liquid to low temperature low 
pressure mixture of liquid and flash gas. 

4. The mixture of the liquid and vapour is passed into the evaporator through 
liquid line 5-1, which provides heat transfer surface through which heat from 
the refrigerated space (or the cabinet box and its content) can pass into the 
vaporizing refrigerant. The liquid refrigerant gives up its latent heat and gets 
vapourised and in the process the required amount of cooling load is met. As 
one can notice the line 5to 1 is constant temperature line as the mixture of 
liquid and vapour is present and till such time entire liquid gets vapourised, 
the temperature will not increase.  

5. Fully saturated vapour enters the compressor at point 1 and gets 
compressed. The process of compression is isentropic indicating constant 
entropy from point 1 to-2 by a vertical line parallel to ‘Y’ Axis.  The vapour 
compressor’s function is to remove the vapour from the evaporator and to 
raise the temperature and pressure to a point such that the vapour can be 
condensed normally at the condenser. The high temperature and high-
pressure gas is discharged through discharge line at point 2, into the 
condenser whose purpose to reject heat from the hot refrigerant to the 
condensing media.:  

6. 5-1: Isobaric heat extraction in the evaporator (constant pressure) 
7. By comparing with Carnot cycle, it can be seen that the standard vapour 

compression refrigeration cycle introduces two irreversibility’s:  
a. 1) Irreversibility due to non-isothermal heat rejection process 2-4 and 

heat extraction from 5-1  
b. 2) Irreversibility due to isenthalpic throttling (process 4-5).  
c. 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 irreversibility’s, 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 chart. 

 
The diagram above does not show actual process taking place as it does not 
show suction gas superheating and liquid subcooling which is normally 
observed in actual practice. The diagram below shows the actual T-S 
diagram. The pressure drops in condenser and evaporator are however not 
visible in this diagram. 
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The cycle can be described as follows: 
1. 7-1: Evaporation of the liquified refrigerant (coming from condenser) taking 

place at constant temperature. The process is isothermal(T1=T7) 
2. 1-2: The vapour coming from the evaporator is superheated and gains the 

temperature T2 from T1 at constant pressure PL. The process is isobaric 
3. 2-3: The superheated vapour is compressed. The pressure increase from 

PL to PH and the temperature rises from T2 to T3.This process is 
isentropic. 

4. 3-4: The superheated vapour is cooled to the saturated Temperature T4 
5. 4-5: Isothermal condensation of the saturated vapour at high pressure PH 

and Temperature T4=T5 
6. 5-6: The liquid refrigerant is subcooled to the temperature T6 from T5 at 

high pressure PH 
7. 6-7: The expansion of the refrigerant takes place at constant enthalpy and 

pressure as well as temperature is reduced. 
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Standard T-S diagram 
 

5. PRESSURE ENTHALPY DIAGRAM 
 

Importance of P-H diagram 

After studying the earlier explained diagrams such as P-V diagram, T-S diagram, we 
now come to the most important diagram useful for practicing engineers. 
 
It is important to be able to graph heat and enthalpy because graphing these helps to 
understand it better. P-H diagram meets these requirements  
 
The pressure enthalpy diagram helps to  
1. Trouble shoot mechanical refrigeration system 
2. See function of each component & how they work together to change pressures 

and move heat. 
3. Predict pressures and temperatures to be expected at various places in the 

system. 
4. Gives an important tool for learning other principles about refrigeration systems. 
5. Designing various and energy efficient combinations of system design 
 
IT ALSO ALLOWS US TO SEE INVISIBLE THINGS.   

PRESSURE ENTHALPY DIAGRAM 

This diagram describes the relationship of pressure and enthalpy of refrigerants. Let 
us study each process on this diagram so the understanding of diagram becomes 
clear. 
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Understanding of P-H diagram 

 

On the P-H diagram, pressure is indicated on the y axis and enthalpy on x axis. 
Enthalpy can be in Btu/lb or kJ/kg unit and pressure in PSI or in MPa.(1 
Mpa=145.038 psia) 

The upside down ‘U’ figure shown on the diagram indicates the points at which 
refrigerant changes phase. The left vertical curve indicates the saturated liquid curve 
and the right vertical curve indicates saturated vapour. 

The region in between the two curves describes refrigerant state that contains 
mixture of both liquid and vapour. The points lying nearer to left curve indicate that 
the mixture is richer in liquid whereas as the point shifts towards right side of the 
curve it indicates that the mixture is getting richer in vapour as liquid is getting 
converted in vapours be changing the liquid phase in to vapour phase thus losing its 
latent heat. For example, Quality 0.2 indicates 20% gas and 80% liquid. 

The point at which two curves meet is called critical point. The importance of this 
point is that any point lying above this point there would be complete gas and one 
cannot condense vapour into liquid in this region. 

For example, the critical temperature of CO2 is 30.9780C. Since ambient 
temperatures in our country are normally above 300C, we cannot condense this 
refrigerant, it can be only desuperheater and hence we should use this refrigerant is 
cascade system in low stage only. 

https://www.engproguides.com/images/phdiagram.png
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As against this the critical temperature of Ammonia refrigerant is 132.250C, hence 
ammonia is very good for heat pump applications also where high temperatures are 
required. 

If one observes P-H diagram of Ammonia and any other man-made refrigerants 
currently in use such as R22, R134a, R404A or R410A, one can see that at normal 
air cooled or water-cooled temperatures of 500C or 400C, the P-H diagram for 
ammonia is much broader indicating that large latent heat transfer is possible with 
refrigerants having higher critical temperatures. 

 

 

A simplified pressure-enthalpy diagram is shown above, describing some more 
information 

The curves break up the diagram into three regions (1) Liquid, (2) Vapor and (3) Mix. 

(1) Liquid Region: The liquid region is also known as the sub-cooled region. In 
this region there are vertical temperature lines, which increase as enthalpy is 
increased.  
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(2) Figure above is a simplified P-H diagram illustrating the constant 
temperature lines. 
 

 
The P-H diagram above indicate enthalpy lines. As the pressure increases, 
the enthalpy increases. 

https://www.engproguides.com/images/phdiagramtemp.png
https://www.engproguides.com/images/phdiagramskel.png
https://www.engproguides.com/images/phdiagramtemp.png
https://www.engproguides.com/images/phdiagramskel.png
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(3) The above P-H diagram shows constant entropy lines in the vapour region 
and we use these lines to follow compression process as we use constant 
entropy compression. Entropy is the measure of the amount of disorder in 
the system.  
 
Vapor Region: The vapor region is also known as the super-heated region. 
In this region there are vertical temperature lines, which increase as enthalpy 
is increased. Refer. 
 
