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External and Internal Irreversibility
Heat Engine as an Example
Arnab Sarkar and S S Mondal
The article attempts to clarify the meaning of internal and
external irreversibility using the example of a heat engine. It
has been proved that the eﬃciency of an internally reversible
but externally irreversible engine is almost 50% of the eﬃciency of a totally reversible engine.
Reversible and Irreversible Processes
A reversible process is a thermodynamic process in which if the
system would be restored to its initial state, there will not be any
change either in the system or in its surroundings. Let us clarify
this with an example. Suppose the system has a temperature T 1
and its surrounding has a temperature T 2 where T 1 >T 2 . In this
case, heat will be transferred from the system to the surrounding. If both the system and the surrounding have the same mass
and specific heat, they would attain a temperature (T 1 + T 2 )/2
after a certain time. In this process, heat transfer occurs due to
a finite temperature gradient, (T 1 − T 2 ) between the system and
its surrounding, and before attaining the final temperature they
are not in thermal equilibrium. Now, if this temperature gradient
would be fragmented into infinitesimally small temperature differences (δT ), then at many states of the system, it would be in
thermal equilibrium with the surrounding. If the number of states
becomes infinite, then we can say that the system is always in
equilibrium with its surrounding. In this case, the process of heat
transfer would be infinitely slow and reversible, and is then called
‘reversible heat transfer’. On the other hand, an irreversible process is a natural process which occurs due to a finite gradient. A
reversible cycle is composed of all reversible processes. If any
process in the cycle is irreversible, the cycle would become irreversible.
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The question naturally arises – why does a natural process becomes irreversible? There are mainly two causes of irreversibilities. One is irreversibility due to lack of thermodynamic equilibrium and another is the involvement of dissipative eﬀects. There
may be lack of pressure and temperature equilibrium within the
interior of the system or between the system and the surrounding.
In the example of the previous section, there is a lack of temperature equilibrium between the system and the surrounding. On the
other hand, there might be the involvement of dissipative eﬀects
such as friction, viscosity etc., which cause irreversibilities within
the interior of the system or between the system and the surrounding. When there is irreversibility between the system and the surrounding, this irreversibility is known as ‘external irreversibility’
whereas the irreversibility within the system is known as ‘internal
irreversibility’.

The Concept of Heat Engine

Work can be easily
converted into heat. For
example, if we rub our
hands, mechanical work
is converted into heat
which increases the
temperature of our
hands. However, the heat
produced in such a way
cannot be easily
converted into work.

Work can be easily converted into heat. For example, if we rub
our hands, mechanical work is converted into heat which increases
the temperature of our hands. However, the heat produced in such
a way cannot be easily converted into work. Actually, the conversion of heat into work requires a special device which is known
as the ‘heat engine’. In this connection, it is worthy to mention
that the word ‘thermodynamics’ is derived from the Greek word
therme dynamis which means ‘heat power’. Hence, the broad aim
of the subject is to convert heat into power. Heat engine plays a
crucial role in thermodynamics. Heat engine, which operates in
a cycle, receives heat from a high-temperature source, converts a
part of heat into work and then rejects heat to a low-temperature
sink. The fluid used in the heat engine is called the ‘working
fluid’. A steam power plant is also a heat engine. The schematic
diagram of a basic steam power plant is shown in Figure 1.
The various quantities shown in Figure 1 are given below:
Q1 = amount of heat supplied to the boiler from the source (fur-
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Figure 1. Basic architecture of a steam power plant.

nace)
Q2 = amount of heat rejected from the condenser to the sink (atmosphere)
WT = amount of work output from the turbine
WP = amount of work input to the pump
The net work output of this power plant can be expressed as:
Wnet = WT − WP .

(1)



Since, heat engine operates in a cycle and δQ = δW; the net
work output Wnet can also be expressed as:
Wnet = Qnet = Q1 − Q2 .

(2)

Carnot Cycle
For the best operation of heat engine cycle, Carnot cycle gives
the highest eﬃciency. According to Carnot’s theorem, between
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Carnot cycle is a
completely reversible
cycle. Since it is
internally reversible,
dissipative eﬀects such
as friction, pressure loss
etc., are absent.

a constant temperature source and sink, none has a higher efficiency than a reversible heat engine. Reversible heat engine
operates in a completely reversible cycle which means the process is both internally and externally reversible. Carnot cycle is
a completely reversible cycle. Since it is internally reversible,
dissipative eﬀects such as friction, pressure loss etc., are absent.
Moreover, due to the external reversibility, heat transfer from the
source to the working fluid of the Carnot cycle and from the working fluid of the Carnot cycle to the sink are examples of reversible
heat transfer with a diﬀerential amount of temperature diﬀerence
(δT → 0). In order to ensure external reversibility, heat transfers
from the source to the working fluid and from the working fluid to
the sink are carried out isothermally, and they are infinitely slow
processes. Since heat transfer processes are reversible, the temperature of the furnace (T 1 ) and the temperature of the working
fluid in the boiler (T 1∗ ) are almost the same or an infinitesimally
small temperature diﬀerence exists between the two. Similarly,
on the other hand, the temperature of the working fluid in the condenser (T 2∗ ) and the temperature of the atmosphere (T 2 ) are almost
the same. Therefore, for reversible heat transfer, T 1 = T 1∗ , and T 2
= T 2∗ . The schematic diagram of a reversible heat engine, which
operates in Carnot cycle, is shown in Figure 2. Carnot cycle is
composed of two reversible isotherms for heat transfer processes
and two reversible adiabatics for work transfer processes. The
p-v and T -s diagrams of Carnot cycle are depicted in Figure 3.

