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INTRODUCTION 
 
 
 
 
 
This course covers the fundamentals and the principles of the single compression refrigeration cycle.  It 
includes the thermodynamic properties of the refrigerants and basic calculations used to determine capacities of 
each one of the components in the single stage refrigeration cycle. 
 
Only basic knowledge of thermodynamics is needed to understand the Pressure to Enthalpy diagrams and 
energy conservation equations. 
 
The course is divided into sections to study each one of the basic components (compressor, condenser, 
expansion and evaporator).  At the end, a section is included to cover the complete refrigeration cycle.  The 
purpose of this section is to show the student how some changes in one of the components can affect the overall 
performance of the complete cycle.  This section is especially important because although each component is 
selected individually, it is important to understand how variations in any of the components can affect the 
overall performance of the complete system. 
 
Even though there are many types of refrigerants used, for the purpose of simplicity, only ammonia (NH3) 
properties are used in the course.  However, the concept and calculation procedures would be identical if other 
refrigerants were to be used. 
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REFRIGERATION CYCLE 
 
 
Refrigeration is a thermodynamic process where heat is transferred from a cold area to a warm area using 
mechanical or electrical work.   
 
There are several types of refrigeration used today: Electric, Compression cycle, Absorption cycle, etc.  This 
course will concentrate only on the Single Compression Cycle 
 
The refrigeration process is a cycle where the refrigerant goes through a series of steps in which it experiences 
changes of state (gas / liquid / gas) as it goes through the cycle.  As the refrigerant goes through those steps, 
heat and/or work is absorbed or rejected. 
 
The simplest refrigeration cycle is the single-stage compression cycle and is typical of most residential and 
small commercial air conditioners as well as typical appliances. 
 
Graphically the refrigeration thermodynamic cycle system would look like this: 
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    Fig 1 
 
The refrigerant follows the path indicated by the blue arrows. 
 
Most refrigeration cycles are typically represented by a pressure-enthalpy diagram.  Because the refrigeration 
cycle is a process where the refrigerant changes phases as it goes around the cycle, the pressure -enthalpy 
diagram covers the liquid phase, vapor phase and the liquid/vapor phase.  This diagram is illustrated in Fig. 2. 
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COEFFICIENT OF PERFORMANCE 
 
The coefficient of performance of a refrigeration cycle is defined as the ratio between the useful refrigeration 
and the net work needed to obtain such refrigeration.   
 
     Useful Refrigeration (heat removed by the evaporator) 
 Coefficient of Refrigeration =  
             Net Work (work done by the compressor) 
 
 
 
Considering the diagram in fig 2, we can express mathematically the above expression as: 
 
     h1 – h4 
 Coefficient of Refrigeration =  
     h2 – h1 
 
 
 
 

 
    Fig 2.  Pressure – Enthalpy diagram 
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PERFORMANCE OF THE STANDARD COMPRESSION CYCLE 
 
Using fig. 2 we can measure the amount of heat rejected by the condenser per pound of refrigerant as the 
enthalpy difference ( h2 – h1), the amount of heat absorbed by the evaporator (h1 – h4) and the amount of work 
required by the compressor (h2 – h1). 
 
From here we can see that the heat rejected by the condenser is equal to the heat absorbed by the evaporator 
plus the work done by the compressor. 
 
Following the cycle in the diagram in fig. 2, it is clear that the amount of heat absorbed by the condenser and 
rejected by the evaporator is represented as a horizontal (constant pressure) line.  In a similar manner, the 
compression path is represented along a constant entropy line, and the expansion process is represented along a 
vertical (constant enthalpy) line. 
 
 
 
 
 
REFRIGERATION CAPACITY  
 
The refrigeration capacity is normally expressed in tons of refrigeration (1 ton = 200 Btu / min) and is 
calculated using the following expression: 
 
 
          1 
 Capacity (tons) = mref * (h1 – h4)  
              200 Btu /min 
 
 
 
 Where: mref is the Flow rate of refrigerant (Lbm/min) 
  h1 The suction enthalpy to the compressor (Btu/Lbm) 
  h4 The enthalpy of the refrigerant at the entrance of the evaporator (Btu/Lbm) 
 
 
 
 
 
 
 
COMPRESSOR 
 
The mission of the compressor is: 
 

A) To elevate the pressure and temperature of the refrigerant to the point that it can experience a 
change in phase from gas to liquid under normal conditions at the condenser. 