 Liquid-Vapor Mix Region: In this region, the P-H diagram shows horizontal 
temperature lines, which indicate constant temperature. The mix region is 
the phase change region, where any addition of enthalpy will cause 
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additional liquid to vaporize instead of raising the temperature. Figure 
illustrates the horizontal temperature lines in the mix region. There are also 
upward sloping curves which indicate quality. Quality is a measure of the 
ratio of vapor mass to total mass. For example, quality of 0.1 or 10%, which 
is located near the saturated liquid line, describes points that have 10% 
vapor by mass. The 0.9 or 90% line, which is located near the saturated 
vapor line, describes points that have 90% vapor by mass. The previous 
figure, Figure 7, indicates the quality lines. 

 
 
The diagram above shows constant specific volume lines in the superheat 
region. 
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The P-H diagram showing all the lines described above 

 
 

In this diagram, the comparison of P-H diagram and Carnot cycle has been made 
showing the area of throttling losses b-4-4’-a- 
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In addition to throttling losses, his diagram shows additional losses over the Carnot 
cycle due to superheat covered by the area 2’-2”-2 
 

 
 
This diagram shows net increase in work indicating area A1+A2 
 
We shall now deal with P-H diagram and how construct best engineered and energy 
efficient refrigeration system. 
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The effort should be to approach as near to Carnot cycle as possible and the 
foremost effort should be to keep Temperature difference between condensing 
temperature and evaporating temperature as low as possible without affecting the 
process temperature requirement. In other words simply speaking, provide 
condenser and evaporator heat transfer are as high as economically possible as well 
as high heat transfer coefficient using right construction material and other 
parameters such as velocities, regular maintenance, quality of water and other 
parameters.  
 

 
 

The diagram above shows major components on the P-H diagram  
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The diagram shows COP actually encountered in practice which is (h1-h4)/(h2-
h1), as can be seen it is very much less as compared to Carnot COP.  h1 to h2 
is compression process, h2 to h3 is condensation process, h3 to h4 is 
expansion process and h4-to h1 is evaporation process. It can be observed 
that this diagram does not clearly show superheat horn or throttling losses 
and hence we studied these in earlier T-S diagram. 
 

 
 

The process taking place in the evaporator is more clearly understood on the 
above Temperature enthalpy diagram, showing subcooling., saturation point, 
evaporation at constant temperature and superheating. 
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Similarly, the above diagram clearly indicates process of condensation taking 
place in the condenser, showing de-superheating, condensing and 
subcooling. This diagram is important as it shows total heat rejection in 
condenser which is equal to Refrigeration effect (RE) +Work done by 
compressor (compressor power consumption in HP or kW) =GHR (Gross heat 
rejection) for which the condenser should be designed. The diagram also 
shows the condensing medium which could be water or air and how the 
temperature rise in this cooling medium takes place from entering temperature 
to leaving temperature. 
 
We shall now observe the P-H diagrams of Direct expansion, flooded gravity 
cooling expansion and pump circulation systems. 
 
Direct expansion: The diagram below shows direct expansion process. From the 
diagram you would observe that the refrigerant entering the evaporator is a mixture 
of liquid and gas. As applications require lower temperatures, percentage of gas 
increases and we also know it is the liquid when gets converted in to gas gives 
maximum cooling. The mixture once enters the evaporator has no going back and 
travels only in one direction till saturated or superheated gas comes out of 
evaporator. 
 

 
 
 
 
 

Direct Expansion Air Coil
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Flooded gravity cooling systems: In the flooded systems. The mixture of refrigerant 
liquid and vapour after expansion is taken into accumulator which is not there in DX 
system. In the accumulator the liquid and gas is separated and only the liquid enters 
the evaporator. This the coil is full of liquid at the entrance and a mixture of gas 
bubbles and the liquid returns to accumulator. From the accumulator the vapours are 
sucked by the compressor and the liquid is recirculated in the coil. Thus, there is 
complete wetting of coil surface and hence the flooded systems are more efficient. 
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Flooded Air Coil
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The above P-H diagram shows line 1-1’ indicating that liquid enters the evaporator at 
point 1 after gas portion of 1-1’ is separated in the accumulator. 
 
Force feed pump circulation systems: In the refrigerant pump circulation systems, 
there is L.P. vessel instead accumulator and separated liquid is pumped in the 
evaporator. The rate of pumping is much higher than gravity cooling system with the 
result there is full liquid at the inlet of the evaporator and full liquid at the outlet of 
evaporator. Since the circulation rate is much higher, the vapours formed due to 
boiling of liquid get entrapped in the liquid flow and the surface of evaporator tube 
remains wetted throughout, improving heat transfer. 
 
 

 
 

Ammonia pump circulation system-Please observe P-H diagram and small 
loop due to pump circulation leading to liquid pressure increase.  
 
 
Gravity Flow v/s pumped flow: one can observe that in pumped flow 
evaporated vapours bubbles are trapped in the liquid flow. 
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IN EQUILIBRIUM, SUB COOLING, & SUPER HEATING  

 
 

 
 

The diagram above shows liquid and vapour in saturated condition in 
equilibrium,  

 

 
 



28 
 

The above diagram shows that if one wants to subcooled the liquid it requires 
separate zone for heat removal, when both liquid and vapour is present and if 
we try to remove heat, it will not sub cool the liquid but it would result in 
condensing more vapours. For subcooling we therefore need to take out the 
liquid and then only it can be subcooled. In normal condenser one needs to 
build separate compartment to accumulate liquid which can be subcooled or 
we need to provide separate suction and liquid line heat exchanger which can 
sub cool the liquid while superheating the gas before it enters the compressor.  
 

 
 

Similarly, as indicated above, the mixture cannot be superheated, only gas or 
vapours can be superheated, hence in condenser there is separate zone to 
remove super heat 
 
We shall now examine what is the effect on performance, when various parameters 
like, suction pressure, discharge pressure, subcooling and superheating values 
change. 
 

Compressor capacity drops and power consumption increase when 
condensing temperature increases-Typical case study of capacity chart of 3-

cylinder reciprocating compressor 
Operating conditions-
Condensing/Evaporating 
Temperatures 

Capcity -Tons Power 
consumption -kW 

kW/Ton 

+250C/+50C 117.75 63.5 0.539 
+350C/+50C 106.91 75.5 0.706 
+400C/+50C 95.66 88.65 0.926 
 
From the above chart one can notice that when condensing temperature increases, 
for the same evaporating temperature, the specific power consumption i.e. kW/Ton 
increases. The lesson to learn is to keep discharge temperature/pressure as 
low as possible. 
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Compressor capacity drops and power consumption/Ton increases when 
evaporating temperature reduces-Typical case study of capacity chart of 3-

cylinder reciprocating compressor 
Operating conditions-
Condensing/Evaporating 
Temperatures 

Capcity -Tons Power 
consumption -kW 

kW/Ton 

+400C/+50C 101.32 82.0 0.809 
+400C/-150C 44.47 63.5 1.427 
+400C/-300C 19.21 40.2 2.092 
 
From the above chart one can notice that when evaporating temperature reduces, 
while the condensing temperature remaining same, the specific power consumption 
i.e., kW/Ton increases. The lesson to learn is to keep the suction 
temperature/pressure as high as possible without affecting required design 
conditions. 
 