Actual Cycle
An actual cycle can be considered as an internally reversible cycle
like the Carnot cycle. Hence, dissipative eﬀects such as friction,
pressure loss etc., can be neglected in the actual cycle also. But
unlike Carnot cycle, in the actual cycle, there is always a finite
temperature diﬀerence between the source and the working fluid
and on the other hand, between the sink and the working fluid.
This leads to external irreversibility of the heat engine. Also, heat
addition process is isobaric instead of isothermal. Except Carnot
cycle, other heat engine cycles such as Rankine, Reheat, Regener-
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Figure 2. Heat engine operates in the Carnot cycle.

Figure 3. p-v and T -s diagrams of a Carnot cycle.
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ative, Brayton cycles etc., are externally irreversible but internally
reversible. Among these actual heat engine cycles, Rankine cycle
is the simplest one. The schematic diagram of such a heat engine
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Figure 4.

Internally reversible heat engine with external irreversibility.

is depicted in Figure 4.
Considering the heat capacity of the working fluid as C, the following expressions can be written,
Q1 = C(T 1 − T 1∗ ) ,

(3)

Q2 = C(T 2∗ − T 2 ) ,

(4)

W = C(T 1 + T 2 − T 1∗ − T 2∗ ) .

(5)

and
In this case

Q1
Q2

=

T1
T2

is not true.

But the following equation can obviously be written from
0 (Int R: Internally reversible):
Q1 T 1∗
=
,
Q2 T 2∗
540



δq
IntR T

=

(6)
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which also implies that:
T 1 − T 1∗ T 1∗
=
.
T 2∗ − T 2 T 2∗

(7)

From (7) T 1∗ can be written as:
T 1∗ =

T 1 T 2∗
.
2T 2∗ − T 2

(8)

Hence, from (5) W can be expressed as:
W = T1 + T2 −

T 1 T 2∗
− T 2∗ .
2T 2∗ − T 2

(9)

For fixed source and sink temperature, W is now a function of T 2∗
dW
only, and for maximum work output, dT
∗ = 0 which yields:
2

T 2∗

=

T2 +

√

T1T2

2

.

(10)

Substituting this value of T 2∗ from (10) to (8) we get,
T 1∗

=

T1 +

√

T1T2

2

.

(11)

The eﬃciency of the cycle can be expressed as:
ηIntR = 1 −
since, ηIntR = 1 −

Q2
Q1

and

Q2
Q1

=

T 2∗
,
T 1∗

(12)

T 2∗
T 1∗ .

Substituting the values of T 2∗ and T 1∗ from (10) and (11) into (12)
we get,

T2
.
(13)
ηIntR = 1 −
T1
If we ignore external irreversibilities like heat engine operated by
T1
1
Carnot cycle, Q
Q2 = T 2
instead of

Q1
Q2

=

T 1∗
T 2∗

and ηR = 1 −
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Comparison of Eﬃciencies
Considering, that the cycle is externally irreversible and internally
reversible, the eﬃciency is same as that derived in (13) which can
be further simplified as:

ηIntR = 1 −


T2
,
T1

T1 − T2
,
T1

1
T1 − T2 2
= 1− 1−
,
T1


1 T1 − T2
= 1− 1− ·
2
T1
= 1−

[neglecting higher order terms],
=
and ηR = 1 −

1−



T2
1
· 1−
,
2
T1

T2
.
T1

Hence,
ηIntR
= 0.5 .
ηR
The eﬃciency of an
internally reversible but
externally irreversible
heat engine is almost
50% of the eﬃciency of
the totally reversible heat
engine.
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(14)

It is clear that the eﬃciency of an internally reversible but externally irreversible heat engine is almost 50% of the eﬃciency
of the totally reversible heat engine. Hence, the eﬃciency of the
Rankine cycle is almost half of the eﬃciency of the Carnot cycle.
Let us justify this with an example. The temperature of the furnace (source) and the temperature of the environment (sink) may
be considered as 1400o C (T 1 ) and 36o C (T 2 ) respectively. For
Rankine cycle, the pressure and temperature of the superheated
steam inlet to the turbine are 90 bar and 500o C (T 1∗ ) whereas
the condensation temperature (T 2∗ ) may be considered as 41.53o C
(saturation temperature, corresponding to condenser pressure 8
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Figure 5. T -s diagram of
the Rankine cycle.

kPa). Though the diﬀerence between T 2∗ and T 2 is too less, the
diﬀerence between T 1 and T 1∗ is too high. This is due to the fact
that the temperature of the steam cannot be increased further towards the magnitude of T 1 because practically no material can
sustain such a high temperature of steam (of the order 1400o C).
Moreover, a finite temperature diﬀerence is required to be maintained for a finite amount of heat input. T -s diagram of Rankine
cycle is shown in Figure 5.
For the given steam condition, specific enthalpies of the salient
points in Figure 5 have been found as h1 = 3386.8 kJ/kg, h2 =
2130.72 kJ/kg, h3 = 173.9 kJ/kg, and h4 = 182.964 kJ/kg. Hence,
the eﬃciency of the Rankine cycle (internally reversible cycle),
4 −h3 )
which can be equated to (h1 −hh21)−(h
, is 38.92% where as the
−h4
eﬃciency of the Carnot cycle (reversible cycle) is 81.53% (i.e.,
1 − TT 21 ) which is almost double compared to internally reversible
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cycle, i.e., Rankine cycle.

Conclusion
Actual cycles can be considered as internally reversible but they
are externally irreversible. This external irreversibility has a high
influence on the eﬃciency of the cycle. Due to this external irreversibility, the eﬃciency of the heat engine which is operated in
an actual cycle is almost half of the eﬃciency of the heat engine
which is operated in a both internally and externally reversible
cycle.
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