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Chapter 7

Entropy
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Entropy

o The second law of thermodynamics is closely associated to inequalities. For 

example, the efficiency of an irreversible heat engine is lower than that of a 

reversible engine operating between the same thermal resevoirs.

o Another example is given by the Clausius inequality (which can be

demonstrated using the Kelvin-Planck statement):

o The integral symbol means that the integral is performed over the whole cycle

o This relation is valid for all cycles, wether reversible or not!

o In the case of a reversible cycle, we have:
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Entropy

o This last case (reversible cycle) is particularly interesting since a cyclic integral

equal to zero is null if this integral does not depend on the process, but only on 

the system state. In this case, the quantity within the integral is a property. 

o This new property is called Entropy:

o Since entropy is a state variable, the variation of entropy between two states is

independent on the followed path, wether the process is reversible or not. 

o To calculate the entropy variation of a system, we need to integrate the above

expression between the initial and final states, taking the case of a reversible

process:
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The increase of entropy principle

o Let’s consider a cycle composed of a reversible process from state 2 to state 1 and an irreversible

process from state 1 to state 2:

o The strict inequality corresponds to an irreversible process. In that case, the inequality can be re-

written as an equality by using an additional entropy generation term, which is always positive:

o The first term of the right-hand side is the entropy transfer via heat: it is the entropy increase

brought by the heat transfer if the system is reversible (Sgen=0)
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The increase of entropy principle

o In the case of an isolated system (no energy or mass transfer), the 

variation of entropy is equal to the generation of entropy:

The entropy of an isolated system during a process always increases or, in 

the limiting case of a reversible process, remains constant. 

In other words: The entropy of an isolated system never decreases.

• If we consider a system together with its surroundings (=Universe), we

can consider this new system as isolated. Therefore:

• Since no process is completely reversible, the entropy of the universe is

continuously increasing.

∆𝑆𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 = 𝑆𝑔𝑒𝑛 ≥ 0 

∆𝑆𝑢𝑛𝑖𝑣 = ∆𝑆𝑠𝑦𝑠 + ∆𝑆𝑠𝑢𝑟𝑟 = 𝑆𝑔𝑒𝑛 ≥ 0 
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The increase of entropy principle
o The increase of entropy principle can be summarized by:

o Entropy generation is not a state function since it depends on the process path

o NB: entropy variation within a system can be negative, but entropy generation can 

never be negative!

𝑆𝑔𝑒𝑛  

  > 0    𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 
= 0     𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠   
< 0    𝑖𝑚𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠  

 

Sgen=1 kJ/K
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The increase of entropy principle

Tsur=10°C

Tsyst=25°C

Q=1kJ
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Surroundings

sys
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The increase of entropy principle

o Processes can occur in a certain direction only, the one that complies with the 

increase of entropy principle (Sgen>0)

o Entropy is a non conserved property, except in the case of reversible evolution. 

There is no such thing as the conservation of entropy principle.

o Entropy generation is a measure of the magnitudes of irreversibilities. The greater

the irreversibilities, the greater the entropy generation.
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Isentropic processes

o According to the above equation, the entropy of a substances varies if:

o This substance receives heat

o Irreversibilities are generated internally.

 If the system is adiabatic and if the process is internally reversible, the entropy does not 

change. The process is isentropic.

➢ Pumps, compressors and turbines are nearly adiabatic. In these components the performance 

is maximized if the irreversibilities (e.g. friction) are minimized. 

➢ Therefore, the isentropic case can be selected as reference case to which real processes can 

be compared.
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Property diagrams involving entropy

• From the definition of entropy:

• Therefore, the area under the 

process curve on a T-S diagram 

represents heat transfer during an 

internally reversible process

• Particular case: isothermal heat 

transfer:
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The Carnot cycle in the T-s diagram

• The T-s diagram is useful to 

visualize irreversibilities in a cycle

• Adiabatic reversible compression 

and expansion are isentropic. They 

appear as vertical lines

• Isothermal processes appear as 

horizontal lines
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The T-s diagram of water

• As in the p-V diagram we can draw the 

liquid and vaport saturation lines in the T-s 

diagram.