We have made a mention of this in study of P-V diagram of compressor earlier, that 
drastic reduction in capacity takes place when suction pressure drops due to 
influence of increased trapped volume of gas in the clearance volume and thereby 
reducing effective compressor stroke. 
 

SUPER HEAT IS NOT USEFUL-SINCE IT REDUCES COMPRESSOR 
CAPACTY 

Operating condition+400C/+50C with Ammonia refrigerant 
Superheat-0C Capcity -kcal/hr. 
0K 3,59,400 
5K 3,50,700 
10K 3,42,600 
 
Many engineers argue that super heat is useful. The superheat is useful in the sense 
that it protects the compressor from liquid coming to the compressor suction, but the 
fact remains that it reduces compressor capcity. One should therefore design system 
with least possible superheat by sizing the pipelines, insulating properly and by 
avoiding the excessive pressure drop in the suction line. Thermostatic expansion 
valves used to maintain fixed superheat of 5 Deg. C to protect the compressor, but 
with the availability of quick response electronic expansion valves even in HFC 
refrigerants, superheat can be controlled to bare minimum of 1 to 2 Deg C. 
 

SUBCOOLING INCREASE COMPRESSOR CAPACITY 
OPERATING CONDITIONS-R22 REFRIGERANT-400C/-150C-COOL PACK 

SOFTWARE 
SUB COOLING-0C CAPACITY-kJ/kg Power consumption-kJ/kg C.O.P 
00C 149.879 41.812 3.58 
50C 156.452 41.812 3.74 
100C 162.902 41.812 3.90 
 
The above table indicates that the compressor capcity increase as the subcooling 
increase without any additional power consumption. Many manufacturers therefore 
take advantage of this aspect in declaring compressor capcity with sub cooling. The 
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common man does not understand this catch and says that X-Y-z manufacturer’s 
power consumption is lower and is therefore more efficient. If one goes into the 
details and ask the manufacturer, that from where does the subcooling takes place in 
the compressor for which he has declared the capacities, he is at a loss and 
indicates that this has to be built into the system. Please therefore ensure that the 
declared or made available capacity and power consumption is without any 
superheat or sub cooling as these are not compressor characteristics, but are 
system design aspects. 
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The above two diagrams show actual conditions in a typical case study and 
also show a corresponding P-H diagram showing all conditions 
 
 

 
 
This is the unique Temperature -Enthalpy diagram generally not available in most of 
the books. It shows all the missing processes in one place, including superheating, 
subcooling, compressor isentropic compression, work done by the compressor as 
well as various temperatures as well as pressures at different process locations. 
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We have now seen all the cycles and diagrams till now with single stage compressor 
refrigeration cycle. We now need to look at P-H diagrams for two stage and cascade 
refrigeration applications. 
 
We need to first look at the situation when to use two stage instead single stage 
system. 
 
This percentage utilization of stroke for re-expanding the trapped gas from the 
clearance volume increases as the ratio of discharge to suction pressure increases 
and there is considerable drop in volumetric efficiency. The single stage 
reciprocating compressor application is therefore normally restricted to compression 
ratio up to 8 to 10maximum. 

The boiling point of Ammonia is minus 33.30C whereas for R22 it is minus 40.760C. 
This is one of the considerations, for selecting proper system. For example, a -350C 
application working with Ammonia refrigerant would be operating under vacuum 
whereas if R-22ur R410A,R404A refrigerant is used the low side pressures would be 
positive. 

Similarly, the index of compression is another important aspect which influences the 
discharge temperatures for the identical operating pressure ratio for different 
refrigerants. The diagram given below demonstrates this aspect. 

If the compression ratio tends to go beyond 8 to 10, many times it is found that a 
two-stage system operation is much more economical, consuming lower power, 
leading to overall less compressor displacement & lower discharge temperatures. 

Normally a two-stage system operates most efficiently when the pressure ratio for 
low stage and high stage is equal or in other words intermediate pressure is a 
square root of overall compression ratio Pi=√Pc x Po 

There are four types of interstage gas cooling methods normally used for two stage 
application. These are 

1. Direct injection of liquid for gas cooling in the interstage 
2. Injection interstage gas and liquid cooler 
3. open type flash cooler 
4. Closed flash type interstage cooler 

 

As can be seen, ammonia refrigerant discharge temperatures for the same 
compression ratio, would be significantly higher, limiting use of single stage 
operation for ammonia due to its higher index of compression. A normal thumb rule 
is to limit temperature difference of 50K between saturated condensing temperature 
to saturated evaporating temperature for ammonia refrigerant whereas, R22 can be 
used in single stage system having temperature difference up to 70K. 
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1. System ‘A’ Direct Injection of Liquid for gas cooling in the Inter-stage 

Legends: 

TSC-Two stage compressor               IC-Injection Inter-stage cooler  

TXV-Thermostatic Expansion valve              OS-Oil separator    

CD-Condenser                 ∆tm-HP suction superheat  

TVE-Throttle valve for feeding evaporator ∆to-LP suction superheat 

EV-Evaporator                Pc-Saturated condensing pressure 

tc Saturated condensing temperature  Pm-Saturated intermediate pressure 

tm-Saturated intermediate temperature  Po-Saturated evaporating pressure 

to-Saturated evaporating temperature   

Description of system: The discharge from two stage compressor goes to oil 
separator and then to the condenser. From the condenser/receiver two liquid outlets, 
‘6’ are taken out of which one is the main liquid outlet which goes to evaporator 
through expansion valve from 6 to 8. The evaporated gas ‘1’ is then sucked by the 
compressor low stage cylinders ‘2’. The discharge of low stage cylinders ‘3’ enters 
the inter-stage cooler (sub-cooler) which is an integral part of the compressor in the 
form of pipe joining low stage discharge to high stage suction. The small amount of 
liquid from receiver in the second stream from receiver outlet is brought to this 
intercooler pipe. A thermostatic expansion valve is in this line, bulb of which is fitted 
on the suction side of HP cylinders. The expansion valve controls superheat of gas 
before it enters the HP cylinders. The purpose is to ensure that no liquid is entering 
the HP cylinders. The gas is then again compressed in the HP cylinders before it 
enters the oil separator and then to condenser.  