B) To be able to continuously move the refrigerant through the cycle at a steady rate. 
 
When the gas from the evaporator reaches the compressor, it should be free of refrigerant liquid (all the 
refrigerant should have been evaporated at the evaporator) and the gas should be only slightly superheated.  A 
properly designed refrigeration cycle would include ways to prevent the liquid from reaching the compressor.  
In some cases this can be designed as a liquid trap where the liquid will remain until it turns into gas and then it 
will be transported to the compressor.  Remember that the compressor would not be capable of compressing the 
liquid refrigerant. 
 

FUNDAMENTALS OF REFRIGERATION  6 
Manuel Calzada, PE               9/2005 



An ideal compression process will compress the refrigerant along a constant entropy line from point 1 to point 
2.  In reality, the entropy will increase as the irreversibilities of the process increase.  Typical compression 
processes are designed with cooling jackets that prevent the entropy from increasing too much, which decreases 
the overall efficiency of the compressor. 
 
The diagram in fig 2 illustrates the compression refrigeration cycle where the suction gas to the compressor 
(point 1) is just saturated (no superheat).   
 
Fig 3 illustrates the diagram when the refrigerant enters the compressor with a certain amount of superheat.  The 
amount of superheat is measured by the difference in enthalpy between point 1 and point 6.  In general, as the 
amount of superheat increases, the amount of work required by the compressor to elevate the gas suction 
pressure to the discharge pressure will also increase as the constant entropy lines widen at higher pressures. 
 

 
  Fig 3.  Pressure-Enthalpy diagram showing superheating and subcooling 
 
 
In general, the path of the compression follows along a constant entropy line.  How far the process deviates 
from this line is a measure of how efficient the process is, or how much heat transfer has taken place in the 
process. 
 
 
VOLUMETRIC EFFICIENCY 
 
Using as a reference a reciprocating compressor, the amount of refrigerant that is circulated through the system 
is calculated using the following expression: 
 

       Q ηvc 
     mref  =  
             100 Vsuction  
 
Where  mref = Flow rate of refrigerant (Lbm/min) 
 Q = Rate of displacement (ft3 /min) 
 ηvc = Volumetric efficiency of the compressor (%) 
 Vsuction = Specific volume of the refrigerant at the suction of the compressor (ft3/Lbm) 
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Where ηvc is calculated using the following formula: 
 
   Volume flow entering the compressor, (ft3/min) 
 ηvc =  100  * 
       Displacement rate of compressor, (ft3/min) 
 
 Vsuction is the specific volume of the refrigerant at the suction of the compressor in (ft3/Lbm) 
 
 
The amount of work required by the compressor to compress the refrigerant is calculated following the energy 
conservation equation around the compressor: 
 
 
       Q (heat) 
 
 mref h1      mref h2 
 
 
   W (work) 
 
 
 
  W   +   mref h1   =   Q  +  mref h2 
 
Notice that as the amount of heat that is removed from the compressor increases, the discharge enthalpy 
decreases.  This explains how the work done by the compressor is decreased as the heat removed from the 
compressor increases.  This is a reason why some compressors have an inter-cooler when the compressor has 
more than one stage. 
 
If the process is adiabatic, Q =0 and the final expression is: 
 
  W   =   mref  (href  out   –   href  in) 
 

href in     is the suction enthalpy of the refrigerant (Btu/Lbm) 
href out    is the discharge enthalpy of the refrigerant at the compressor (Btu/Lbm). 

 
When the change in enthalpy across the compressor is calculated, the actual amount of work required for the 
compression should be calculated by multiplying the change in enthalpy along the isentropic line times a 
constant that will represent the actual deviation of the compression process due to the process irreversibilities. 
 
