Fundamentals of Thermodynamics
Lecture 9. Carnot Cycle

9.1. Introduction
Definitions
1. Working Substance: In thermodynamics, a working substance is the material or
fluid that undergoes changes (such as expansion, compression, heating, or
cooling) to perform work in a heat engine or refrigeration system.
Examples of working substances:
« Steam in a steam engine or steam turbine
« Refrigerants (like Freon, ammonia, or R-134a) in refrigerators and air conditioners

« Air in internal combustion engines

Why it’s called “working” substance?

Because it absorbs heat, expands or contracts, and performs mechanical work- or in
reverse systems, it absorbs heat to produce cooling.

2. A Cyclic Process: A cyclic process is a thermodynamic process in which a system
(or a working substance) undergoes a series of changes in pressure, volume, and
temperature but eventually returns to its initial state.

Key Features of a Cyclic Process:

o The initial and final states are the same.

« Since the internal energy depends only on state, the net change in internal
energy over one complete cycle is zero.

o The system may do work or have heat exchanged with the surroundings
during the cycle.

Where is it used?
Cyclic processes occur in:

« Heat engines (e.g., Carnot cycle, Otto cycle, Diesel cycle)
« Refrigerators and air conditioners
o Steam power plants

If the volume of the working substance changes, t/e substance may do external work,
or work may be done on the working substance, during a cyclic process.

Since the initial and final states of the working substance are the same in a cyclic
process, and internal energy is a function of state, the internal energy of the working

substance is unchanged in a cyclic process.
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Therefore, the net heat absorbed by the working substance is equal to the external
work that it does in the cycle.

If during one cycle of an engine a quantity of heat Q, is absorbed and heat Q, is
rejected, the amount of work done by the engine is Q; — Q, and its efficiency 1 is

defined as:

B Work done by the engine Q1 —Q
~ Heat absorbed by the working substance ~ Q,

n

Carnot was concerned with the efficiency with which heat engines can do useful
mechanical work. He envisaged an ideal heat engine consisting of a working

substance contained in a cylinder (Fig. 9.1).
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Figure 9.1 The components of Carnot’s ideal heat engine

By means of this design, the working substance undergoes transformations which
are either adiabatic or isothermal.

An infinite warm reservoir of heat (H) at constant temperature T;, and an infinite
cold reservoir for heat (C) at constant temperature T, (where T; > T, ) are available.
Also, an insulating stand S to facilitate adiabatic changes.

Heat can be supplied from the warm reservoir to the working substance contained in
the cylinder, and heat can be extracted from the working substance by the cold
reservoir.

As the working substance expands, the piston moves outward and external work is
done by the working substance. As the working substance contracts, the piston

moves inward and work is done on the working substance.
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Figure 9.2 Representations of a Carnot cycle on a p — V diagram. The red lines are isotherms and

the blue lines adiabats.

Carnot’s cycle consists of taking the working substance in the cylinder through the

following four operations that together constitute a reversible, cyclic transformation

1. The substance starts at point A with temperature T,. The working substance is
compressed adiabatically to state B. Its temperature rises to T; .

2. The cylinder is now placed on the warm reservoir H, from which it extracts a
quantity of heat Q;. The working substance expands isothermally at temperature
T, to point C. During this process the working substance does work.

3. The working substance undergoes an adiabatic expansion to point D and its
temperature falls to T,. Again the working substance does work against the force
applied to the piston.

4. Finally, the working substance is compressed isothermally back to its original
state A. In this transformation the working substance gives up a quantity of heat

Q, to the cold reservoir.

The net amount of work done by the working substance during the Carnot cycle is

equal to the area contained within the figure ABCD. This can be written

W = jg pdV
C
Since the working substance is returned to its original state, the net work done is

equal to Q; — Q, and the efficiency of the engine is given by:
Qi —Qy

nN=—4H7—

Q1
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In this cyclic operation the engine has done work by transferring a certain quantity

of heat from a warmer (H) to a cooler (C) body.
Q1 —Qy Q.| T

Qy Q4| Ty

One way of stating the Second Law of Thermodynamics is:

“only by transferring heat from a warmer to a colder body heat can be converted into

work in a cyclic process.”

e Efficiencyis0if Ty =T,
e Efficiency is 100 % only if T, = 0 K but Such reservoirs are not available because
Efficiency is always less than 100 %.

e The efficiency increases as T, is lowered and as Tj is raised.
e In most practical cases, T, is near room temperature, 300 K.

So generally T, is raised to increase efficiency.
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Exercises:
1. The highest theoretical efficiency of a certain engine is 30 %. If this engine uses

the atmosphere, which has a temperature of 300 K, as its cold reservoir, what is

the temperature of its hot reservoir?

T,

n= _T_1

T, 300K
h=1 T 1003 9K

2. If the temperature of the hot reservoir is increased, the efficiency of the Carnot
engine: a. does not change b. decreases c. increases  d. will be equal to

the efficiency of the practical engine
Sol. ??
3. A Carnot refrigetor operates between two heat reservoirs whose temperatures are
0°C and 25 °C.
a. What is the coefficient of performance of the refrigerator?

b. If 200 J of work are done on the working substance per cycle, how much
heat per cycle is extracted from the cold reservoir?
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c. How much heat per cycle is discarded to the hot reservoir?

Sol a.
oo T _ 273.15 K 109
R T, —T. 29815K —27315K
b.
Q. = KgW = 2.18kJ
C.

Qn=0Q.,+W =238k
4. Draw Carnot Cycle and show the adiabatic and isothermal expansion and
compression process and determine the signs of work and heat.

Sol.
y A>B
E‘ TMI]
a ® %
. =
b
@
&
\ 4 volume *
D—A oD T
[l d
A—B B—C
isothermal <« adiabatic <«— {59
expansion expansion
D—A C—D
adiabatic <— isothermal <«—E0H)
compression compression

Homework: A heat engine does 9200 J of work per cycle while absorbing 25.0 kcal of heat from
a high-temperature reservoir. What is the efficiency of this engine?
Frequently Asked Questions — FAQs
Q7- What is a working fluid in Carnot’s cycle?
The working fluid in a Carnot’s cycle is an ideal gas.
Q2 What is a Carnot heat engine?
Carnot heat engine is a theoretical engine that operates on a reversible Carnot cycle. It
has maximum efficiency that a heat engine can possess.
®3+ Name the processes involved in the Carnot cycle?
It involves four process: isothermal expansion, adiabatic expansion, isothermal
compression and adiabatic compression.
@4+ What happens in the isothermal expansion process?
In the isothermal expansion process, gas is taken from Py, Vi, Ti to P2, V2, T2. Heat Q:

is absorbed from the reservoir at temperature Ti. The total change in internal energy is
zero and the heat absorbed by the gas is equal to the work done.

®@5- Is Carnot’s cycle reversible?
The Carnot heat-engine cycle described is a totally reversible cycle.
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