Many users provide temperature sensor in the discharge gas and a combination of 
solenoid valve & hand expansion valve. Sensing the compressor discharge 
temperature, the solenoid valve opens or closes whereas the hand expansion valve 
allows   fixed quantity of liquid to enter HP cylinders. 
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This is incorrect practice since if the compressor is operating on partial load; the 
hand expansion valve would still supply same quantity as per its setting and chances 
of extra liquid getting admitted to HP cylinders remains. Also, if due to certain other 
reasons such as valve plate leakage, or gasket rupture, if the discharge gas 
temperature is high the hand expansion valve would still continue to feed liquid 
vapour mixture to HP cylinders when it is not needed. 

The crux is we need to control superheat at the entry to HP cylinders and not 
the discharge gas temperature at the outlet of HP cylinders. 

We shall now discuss some advantages and disadvantages of this system 

Advantages: 

1. Inter stage cooling section very simple and inexpensive, no need for 
additional isolation shut off valves, oil separator in the LP discharge line or 
suction strainer in the HP suction line 

2. Complete system can be built onto integral two stage compressor, thus saving 
in floor space in the machine room. 

3. The system is easy to install & control  
4. This system is suitable for all refrigerants 

 
Drawbacks: 

1. Due to liquid expansion is only in one step from condensing pressure to 
evaporating pressure, there is no increase in evaporator capacity (enthalpy). 
Hence smaller refrigeration capacity compared to other systems. 

2. This results in relatively high specific power consumption(kW/Ton) 
3. Hunting of expansion valve may happen, especially at reduced loads 
4. Under certain conditions and required capacity you may require bigger size or 

next higher compressor model compared to other systems or for the same 
requirement you may have to run the compressor at higher speed compared 
to other systems. 
 

System ‘B’ Injection Inter-stage gas and Liquid cooling 

 

This is an extension of system A, where condenser liquid is not injected directly in to 
the inter-stage gas cooler but circulated through a “dry expansion chiller”, in which 



35 
 

the full high pressure refrigerant liquid flow is sub cooled down to a certain 
temperature difference above the saturation intermediate temperature say about 10K 

Advantages: 

1. Thermodynamically identical alternative for system ‘D’. 
2. It has the same favourable refrigeration capacity and power consumption, but 

much smaller liquid content of inter-stage cooler and trouble-free oil return to 
HP cylinders. 

3. Inter-stage cooling section smaller, simpler, less expensive, and more 
convenient than system ‘D’ 

4. It can be built on compressor like system ‘A’ resulting in saving of space. 
5. As with system ‘A’ no LP oil separator, HP suction strainer or isolation valves 

between stages are required. 
Drawbacks: 

1. Hunting of expansion valve may happen at reduced loads 
2. This system is more suitable for R22/R404A applications and seldom used in 

Ammonia applications 
 

System C: Open Flash interstage cooling 

. 

Description: Interstage cooling takes place by passing the full hot discharge gas 
from LP cylinders through a liquid ammonia refrigerant inside the vessel, called open 
flash cooler. The gas gets condensed and reaches intermediate pressure. This is 
achieved by passing full liquid refrigerant flow from the high-pressure condenser and 
is expanded through a throttle valve to intermediate pressure. Both the gas from low 
stage and the expanded liquid/flash gas from high stage, mix and the mixture 
reaches equilibrium at intermediate pressure. 

The saturated liquid from this intermediate vessel is then further expanded through 
throttle valve to required temperature/pressure and fed to evaporator either directly 
or through LP vessel if it is force feed ammonia pump circulation system. 
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An important point to be kept in mind, while using open flash cooler is mass flow rate 
in lower stage and higher stage is different. The high stage will have more refrigerant 
mass flow rate since it has to absorbed heat equal to refrigeration load plus heat of 
compression of low stage. This does not mean that more swept volume is required in 
high stage. In fact, much lower swept volume is required since the density of gas is 
higher at intermediate pressure/temperature compared to low stage suction 
conditions 

Advantages 

1. The refrigeration effect is maximum compared to all other systems for given 
operating conditions. (The enthalpy difference is maximum) 

2. This results in minimum power consumption for the required refrigeration 
effect 

3. The C.O.P is maximum or kW/Ton is minimum 
4. This results in minimum operating cost especially where the running time per 

year is very high. 
5. This results in less refrigerant mass flow and thus the smaller compressor or 

the same compressor at lower RPM 
 

Drawbacks: 
1. Interstage cooling section is complicated and expensive due to the necessary 

of shut off valve, an additional oil separator in the LP discharge line and 
suction strainer also in HP suction line 

2. The expensive set of level controls are required for intermediate pressure 
vessels and extra safety valve, drain valve, purge valve is needed. 

3. Requires extra floor space in the machine room to accommodate interstage 
cooler and its controls 

4. Installation is less convenient since the intermediate vessel is required to be 
located above LP vessel in case of ammonia pump circulation systems as the 
pressure difference across the throttle control valve is low and many times 
liquid feeling in evaporators/LP vessels becomes a problem if sufficient care is 
not taken to ensure minimum pressure drop in the liquid line from intermediate 
vessel to evaporators/LP vessel 

5. Risk of flash gas formation in liquid line from interstage cooler to evaporators 
exists. 

6. Interstage cooler contains a considerable volume of liquid refrigerant and 
traps oil coming from LP stage, therefore less suitable for HFC/HCFC 
refrigerants. 
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System ‘D’ Closed flash interstage cooler 

 

Description: This is variant of system ‘C’ here the interstage gas cooling takes place in a 
similar manner, but the liquid refrigerant flows under condensing pressure in a closed 
cooling coil in the interstage vessel and then goes to throttle valve to evaporator/LP vessel. 
A small part of liquid from receiver is throttled and injects just the enough amount of liquid 
required for interstage gas cooling. In the coil which is maintained at condensing pressure is 
subcooled down to a certain temperature difference (10K) above the intermediate 
saturation temperature. 

 Advantages: 

1. It is an alternative to system ‘C’, excluding the disadvantages of the system ‘C’ 
2. Full pressure difference between condenser and evaporator is available to properly 

operate throttle valve for evaporator 
3. There is therefore hardly any risk of flash gas bubbles in the liquid line from 

interstage to evaporator 
4. The interstage vessel can be conveniently installed in the machine room and does 

not require to be elevated as in system ‘C’ 
5. Operation is simpler than system ‘C’ and does not require very highly skilled 

operator. 
Drawbacks: 

1. The refrigeration capacity at given conditions is somewhat lower than system ‘C. 
approximately 3 to 5% due to higher enthalpy of liquid-vapour mixture at evaporator 
inlet 

2. The specific power consumption is therefore somewhat higher than system ‘C’ 
3. Interstage cooler more expensive due to closed cooling coil inside the interstage 

cooler 
 

We shall now compare various systems and their performances at identical 
operating conditions 
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Thermodynamic comparison of above systems 

Model 9cylinder compressor with 7 low stage and two high stage cylinders., 
SCT+400C/SST-400C, No Liquid subcooling/No suction superheat 

Required Refrigeration Capacity -100kW 

Type of 
system 

Capacity –
kW(TR) 

Shaft 
Power-
kW 

kW 
output/kW 
input -
(C.O.P.) 