 
 
The following examples are cases where the above illustrations and concepts are built up from one example into 
the next.  In the first example, we will discuss the case where the compression is isentropic and there is no 
superheat in the suction gas.  The next example will consider the same case with superheated gas but along an 
isentropic process.  Finally we will discuss the case where the suction gas is superheated and the compression is 
no longer isentropic.  In these three cases we will be able to see the impact that these circumstances would have 
on the compression work.  Note that each of the examples below uses the same suction pressure and the same 
discharge pressure. 
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Example 1 
 
Calculate the amount of work required to compress 20 Lbm / min of saturated ammonia gas at 20 psia to a 
discharge pressure of 100 psia along an isentropic process. 
 
For illustration purposes the gas used in these examples is ammonia. 
 
 h suction = 606 Btu / Lbm 
 h discharge = 704 Btu / Lbm 
 
 Work = 20 (Lbm /min) * ( 704 Btu / Lbm  −  606 Btu / Lbm)  =  1,960 Btu / min    answer
 
 
Example 2 
 
Calculate the amount of work required to compress 20 Lbm / min of ammonia refrigerant gas at 20 psia 
superheated to 0 F and compressed along an isentropic path to a discharge pressure of 100 psia. 
 
 h suction = 615 Btu / Lbm 
 h discharge = 717 Btu / Lbm 
 
 Work = 20 (Lbm /min) * ( 717 Btu / Lbm  −  615 Btu / Lbm)  =  2,040 Btu / min    answer
 
 
Example 3 
 
Calculate the amount of work required to compress 20 Lbm / min of ammonia refrigerant gas from 20 psia 
superheated to 0 F to 100 psia with an isentropic efficiency of 90%. 
 
 h suction = 615 Btu / Lbm 
 h discharge = 717 Btu / Lbm / 0.9 = 796.6 Btu /Lbm 
 
 Work = 20 (Lbm /min) * ( 796.6 Btu / Lbm  −  615 Btu / Lbm)  =  3,632 Btu / min    answer
 
 
 
 
 
 
 
 
 
 
 
CONDENSER 
 
After the gas is compressed in the compressor it is transported to the condenser.  The mission of the condenser 
is to condense the refrigerant so later it can be expanded and through the rapid pressure drop, the temperature 
will also drop. 
 
A condenser is a heat exchanger that will transfer heat from the refrigerant to the condensing medium until the 
refrigerant reaches its condensation point. 
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The refrigerant will need to condense at a pressure such that its condensing temperature is low enough so the 
medium used to condense the gas can accomplish its job.  In other words, if the condensing temperature of the 
refrigerant at 100 psia is 150 F, it will need to condense the gas in a heat exchanger using a fluid (liquid or gas) 
at the temperature that would be below the refrigerant condensing temperature (150 F).  This concept is 
important because if we cannot get enough cooling capacity to condense the refrigerant, the compressor will 
continue to increase the discharge pressure until the condensing temperature is high enough so condensation of 
the refrigerant can take place.  Keep in mind that it is possible to increase the discharge pressure to the point 
that the work required to reach it is higher than the power that the compressor can provide.  In that case, the 
compressor will stop working and the refrigeration system will stop. 
 
It is also important to mention that as the temperature of the cooling medium decreases the discharge pressure 
will also decrease and the refrigerant will most likely reach the sub-cooling region.  In this situation, the work 
required by the compressor will also decrease.   
 
Observing fig. 2, we can see that the amount of heat transferred at the condenser is calculated from the 
following equation: 
 
 
 
 

Q condenser = mref * (h2 – h3) 
 
 
 
 
Part of the amount of heat transferred at the condenser takes place at a constant temperature and part of the heat 
will take place at a more elevated temperature (discharge temperature). Figure 4 illustrates a diagram of the heat 
exchanger when the cooling medium and the refrigerant are interacting. 
 
