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Carnot cycle

The Carnot cycle is a particular thermodynamic cycle proposed by Nicolas Léonard Sadi Carnot in 1824 and

expanded by Benoit Paul Emile Clapeyron in the 1830s and 40s. [[EiSithe most efficient existing cycle capable of
_ or, conversely, creating a temperature difference (e.g. for

refrigeration) by doing a given amount of work.

Every thermodynamic system exists in a particular thermodynamic state. When a system is taken through a series of
different states and finally returned to its initial state, a thermodynamic cycle is said to have occurred. In the process
of going through this cycle, the system may perform work on its surroundings, thereby acting as a heat engine. A
system undergoing a Carnot cycle is called a Carnot heat engine, although such a 'perfect' engine is only theoretical

and cannot be built in practice.
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Figure 1: A Carnot cycle acting as a heat engine, illustrated on a Figure 2: A Carnot cycle acting as a heat engine, illustrated on a
femperature-entropy diagramy The cycle takes place between a hot pressure-volume diagram to illustrate the work done.

reservoir at temperature TH and a cold reservoir at temperature T o The
vertical axis is temperature, the horizontal axis is entropy.
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Properties and significance
The temperature-entropy diagram
The behaviour of a Carnot engine or
refrigerator is best understood by using a
temperature-entropy (TS) diagram, in which T
the thermodynamic state is specified by a H
point on a graph with entropy (S) as the
horizontal axis and temperature (T) as the W=0Qy- Q¢
. . . . T
vertical axis. For a simple system with a
fixed number of particles, any point on the
graph will represent a particular state of the T
system. A thermodynamic process will ¢
consist of a curve connecting an initial state QA
(A) and a final state (B). The area under the
curve will be:
Sa S Sg
(1) The first law is the Conservation of Energy. A generalized thermodynamic cycle taking place between a hot reservoir at
(2) The second law: the entropy of any isolated system always temperature TH and a cold reservoir at temperature TC. By the second law of
increases. For a reversible process, it is given by dS = dQ/T thermodynamics, the cycle cannot extend outside the temperature band from T cto
) T . The area in red Q , is the amount of energy exchanged between the system and
(3) The third law: the entropy of a system approaches a hH d . ThC in white W is th £ work haneed b
constant value as the temperature approaches absolute zero. the cold reservoir. The area in white W 1s the amount of work energy exchanged by
the system with its surroundings. The amount of heat exchanged with the hot
reservoir is the sum of the two. If the system is behaving as an engine, the process
moves clockwise around the loop, and moves counter-clockwise if it is behaving as
aefrigerator. The efficiency of the cycle is the ratio of the white area (work)
divided by the sum of the white and red areas (total heat).
B
Q= / TdS (1)
A
which is the amount of thermal energy transferred in the process. [ICIPIOCESSINOVEsIONSIeatetIenitopymtnciates
the'eyelel Referring to figure 2, mathematically, for a reversible process we may write the amount of work done over
a cyclic process as: | N€ first law of thermodynamics, energy conservations dU=dQ+dW
dW: is the work done by the system
W = f PdV = f (dQ — dU) = j‘( (TdS — dU) (2)|  dQ: exchange of heat with outside rese

Since dU is an exact differential, its integral over any closed loop is zero and it follows that

dU: chan

ie in internal enerii

and is equal to

the total work done on the system as the loop is traversed in a counterclockwise direction.

“Reversibility” refers to performing a reaction continuously at equilibrium.

For example, an infinitesimal compression of a gas in a cylinder where there exists friction between the piston
and the cylinder is a quasi-static, but not reversible process. Although the system has been driven from its
equilibrium state by only an infinitesimal amount, heat has been irreversibly lost due to friction, and cannot be
recovered by simply moving the piston infinitesimally in the opposite direction.
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(1) The first law is the Conservation of Energy.

(2) The second law: the entropy of any isolated system always increases. For a reversible process, it is given by dS = dQ/T

(3) The third law: the entropy of a system approaches a constant value as the temperature approaches absolute zero.

�
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“Reversibility” refers to performing a reaction continuously at equilibrium.