Power 
consumption 
kW/ton 

Sat. 
Intermediate 
Temperature 

Compressor 
RPM 

System 
‘C’ 

100.24(28.50) 58.24 1.72115 2.043 -5.80C 700 

System 
‘D’  

104.78(29.79) 61.72 1.69767 2.072 -6.40C 750 

System 
‘A’ 

103.78(29.508) 76.32 1.3598 2.5864 -8.50C 850 

 

From the above comparison we can observe following  

1. System ‘C’ has maximum C.O.P. and therefore best efficiency 
2. System ‘C’ has lowest power consumption per unit output 
3. System ‘c’ has the lowest compressor speed means longer life, less wear & 

tare 
4. System ‘C’ has the highest intermediate pressure/temperature, which means 

lowest high stage compression ratio, lowest discharge gas temperature at the 
outlet of high stage cylinders, which means better lubricating properties, less 
overheating and lower inlet gas temperatures to condenser. 

 

CASCADE SYSTEMS: 
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Cascade system using different refrigerants, equipment and oils. 

For low temperature applications, two independent circuits known as cascade 
systems are also common. 

The high stage circuit is a standard single stage refrigeration unit; however, the 
evaporator of this unit acts as condenser for the low stage unit. 

The low stage circuit is also a single stage standard refrigeration unit; however, 
condenser of low stage circuit is the evaporator of high stage unit. Thus, the heat 
rejection of low stage is done by the boiling of high stage liquid and in the process 
the low stage gas gets condensed. 

Application 

1. Very low temperature applications 
2. Different load pattern for high and low stage 
3. Very high difference between saturated evaporating and condensing 

temperatures 
Advantages 

1. Simplicity of operation 
2. regular operator can manage the plant 
3. no oil circulation and oil return problems 
4. Three stage cascades are also possible 
5. One can use different refrigerants for high stage and low stage to 

achieve better results, which is not possible in two stage single 
compressor design. For Example, one can use Ammonia for high stage 
and carbon dioxide for low stage system. This is not possible in 
compound two stage systems as two stage system uses same 
refrigerant for high and low stage 

6. High stage system can function independently without low stage system 
running in case temperature requirements are higher. This happens many 
times in cold rooms when very low temperature rooms are not loaded with the 
products. 
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7. Different design of compressors can be used for high and low stage. One can 
use reciprocating compressor for high stage and screw compressor for low 
stage or both the stages with either reciprocating or screw designs 

8. The load pattern for high stage and low stage can be different. For example, 
load on high stage could be much more as the application warrants and a 
very small system could be for low stage if the load at low temperature is 
substantially lower. This happens many times in multipurpose cold storage 
facility when only one small room is for storing -250C ice-cream whereas the 
main facility is for storing fruits and vegetables at +20C. 

Thus, there is total flexibility available to the system designer if he opts for cascade 
systems instead of single two stage compressor selection. 

Drawbacks: 

1. Cascade condenser heat transfer requires temperature differential- penalty in 
the form of increased size and power compared to two stage open flash 
intercooler system 

2. First cost somewhat higher due to additional condenser cum evaporator and 
two compressors and two motors 

3. Liquid sub cooling has limitations 
4. Expansion valves need to be sized for relatively low-pressure differentials 
5. The disadvantages are the system is more expensive,  
6. More number of compressors and motors are required compared to single 

frame two stage compressors. 
7. Occupies more space and requires engineering and designing skills for 

vessels, pipe routing control selection etc.  
8. Many times, the low temperature circuit using refrigerants like R507, R-23 or 

carbon dioxide may have very high pressures at standing conditions and 
hence a large volume expansion vessel is required to be provided in the 
system. This allows the entire system gas of low stage to expand in the vessel 
provided without exceeding allowable pressures. 

Two stage V/S cascade: 

Many consultants/designers of refrigeration systems prefer cascade systems over 
two stage systems claiming that it gives better efficiency. 

We shall therefore now compare two stage system v/s cascade system for identical 
conditions using ammonia refrigerant 

We shall consider operating conditions as +400C saturated condensing temperature 
and    -300C saturated suction temperature and capacity as 100kW at -300C 

For sake of comparison we shall consider two stage single frame compressor with 4 
low stage cylinders and two high stage cylinders. so that cylinder ratio is 2:1 and 
therefore ideal with system ‘C’ using open interstage cooling flash cooler. 

For cascade system we require use of  KC4 compressor as low stage booster 
operating at -300C evaporating and -5.00C condensing temperature 

For high stage we shall select KC3 single stage 3 cylinder compressor operating at 
+400C condensing and -100C evaporating temperature . 

The heat exchanger would have thus 50C TD (∆T) 
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System 
Type 

Compressor 
Model-RPM 

Operating 
conditions 

Capacity-
kW(TR) 

Power 
consumption-kW 

kW/TR 

Booster-low 
stage 

KC4-650 RPM -300C/-50C 100.56(28.59) 17.36  

High stage KC3-600 RPM +400C/-100C 128.51 38.34  
Total   100.56(28.59) 17.36+38.34=55.7 1.948 
Single frame 
two stage 

KC42-650RPM +400C/-300C 101.08(28.74) 45.82 1.5942 

 

CONCLUSION: 

1. The power consumption per ton is lower with single frame two stage 
compressor than cascade system, the reason being cascade system has 
inefficiency due to additional heat exchanger working as condenser for low 
stage and evaporator for high stage 

2. The power consumption is nearly 22% higher than two-stage compressor with 
open flash cooler 

3. The booster high stage cascade system requires total 7 cylinders of same 
swept volume as against 6 number for two-stage compressor 

 

This table, however, would not lead to the conclusion that two stage system is 
always a better alternative. Designers who have gone for cascade system have 
never regretted the choice, it has obvious other advantages which are not possible 
with two staging such as easier oil management, simplicity in design, independent 
circuits, flexibility of compressor types and selection of different refrigerants as well 
as selecting optimum intermediate pressures/temperature levels. 