Several authors include in their literature heat transfer coefficients that can be used in the condenser.  The 
proper selection of the heat transfer coefficient will depend on the cooling medium and the type of heat 
exchanger that is used as a condenser.  Among the most typical condensers are the air-cooled and water-cooled 
condensers.  The calculations of the overall heat exchanger heat transfer coefficient is left out to another course.  
However, some experimental values of the heat transfer coefficient (h) on the refrigerant side are provided by 
the following formulas that can be used in a condenser with horizontal tubes where the refrigerant is on the 
outside of the tubes: 
 
 
  h ref. = 0.725 ((kf 3 ρf 2 g hfg) / ( N D μf  Δt))1/4 

 
 
If the tubes were to be vertical, the expression would be as follows: 
 
 
  h ref. = 0.943 ((kf 3 ρf 2 g hfg) / ( L μf  Δt))1/4 

 
 
Where: href is the heat transfer coefficient (Btu / hr ft2 F) 
 kf  is conductivity of the condensate (Btu-ft/hr ft2 F) 
 ρf is the density of the condensate (Lbm/ft3) 
 g is the gravitational acceleration (ft/hr2) 
 hfg is the latent heat of vaporization (Btu/Lbm) 
 L is the length of the tubes (ft) 
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 N is the number of tubes in the vertical row 
 D is the diameter of the tubes (ft) 
 μf is the viscosity of the condensate (Lbm/ft hr) 
 Δt is the temperature difference between the condensing vapor and the outside of the tubes (F) 
 
The following diagram illustrates the temperature changes between the refrigerant and the condensing medium 
across the condenser (heat exchanger). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ΔTin 

ΔTout 

Heat Exchanger Area 

Temperature 

Refrigerant 

Condensing Medium

 
   Fig. 4   Condenser heat exchanger diagram 
 
 
In the case that the condenser has tubes where chilled water flows, the heat transfer coefficient for the water 
side of the heat exchanger can be expressed as the Nusselt equation, which mathematically can be expressed as: 
 
 
  h fluid = C (k / D) (V D ρ / μ )0.8 (Cp μ / k )0.4
 

 
 where  h fluid  is the heat transfer coefficient of the fluid (Btu / hr ft2 F) 
  C is a constant 
  k is the conductivity of the water (Btu-ft / hr ft2 F) 
  D is the inside diameter of the tube (ft) 
  V is the average velocity of the water (ft/hr) 
  ρ is the density of the water (Lbm/ft3) 
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μ is the viscosity of the water (Lbm / ft-hr) 
Cp is the specific heat of the water (Btu/Lbm-F) 

 
 
 
In a typical refrigeration systems it is important that the amount of non-condensable gases be kept to a 
minimum.  These non-condensing gases can be trapped in the condenser and cause problems in the system. 
 
Whenever we need to calculate the amount of heat transfer in a condenser or any heat exchanger, we can follow 
the energy balance equation, 
 
  Qref = m ref  (h2 – h3)  
 

Qcondensing medium = m medium Cp medium (tout – tin) 
 

 
Since the heat absorbed by the condensing medium is equal to the heat rejected by the refrigerant, these two 
equations are equal: 
 
  Qref  = Qcondensing medium 
 
 

m ref  (h2 – h3)  = m medium Cp medium (tout – tin) 
 
 
 
Example  
 
Calculate the amount of heat removed by the condenser that operates at a discharge pressure of 150 psia if the 
enthalpy of the entering ammonia gas to the condenser is 800 Btu /Lbm and the flow of refrigerant is 20 Lbm 
/min.  Assume that there is refrigerant leaving the condenser in the form of saturated liquid 
 
 h entrance = 800 Btu / Lbm 
 h exit = 130.8 Btu / Lbm 
 
 Qcondenser = 20 (Lbm / min) * (800 − 130.8) (Btu / Lbm) = 13,384 Btu / min      answer
 
 
If we look at fig 2, we can see that if the evaporator temperature were to change (increase or decrease), it would 
also have a direct impact on the heat rejected by the condenser and the work required by the compressor.  In a 
similar manner, as the pressure in the condenser changes, it would also have a direct impact on the capacity of 
the evaporator and the work required by the compressor. 
 
The student needs to be aware that a refrigeration cycle is a dynamic cycle which will change as temperatures 
and pressures change.  Proper selection of components is a bit more complicated than just using the formulas 
that have been developed in these sections. 
 
More examples in the COMPLETE CYCLE section below will illustrate how changes in condenser 
temperatures affect the overall performance of the complete cycle. 
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EXPANSION VALVE 
 
The expansion valve is the next step in the refrigeration cycle.  When the liquid that leaves the condenser 
reaches the expansion valve, it is still at a pressure close to the discharge pressure.  The only difference between 
the discharge pressure and the pressure at the entrance of the expansion valve is the pressure loss in the pipes 
due to friction losses. 
 