• The vapor zone corresponds to high 

entropy values.

• Entropy can be viewed as a measure of 

molecular disorder, or molecular 

randomness: it is higher in vapor state 

than in liquid state
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The T ds relations
Gibbs equation

o In a process the variation of entropy of a system can be evaluated by considering a reversible process 

between the initial and the final states:

o If we consider a closed system undergoing an internally reversible process, the differential equation of 

the energy balance (first law of thermodynamics) is written:

o But we also know that the reversible work is given by:

And therefore:

Since h=u+pv, we also have:

The equations allow calculating the entropy variation of a systems as a function of the variations of other

thermodynamic variables. They are independent of the process path (reversible or irreversible) and can be

applied to open or closed systems
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Variation of entropy in the case of ideal gases

o To express the entropy variation of an ideal gas, we substitute du=cvdT and 

P=RT/V in the first Gibbs equation.

o If enthalpy is considered (e.g. for an open system), we take the second equation

and substitute dh=cpdT
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Variation of entropy in the case of ideal gases
Particular case of perfect gases

o In the case of a perfect gas (cp and cv  are constant), if the evolution is isentropic:

o In the same manner:

o By combining both equation, we also have:
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o The above equations can be shortened into:

o Which corresponds to a particular case of polytropic process with n=k 

𝑇 𝑣𝑘−1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑇 𝑃
1−𝑘
𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑃 𝑣𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   

Variation of entropy in the case of ideal gases
Particular case of perfect gases
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Work of steady-flow reversible process

The first law of thermodynamics applied to a steady-flow process in 

the reversible is written:

We also know that, by definition:

Therefore:

If the variations of kinetic and potential energy are neglected, we

finally obtain:

And if the fluid is incompressible:

𝛿𝑞𝑟𝑒𝑣 = 𝑇 𝑑𝑠 𝑎𝑛𝑑 𝑇 𝑑𝑠 = 𝑑ℎ − 𝑣 𝑑𝑃 
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Minimizing compression work
To minimize the compression work we can:

➢ reduce irreversibilities (friction, turbulence)

➢ Reduce the specific volume of the gas during the comrpession:

To reduce the specific volume of the gas, it is necessary to cool it down. 

The compression work is minimal in the case of an isothermal compression (P v=constant)
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Minimizing compression work

o In practice, it is not possible to create a perfectly isothermal compression

o A two-stage or multi-stage compression is considered insteead

o The compression is stopped and inter-cooling is added before the next

compression stage
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Isentropic efficiency of steady-flow devices

o Irreversibilities downgrade the performance of devices.

In the previous chapter, we expressed the performance of cycle by its thermal efficiency. In this chapter, we

would like to find a performance indicator for devices working under steady-flow conditions. 

For that purpose, we select an ideal case: an internally reversible and adiabatic process, i.e. isentropic. We

are going to compare the actual proces agains this ideal process.

NB: An isentropic evolution is not necessarily reversible since entropy generation through irreversibilities can be exactly compensated by 

entropy losses linked to a heat transfer with the surroundings.
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Isentropic efficiency of turbines

The isentropic efficiency is defined by the ratio between actual work output and the work

that would be produced if the turbine was adiabatic and reversible (=> isentropic)

휀𝑠,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 =
𝑤𝑎
𝑤𝑠

 

If the actual process is adiabatic:
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Isentropic efficiency of compressors

In the actual case, the work required for the compression is higher than in the ideal

(isentropic) case. The isentropic efficiency is thus defined as the ratio between the 

ideal work (numerator) and the actual work (denominator).

If the actual process is adiabatic:

휀𝑠,𝑐𝑜𝑚𝑝𝑟 𝑒𝑠𝑠𝑜𝑟 =
ℎ2,𝑠 − ℎ1

ℎ2,𝑎 − ℎ1
 

In the particular case of pump

(incompressible fluid), the isentropic

compression can be expressed directly

in terms of v and p:

휀𝑠,𝑝𝑢𝑚𝑝 =
𝑣 (𝑝2 − 𝑝1)

ℎ2 − ℎ1,𝑎
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Exercises in EES
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