 
Ton         2000 x 144                                          
                                   24 
COP   =     Coefficient   Of   Performance 
 
                  Capacity in KW                    Ton x 3.5 
                   power consumption in KW                KW 
 
EER          BTU / hr       Ton x 12000 

                          Watt                  KW X 1000 
 
SEER =     Seasonal Energy Efficiency Ratio 
 
         Total heat removed over a period 
                          Total energy input in Watts during same period 
 
Reproduced below my article published in ISHRAE journal and written by me 
on 11th March 2006.The Article is available on my website 

SOME MISCONCEPTIONS ABOUT THE REFRIGERATION CYCLE 
And how use of the pressure/enthalpy diagram can help clear such doubts 
 

= 

=  12000 BTU / hr 

= 

= 

= = 

= 
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During my career spanning over nearly 40 years I have come across many instances 
where due to lack of understanding of basic refrigeration cycle, incorrect 
specifications are laid down by consultants, especially those consultants involved in 
chemical/process plant designs and how they are adamant in sticking to their own 
specifications. Most of the contactors do not take the path of confrontation and quote 
as per specifications which can lead to inefficient plant design. It is therefore 
essential to educate such people in highlighting the errors in specifications and 
asking them to correct the same. ASHRAE hand book also confirms this in their 
chapter 36 on refrigeration in the chemical industry stating that chemical engineers 
expect refrigeration as any other utility like water/steam or compressed air and do 
not understand that refrigeration cycle performance is linked with the main chemical 
system behavior and refrigeration plant cannot be turned on like a tap water. I would 
site some such cases below 
1. In water cooled chiller selection some consultants specify water entry 

temperature for shell and tube condenser, as 300 C inlet and water outlet as 380 
C with condensing as 44/45 deg C. When we point out that such high condensing 
temperatures are not desired as it would lead to high power consumption and 
energy bills, they argue stating that with 8 deg C temperature rise in condenser 
water, the water quantity gets reduced and thereby saving in pumping cost. 
Similarly, the heat exchanger would become more economical. This is a total 
misconception, as any amount of saving in pumping cost and initial lower cost 
benefits are insignificant and are totally nullified against the higher power 
consumption of refrigeration compressor. Similarly, an air-cooled system can 
never be as efficient as water cooled system and many engineers try to justify air 
cooled systems. Of course, there are other considerations for selecting air cooled 
option over water cooled system but it can never be due to power saving as can 
be seen in subsequent calculations. 

2. Many refrigeration compressors especially from US and Japan publish their 
compressor ratings with 150F sub cooling. Whereas most of the European 
manufacturers publish ratings at saturated conditions without any sub cooling.  
Refrigeration compressor is a volume displacement machine and does not 
produce any sub cooling on its own. It is also known that every degree of sub 
cooling achieved in system design increases capacity by approx. ½% for R-22 
refrigerant without any extra power consumption and therefore the data for 
compressors published with sub cooling look unnecessarily attractive giving an 
impression that these are more efficient compressors with lower kW/TR values. 
In reality it is not apple to apple comparison and one needs to carefully read 
conditions for which the data is published and apply suitable corrections.   The 
sub cooling section has to be built in the system by providing additional area/ 
separate sub cooling section. If this is not done one cannot get sub cooling 
benefits. It should also be understood that only liquid can be sub cooled and a 
mixture of vapour and liquid present in the condenser can never be sub cooled 
and hence separate arrangement for sub cooling is a must if one wants to derive 
benefit of sub cooling. 

3.  Third myth is regarding useful super heat. If one studies in detail the 
thermodynamic cycle, super heat is never useful as it increases the specific 
volume at the entry of compressor thereby reducing the mass flow rate and thus 
the cooling capacity. It is useful in the sense that it only helps in protecting the 
compressor by reducing the chances of getting liquid at the suction of the 
compressor. Similarly, if super heat is produced in the evaporator, vapour zone 
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area becomes larger thereby making evaporator less efficient as expensive heat 
transfer area is used for super heating rather than for latent heat transfer by way 
of evaporation, which is the main function of evaporator. The most efficient 
system is without any super heating of suction gas which is possible with all 
flooded coolers predominantly used in Ammonia systems or centrifugal machines 
where power consumption becomes a main criterion for selection due to very 
high capacities for large plants which work round the clock like airports. 

 
All these concepts would become clearer once we look at the pressure/ enthalpy 
diagram and study various conditions and their effect on system performance. 
 
We shall use HCFC-22 refrigerant for our study and with bench mark values of 
+400C saturated condensing temperature and +50C saturated evaporating 
temperature, considering no sub cooling of liquid and no super heating of suction 
gas. Similarly, equipment and piping pressure losses and heat gains are not 
considered for the sake of ease of understanding. The compression process is 
assumed to be isentropic. This situation is considered as condition 1. Refrigeration 
capacity required assumed as 10 Ton for calculation of mass flow rate. The 
properties are taken from Danfoss software –Refrigeration utilities 
 
CONDITION -1 
An introduction to pressure /enthalpy diagram 
 
Eva. 
Temp
. deg 
C 

Cond. 
Temp
. 
Deg 
C 

Suct..p
r. 
Bar 

Disc.pr
. 
 
Bar 

enthalpy
- 
 
h1-kJ/kg 

Specific 
vol.-V1 
m3/kg 

enthalp
y 
 
h2-kJ/kg 

T2- 
 
Deg C 

enthalp
yh3=h4 
kJ/kg 

+5 +40 5.838 15.335 407.152 0.04036
2 

431.04
4 

55.76
3 

249.67
4 

 
From this data we derive this useful information 
 

1. Refrigeration Capacity-h1-h4= 407.152-249.674=157.478 kJ/kg 
2. Power required for compression- h2-h1=431.044-407.152=23.892 kJ/kg 
3. Coefficient of Performance (COP) –h1-h4÷ h2-h1= 157.478/23.892 =6.5912 
4. Compression Ratio-Discharge pressure/Suction 

pressure=15.335/5.838=2.6267 
5. Discharge temperature at the end of isentropic compression- 55.7630C 
6. Specific Volume at 1-0.040362 m3/kg 
7. Mass flow rate = 1/specific volume = 1÷ 0.040362= 24.7757 kg/kJ 
8. Mass flow rate to get 10 Ton capacity-10x12660/157.478=803.9218 

kg/hrx0.040362 m3/kg =32.44 m3/hr. 
9. Heat rejection in condenser=h2-h3=431.064-249.674=181.39 kJ/kg 
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CONDITION -2 
Saturated discharge pressure higher than designed +400C or Design is based on 
higher condensing temperatures say +500C 
 
Eva. 
Temp. 
deg C 

Cond. 
Temp. 
Deg C 

Suct..pr. 
Bar 

Disc.pr. 
 