When the liquid goes through the expansion valve, it experiences a sudden release of pressure from high to low 
and the temperature drops drastically as it enters the evaporator.  Since there is no work added to the expansion 
process and no heat is added or removed, the expansion process is an iso-enthalpic and adiabatic process.  The 
reduction of pressure on the saturated refrigerant liquid makes the refrigerant on the discharge of the valve to be 
a mixture of liquid and gas.  The graphic representation of this process is illustrated in fig 2 by the vertical line 
shown by the path between 3 and 4.   
 
 

Mathematically:    h3 = h4 
 
The proper size of the expansion valve is also critical.  A small valve will “starve” the evaporator and a large 
valve will flood it.  Depending on the size of the system, many applications use a thermostatic valve that 
operates based on the surface temperature at the discharge of the evaporator.  In other cases, especially in 
smaller systems, it is possible to use a capillary tube that will expand the gases as the refrigerant goes through it. 
 
 
 
 
 
 
 
 
 
 
EVAPORATOR 
 
The evaporator is the last phase of the single compression refrigeration cycle and is the heat exchanger where 
we absorb the heat at a low temperature and from where we obtain the benefit of the refrigeration cycle. 
 
As a heat exchanger, the evaporator is very similar to the condenser.  In the case of the evaporator the 
refrigerant enters in the liquid and gas phase and through the heat absorbed, the liquid is evaporated.  The gas is 
then delivered to the suction of the compressor. 
 
Evaporators can be classified as forced or natural convection evaporators, depending upon whether a pump or 
fan forces the fluid that is being cooled in the heat exchanger, or whether the fluid flows naturally across the 
heat transfer surface.  There are natural convection coils, flooded evaporators, liquid chillers and direct 
expansion coils.   
 
The heat transfer coefficient for boiling the refrigerant in the evaporator can be represented by the following 
expression: 
 
       h ref = C (Δt)n  
 
Where the constant C and the exponent n are particular for each surface and pressure and Δt is the difference 
in temperature between the metal surface and the boiling fluid (F).   
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In the case that the evaporator has tubes where chilled water flows, the heat transfer coefficient for the water 
side of the heat exchanger can be expressed as the Nusselt equation, which mathematically can be expressed as: 
 
 
 h fluid = C (k / D) (V D ρ / μ )0.8 (Cp μ / k )0.4 

 
 
 where  h fluid  is the heat transfer coefficient of the fluid (Btu / hr ft2 F) 
  C is a constant 
  k is the conductivity of the water (Btu-ft / hr ft2 F) 
  D is the inside diameter of the tube (ft) 
  V is the average velocity of the water (ft/hr) 
  ρ is the density of the water (Lbm/ft3) 

μ is the viscosity of the water (Lbm / ft-hr) 
Cp is the specific heat of the water (Btu/Lbm-F) 

 
 
 
If the liquid flows on the outside of the tubes through the bundle of tubes, the equation is as follows: 
 
 h fluid = C (m fluid)0.5 to 0.6 

 
Where   h fluid is the heat transfer coefficient of the fluid (Btu/hr-ft2-F) 
 C  is a constant  
 mfluid   is the mass rate of flow of the fluid (Lbm/hr) 
  
 
 
In the case where the air flows over finned tubes, the air side heat transfer coefficient varies with the air flow to 
the 0.4 to 0.6 power. 
 
The final overall heat transfer coefficient for the heat exchanger can be expressed as: 
 
 
 1/U0 = (1/h0) + (Rmetal) + (A0/(Ai hi)) 
 
 
 
Where    U0 is the overall heat transfer coefficient (Btu/hr-ft2-F) 
 h0 is the outside heat transfer coefficient (Btu/hr-ft2-F) 
 A0 is the outside area of the tube (ft) 
 Ai is the inside area of the tube (ft) 
 hi is the heat transfer coefficient on the inside of the tube (Btu/hr-ft2-F) 
 Rmetal is the thermal resistance of the tube (hr-ft2-F / Btu) 
 
 
If the load in the evaporator is very large, the refrigerant will boil and superheat prior to leaving to the 
compressor.  It is recommended that the refrigerant be only slightly superheated to prevent liquid from reaching 
the compressor. 
 