For example, an infinitesimal compression of a gas in a cylinder where there exists friction between the piston and the cylinder is a quasi-static, but not reversible process.  Although the system has been driven from its equilibrium state by only an infinitesimal amount, heat has been irreversibly lost due to friction, and cannot be recovered by simply moving the piston infinitesimally in the opposite direction.�
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dW: is the work done by the system 
dQ: exchange of heat with outside reservoir;
dU: change in internal energy
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The first law of thermodynamics, energy conservations dU=dQ+dW
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The Carnot cycle
Evaluation of the above integral is
particularly simple for the Carnot cycle. The T,
amount of energy transferred as work is

T W= QH- QC

Te

Qc
Sa S Sg

A Carnot cycle taking place between a hot reservoir at temperature TH and a cold

reservoir at temperature 7.

n=_-=1-+ 3

W is the work done by the system (energy exiting the system as work),
(Q g is the heat put into the system (heat energy entering the system),
T is the absolute temperature of the cold reservoir, and

T’y is the absolute temperature of the hot reservoir.

Sp is the maximum system entropy

S 4 is the minimum system entropy

_ A Rankine cycle is usually the practical approximation.
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Carnot's theorem

It can be seen from the above diagram, that for any cycle operating between temperatures 1z and T, none can
exceed the efficiency of a Carnot cycle.
Carnot's theorem is a formal

. . [ i [ vapor [ tiauia + vapor
statement of this fact: No engine
operating between two heat reservoirs T T

can be more efficient than a Carnot

engine operating between those same

reservoirs. Thus, Equation 3 gives the

Tc

maximum efficiency possible for any 7

engine using the corresponding

temperatures. A Corollary to Carnot's A real engine (left) compared to the Carnot cycle (right). The entropy of a real material

. changes with temperature. This change is indicated by the curve on a T-S diagram. For
theorem states that: All reversible

this figure, the curve indicates a vapor-liquid equilibrium (See Rankine cycle). Irreversible
engines operating between the same systems and losses of heat (for example, due to friction) prevent the ideal from taking
heat reservoirs are equally efficient. place at every step.

Rearranging the right side of the

equation gives what may be a more easily understood form of the equation. Namely that the theoretical maximum
efficiency of a heat engine equals the difference in temperature between the hot and cold reservoir divided by the
absolute temperature of the hot reservoir. To find the absolute temperature in kelvin, add 273.15 degrees to the
Celsius temperature. Looking at this formula an interesting fact becomes apparent. Lowering the temperature of the
cold reservoir will have more effect on the ceiling efficiency of a heat engine than raising the temperature of the hot
reservoir by the same amount. In the real world, this may be difficult to achieve since the cold reservoir is often an

existing ambient temperature.

In other words, maximum efficiency is achieved if and only if no new entropy is created in the cycle. Otherwise,
since entropy is a state function, the required dumping of heat into the environment to dispose of excess entropy

leads to a reduction in efficiency. So Equation 3 gives the efficiency of any reversible heat engine.

Efficiency of real heat engines

Carnot realized that in reality it is not possible to build a thermodynamically reversible engine, so real heat engines
are less efficient than indicated by Equation 3. Nevertheless, Equation 3 is extremely useful for determining the

maximum efficiency that could ever be expected for a given set of thermal reservoirs.

Although Carnet's cycle is an idealisation, the expression of Carnot efficiency is still useful. Consider the average

temperatures,
1
Ty) = — TdS
< H> AS Qi'n.
1
Tc) = — TdS
< C> AS Quut

at which heat is input and output, respectively. Replace TH and T c in Equation (3) by <TH> and <T < respectively.

For the Carnot cycle, or its equivalent, <TH> is the highest temperature available and <TC> the lowest. For other less
efficient cycles, <TH> will be lower than TH ,and <T fg will be higher than T' c This can help illustrate, for example,
why a reheater or a regenerator can improve thermal efficiency.

See also: Heat Engine efficiency and other performance criteria
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Hyperphysics (http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/carnot.html) article on the Carnot cycle.
Interactive Java applet (http://galileoandeinstein.physics.virginia.edu/more_stuff/flashlets/carnot.htm)

showing behavior of a Carnot engine.
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