Bar 

enthalpy- 
 
h1-kJ/kg 

Specific 
vol.-V1 
m3/kg 

enthalpy 
 
h2-kJ/kg 

T2- 
 
Deg C 

enthalpy-
h3=h4 
kJ/kg 

+5 +50 5.838 19.423 407.152 0.040362 437.210 69.559 263.253 
 
From this data we derive that when discharge pressure is higher than expected 

1. Refrigeration Capacity-h1-h4= 407.152-263.253=143.899 kJ/kg (157.478 
kJ/kg)- CAPACITY REDUCES 

2. Power required for compression-h2-h1=437.210-407.152=30.058 kJ/Kg 
(23.892 kJ/kg)-POWER CONSUMPTION INCREASES 

3. Coefficient of Performance (COP) –h1-h4÷ h2-h1= 143.899/30.058 
=4.7873(6.5912)-EFFICIENY DROPS 

4. Compression Ratio-Discharge pressure/Suction 
Pressure=19.423/5.838=3.326(2.6267)-INCREASES/VOLUMETRIC 
EFICIENCY DROPS 

5. Discharge temperature at the end of isentropic compression- 69.5590C 
(55.7630C)-INCREASES-Compressor runs hotter, leading to more wear 
tear 

6. Specific Volume at 1-0.40362 m3/kg (0.040362 m3/kg)- 
7. Mass flow rate to get 10 Ton capacity=12660x10/143.899=879.7837 

kg/hrx0.040362=35.50 m3/hr. (32.44 m3/hr.), since more mass flow is 
required to get same capacity, bigger compressor is required 

8. Heat rejection in condenser=h2-h3=437.210-263.253=190.3724kJ/kg 
(181.39 kJ/kg)-HEAT REJECTION INCREASES-requires bigger 
condenser. Also, ratio of heat rejection/cooling capacity increase as cycle 
becomes less efficient. 

 
CONCLUSION: Keep/select/design as low a saturated discharge pressure as 
possible to get best performance without affecting the designed conditions in the 
premises or process fluid outlet temperature. 
 

CONDITION -3 
Saturated Suction pressure Lower than designed +50C or Design is based on lower 
evaporating temperatures say +00C 
This can happen due to liquid line obstruction, evaporator coil or fan-motor 
damaged, less refrigerant charge, moisture in the system, under sizing of liquid line 
or expansion valve etc. 
 
Eva. 
Temp. 
deg C 

Cond. 
Temp. 
Deg C 

Suct..pr. 
Bar 

Disc.pr. 
 
Bar 

enthalpy- 
 
h1-kJ/kg 

Specific 
vol.-V1 
m3/kg 

enthalpy 
 
h2-kJ/kg 

T2- 
 
Deg C 

enthalpy-
h3=h4 
kJ/kg 

+0 +40 4.976 15.335 405.370 0.047143 433.429 58.43 249.674 
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From this data we derive that when saturation pressure is lower than expected 
1. Refrigeration Capacity-h1-h4=405.370-249.674 =155.696 kJ/kg (157.478 

kJ/kg)- CAPACITY REDUCES 
2. Power required for compression-h2-h1=433.429-

405.370=28.059x157.478/155.696=28.38kJ/Kg(23.892kJ/kg)-POWER 
CONSUMPTION INCREASES 

3. Coefficient of Performance (COP) –h1-h4÷ h2-h1= 
155.696/28.059=5.54(6.5912)-EFFICIENY DROPS 

4. Compression Ratio-Discharge pressure/Suction 
Pressure=15.335/4.976=3.0818(2.6267)-INCREASES/VOLUMETRIC 
EFICIENCY DROPS 

5. Discharge temperature at the end of isentropic compression- 58.430C 
(55.7630C)-INCREASES-Compressor runs hotter, leading to more wear 
tear 

6. Specific Volume at 1-0.47143 m3/kg (0.040362 m3/kg)- 
7. Mass flow rate to get 10 Ton capacity=12660x10/155.696=813.123 

kg/hrx0.047143 m3/kg =38.33 m3/hr. (32.44 m3/hr.) , since more mass flow 
is required to get same capacity, bigger compressor is required 

8. Heat rejection in condenser=h2-h3=433.429-
249.674=183.755x157.478/155.696=185.858kJ/kg(181.39 kJ/kg)-HEAT 
REJECTION INCREASES-requires bigger condenser. Also ratio of heat 
rejection/cooling capacity increase as cycle becomes less efficient. 

 
CONCLUSION: Keep/select/design as high a saturated suction pressure as 
possible to get best performance without affecting the designed conditions in the 
premises or process fluid outlet temperature. 
 

CONDITION -4 
Suction gas superheat 200C instead 00C. Super heat could be in the evaporator, or 
in suction line. Evaporator super heat means increase in refrigeration capacity; 
however, it should be kept in mind that it is the latent heat which is important to us, 
and hence expensive heat transfer area of evaporator must be utilized for liquid 
boiling and extracting maximum heat rather than for super heating. Heat absorption 
by gas is significantly less compared to latent heat transfer. Hence useful super heat 
terminology is misleading. It is useful only in the sense it protects the compressor 
form possibilities of liquid entry through the suction gas. 
 
This illustration is based on external super heat after the evaporator 
 
Eva. 
Temp. deg 
C 

Cond. 
Temp. 
Deg C 

Suct.
.pr. 
Bar 

Disc.pr
. 
 
Bar 

enthalpy- 
 
h1’-kJ/kg 

Specific 
vol.-V1 
m3/kg 

enthalpy 
 
h2’-kJ/kg 

T2- 
 
Deg C 

enthalpy-
h3=h4 
kJ/kg 

+5(+200C) 
super heat 

+40 5.838 15.335 421.903 0.044647 448.414 75.742 249.674 

 
From this data we derive this useful information 

1. Refrigeration Capacity-h1-h4= 407.152-249.674=157.478 kJ/kg 
2. Power required for compression- h2’-h1’=448.414-421.903=26.511(23.892 

kJ/kg). Hence as super heat increases, power consumption increases. 
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3. Coefficient of Performance (COP) –h1-h4÷ h2-h1= 157.478/26.511 
=5.94(6.5912). System efficiency drops 

4. Compression Ratio-Discharge pressure/Suction 
pressure=15.335/5.838=2.6267. remains unaltered, as super heat does 
not alter compressor discharge or suction pressure 

5. Discharge temperature at the end of isentropic compression- 75.7420C 
(55.7630C). Discharge temperature increases. Compressor runs hotter, 
leading to more wear tear 

6. Specific Volume at 1-0.044647 m3/kg (0.040362) m3/kg increases 
7. Mass flow rate to get 10 Ton 

capacity=12660x10/157.478=803.92x0.044647 =35.8926 m3/hr. (32.44 
m3/hr.), since more mass flow is required to get same capacity, bigger 
compressor is required 

8. Heat rejection in condenser=h2’-h3=448.414-249.674=198.74 kJ/kg 
(181.39 kJ/kg) requires bigger condenser. Also, ratio of heat 
rejection/cooling capacity increase as cycle becomes less efficient. 