In some evaporators is possible that frost would build up.  Generally frost is detrimental to the operation of the 
evaporator for two reasons, one is that the frost acts as an insulator across the evaporator surface, and the other 
reason is that it reduces the air flow that is needed to provide the heat transfer across the evaporator. 
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COMPLETE REFRIGERATION CYCLE 
 
If all the components of the refrigeration cycle were to operate at constant temperatures and pressure, the 
calculations would be very simple as indicated in the previous sections.  Unfortunately refrigeration systems 
operate with variations in condensing temperatures (weather related variables), evaporator loads, etc.    The 
purpose of this section is to illustrate the variables that affect the performance of the compression refrigeration 
cycle.  Several examples are illustrated to help the student understand how changes in any of the components 
can affect the overall performance. 
 
 
 
Example 1 
 
In an ammonia compression cycle where the evaporator temperature is 20 F, 20 Lbm per minute of ammonia 
are compressed to 200 psia of pressure.  If the condenser rejects heat to condense the ammonia to a saturated 
liquid condition, 
 
a) Calculate the amount of work required by the compressor under isentropic compression and the heat 

rejected by the condenser. 
 

h1 = 618 Btu/Lbm 
h2 = 707 Btu/Lbm 
h3 = 151 Btu/Lbm 
 
Work required by the compressor = (20 Lbm/min) * (707 – 618) = 1780 Btu/min    answer 
 
Heat rejected by the condenser = (20 Lbm/min) * (707 – 151) = 11120 Btu/min    answer
 
 

b) Calculate the heat absorbed by the evaporator (Capacity of the system) 
 

Capacity of system = (20 Lbm/min) * (618 – 151) = 9340 Btu/min = 46.7 tons     answer
 
 
c) If the water used in the condenser to condense the ammonia is increased so the discharge pressure of the 

compressor increases to 240 psia, calculate the amount of energy required at the compressor, heat rejected 
at the condenser and capacity of the system, 

 
h2 = 750 Btu/Lbm 
h3 = 165 Btu/Lbm 
 

 
Energy required to compress the ammonia = (20 Lbm/min) * (750 – 618) = 2640 Btu/min    answer
 
Heat rejected at the condenser = (20 Lbm/min) * (750 – 165) = 11700 Btu/min   answer
 
Capacity of the system = (20 Lbm/min) * (618 – 165) = 9060 Btu/min = 45.3 tons    answer
 

In this case we can see that the capacity of the system went down and the amount of work required by the 
compressor went up when we increased the discharge pressure from 200 psia to 240 psia.  Therefore the 
coefficient of refrigeration went down from 5.24 to 3.43 
 
 
d) If in the original example the evaporation temperature went up from 20 F to 30 F, calculate the energy 

required by the compressor, heat rejected by the condenser (at 200 psia) and capacity of the system.  
Assume the refrigerant flow to be 20 Lbm/min. 
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h1 = 620 Btu/Lbm 
h2 = 696 Btu/Lbm 
h3 = 151 Btu/Lbm 
 
 
Energy required by compressor = (20 Lbm/min) * (696 – 620) = 1520 Btu/min    answer
 
Heat rejected by condenser = (20 Lbm/min) * (696 – 151) = 10900 Btu/min   answer 
 
System Capacity = (20 Lbm/min) * (620 – 151) = 9380 Btu/min = 46.9 tons     answer
 

In this case, the energy required to compress the refrigerant went down, the heat rejected by the condenser went 
down too and the capacity of the system slightly went up.  The coefficient of refrigeration went from 5.24 to 
6.17. 
 
 
In general these examples should give an idea as to what happens to a refrigeration system when different 
condensation or evaporation temperatures are present.  Many refrigeration equipment suppliers provide this type 
of information when requested. 
 
 
Appendix 
 
On the following pages are Ammonia tables that will be needed in order to complete the course quiz. 
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