 
CONCLUSION: Super heat is always bad from refrigeration cycle efficiency. 
In direct expansion plants we normally keep this to around 5 to 6 deg C to 
protect the compressor from liquid entry. The electronic expansion valves 
have faster response and hence are being increasingly used as they work 
with low super heat settings and hence from the same evaporator more area 
is then available for latent heat transfer than for super heating and thus cycle 
efficiency improves. Ideally flooded systems with saturated suction with no 
super heat gives best efficiency and performance hence most of the big 
chillers where power consumption is critical like centrifugal machines or screw 
chiller packages work on flooded operation with no superheat. It is a myth to 
mislead people by calling useful superheat. Superheat is never useful from 
refrigeration cycle except it protects compressor from possible liquid 
refrigerant at suction. Any amount of superheat achieved in evaporator is in 
reality a loss since expensive area of evaporator is being used for 
superheating whereas in reality it should have been used for latent heat 
transfer i.e. evaporation.  
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CONDITION -5 
This condition indicates effect of sub cooling the liquid refrigerant either in the 
condenser or externally before it enters the metering device. For sub cooling liquid in 
the condenser separate area needs to be provided in both water cooled or air cooled 
condensers. If not done then the condensing area would be inadequate and 
discharge pressures would increase nullifying the gains of sub cooling. There is also 
a limitation to what extend one can achieve sub cooling based on cooling medium 
temperature. Sub cooling achieved by using the small quantity of liquid refrigerant is 
of no use since refrigeration capacity would be reduced as some mass flow gets 
diverted for achieving sub cooling. 
 
This condition considers external sub cooling with out use of refrigeration 
Eva. 
Temp. 
deg C 

Cond. 
Temp. 
Deg C 

Suct.
.pr. 
Bar 

Disc.pr
. 
 
Bar 

enthalpy- 
 
h1’-kJ/kg 

Specific 
vol.-V1 
m3/kg 

enthalpy 
 
h2’-kJ/kg 

T2- 
 
Deg C 

enthalpy-
h3’=h4’ 
kJ/kg 

+5 +40 with 
100C sub 
cooling 

5.838 15.335 407.152 0.040362 431.064 55.763 236.651 

 
From this data we derive this useful information 
1. Refrigeration Capacity-h1-h4’= 407.152-236.651=170.501kJ/kg (157.478 kJ/kg)-

increases 
2. Power required for compression- h2-h1=431.064-407.152=23.892(23.892 kJ/kg)-

remains unaltered 
3. HENCE SUB COOLING INCREASES CAPACITY WITHOUT ANY INCREASE 

IN POWER 
4. Coefficient of Performance (COP) –h1-h4’÷ h2-h1= 

170.501/23.892=7.1363(6.5912). System efficiency improves 
5. Compression Ratio-Discharge pressure/Suction pressure=15.335/5.838=2.6267. 

Remains unaltered, as sub cooling does not alter compressor discharge or 
suction pressure 

6. Discharge temperature at the end of isentropic compression- 55.7630C 
(55.7630C)- does not increase, remains same.  

7. Specific Volume at 1-0.040362 m3/kg (0.040362) m3/kg remains same, however 
as cooling capacity per kg of refrigerant has increased, the less mass flow to get 
same capacity is required, hence smaller compressor. 

8. Mass flow rate to get 10 Ton 
capacity=12660x10/170.501=742.517x0.040362=29.96 m3/hr(32.44 m3/hr) , 
since less mass flow is required to get same capacity, smaller compressor is 
required 

9. Heat rejection in condenser=h2-h3’=431.064-236.651=194.413 kJ/kg(181.39 
kJ/kg) requires bigger condenser.  

 
CONCLUSION: as can be seen sub cooling the liquid always is beneficial. It 
adds to the capacity without increasing power consumption. Sub cooling also 
ensures that metering device receives liquid only. If gas bubbles are present in 
the liquid at the entry, it causes many problems as is known to all of us. Any 
degree of sub cooling is not possible and depends on the cooling medium 
temperature available as well as saturated discharge temperature. It also adds to 
the cost but advantages more than compensate for this additional cost. 
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CONDITION -6 
This condition takes into account both super heating of suction gas and sub cooling 
of liquid refrigerant normally achieved by use of suction liquid line heat exchanger. 
 
This condition considers external sub cooling without use of refrigeration 
Eva. 
Temp. deg 
C 

Cond. 
Temp. 
Deg C 

Suct.
.pr. 
Bar 

Disc.pr. 
 
Bar 

enthalp
y- 
 
h1’-
kJ/kg 

Specific 
vol.-V1 
m3/kg 

enthalpy 
 
h2’-kJ/kg 

T2- 
 
Deg C 

enthalpy-
h3’=h4’ 
kJ/kg 

+5(+200C) 
super heat  

+40 with 
100C sub 
cooling 

5.838 15.335 421.903 0.044647 448.414 75.742 236.651 

 
From this data we derive this useful information 
1. Refrigeration Capacity-h1-h4’= 421.903-236.651=170.501kJ/kg  
2. Power required for compression- h2’-h1’=421.903-407.152=26.511(23.892 kJ/kg) 
3. Coefficient of Performance (COP) –h1-h4’÷ h2-h1= 170.501/26.511=6.431 (6.5912). 

System efficiency slightly lower since although capacity has increased due to sub 
cooling the power consumption has also increased due to super heating. 

4. Compression Ratio-Discharge pressure/Suction pressure=15.335/5.838=2.6267. 
Remains unaltered 

5. Discharge temperature at the end of isentropic compression- 75.7420C (55.7630C)- 
increases, leading to higher wear and tear  

6. Specific Volume at 1-0.044647 m3/kg (0.040362) m3/kg increases,  
7. Mass flow rate to get 10 Ton capacity=12660x10/170.501=742.517x0.044647=33.15 

m3/hr. (32.44 m3/hr.), less mass flow which would have been required due to sub 
cooling is nullified due to increase in specific volume on account of super heat, hence to 
get same capacity, more or les same compressor swept volume would be required. 

8. Heat rejection in condenser=h2-h3’=448.414-236.651=211.763 kJ/kg (190.3724 kJ/kg) 
requires bigger condenser.  

 
CONCLUSION: suction /liquid line heat exchanger is useful device as it helps in sub 
cooling liquid there by giving additional capacity. The super heat increase resulting 
ensures compressor has less chance of liquid coming through the suction gas. 
Selection of expansion valve and location of bulb needs to be studied to ensure that 
super heat due to expansion valve and through sub cooler do not add and lead to 
abnormal super heating. 
 
RECOMMENDATIONS: For any design, whether it is air conditioning or process 
plant, the best theoretical efficiency is Carnot cycle, which means heat absorption at 
the same conditions as the space/cooling medium temperature to be maintained and 
rejecting heat at the same temperature as the heat sink. This is in actual practice is 
not possible and hence we design heat exchangers with certain optimum 
temperature differences. However, a designer must keep in mind that closing the 
temperature differences between condensing and evaporating would always improve 
the system performance. Similarly, it should be kept in mind that there is nothing like 
useful super heat. Super heat is always bad whereas sub cooling is always useful. In 
short lower discharge pressures, higher suction pressures, low super heat, high sub 
cooling and lower compression discharge temperature is the best formula for any 
vapour compression refrigeration system design. 
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