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7.1 1 Glossary

7.1 INTRODUCTION
The second law of thermodynamics is a blunt statement that the most cherished wish of an
engineer to convert all the heat transfer to work is unattainable. Laws of thermodynamics
can never be violated as they are the laws of nature. Hence, having no alternative but to
accept the second law of thermodynamics, an inquisitive engineer would like to probe
deeper into the matter and look for answers to several logical questions which arise as a
sequel to the restrictions imposed by the second law. Some of these very interesting and
important questions are:
,
1. According to the Kelvin - Planck statement of the second law of thermodynamics, as it is
not possible for a system operating in a thermodyna~niccycle to completely convert all the
heat transfer to it to an equal magnitude of work, what is the maximum conversion possible?
Can this limit of conversion be predicted ? Will the prediction be only qualitative or both
qualitative and quantitative ? How call such an ideal cycle (heat engine) that gives
maximum conversion be conceived ?
2. Can the predicted limit of conversion be realised in practice ? If not why ? What
p'kcautions have to be taken in the design of an actual engine so that its efficiency tends
towards that of the ideal engine ?

3. According to the Clausius' statement of the second law of thermodynamics, as it is
impossible to trailsfer heat froin a low temperature region to a high temperature region in
the absence of work, what is the theoretical minimum work that can accomplish the task of
transfemng heat in the said direction under the given circunlstances ? Alternatively, as the
COP of the reversed heat engine is inversely proportional to the work supplied to it, what is
its maximum performance (COP) ?
4. Can this predicted minimum work, do the job in actual practice ? If not why ? What
precautioils have to be takenin the design of a heat pump or a refrigerator so that their
performance tend towards the maximum predicted performance of an ideal reversed heat
engine ?

It is needless to emphasise here that the answers to the above questions have very high
economic and practical significance. This Unit is aimed at providing answers to some of
these questions. The subsequent Unit on Entropy is meant to answer the remainder.

Objectives
After reading this unit, you should be able to
* understand clearly the concept, importance and superiority of reversible heat
engine,
* have a feel for the reversible processes,
* identify qualitatively the factors which make a process irreversible,
* understand and explain the operation of the Carnot Engine,
* realise that under given conditions no heat engineheat pump can be more efficient
than a reversible pump operating between the two given temperature reservoirs,

*
*
*
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appreciate the need for, but also define and understand the Thennodynamic
temperature scale,
evaluate the maximum efficiency and COP under given conditions, and
identify, quantitatively whether a given thermodynamic cycle is reversible,
irreversible or impossible.

REVERSIBLE HEAT ENGINES

The concept of a 'Reversible heat engine' is highly theoretical and imaginary in nature. A
reversible heat engine is one which works most efficiently under the given circumstances.
This means, while a reversible direct heat engine converts heat input to the system operating
in a cycle to maximum work, a reversible reversed heat engine requires minimum work to
cause a given heat transfer from a low temperature to a high temperature region. It is
cautioned here that a reversible heat engine is only a inatheinatical model. We shall see later
no practical engine can actually be a reversible heat engine.
What are the specialities of a reversisle engine? To discuss this point the reader must be
thorough in his understanding of the concept of reversibility. The following crude example
is aimed at helping the reader to do so.
Consider a centrifugal gas turbine. High pressure, high temperature gas entering through the
inlet pipe expands in the turbine to provide shaft work and then it leaves the turbine as low
pressure low temperature gas through the exit pipe. Let the efficiency of the turbine be q ~ .
Assume now that this turbine is made to run in the opposite direction, i.e. as a centrifugal
compressor (this is practi~dlypossible with minimal modifications to the machine). In this
case the low pressure,low temperature gas enters the compressor, through the original exit
of the turbine, and gets compressed because of shaft work input (the direction of work is
opposite to that in the turbine) and leaves the compressor as high pressure high temperature
gas, through the original entry to the turbine. When such an experiment is conducted, one
finds out that the efficiency of the machine while operating as a compressor, q c , is always
less than its efficiency while it operated as a turbine. In other words the work required to
drive one kg air through the compressor under the given conditions is much more than the
work delivered by the same kg air as it flows,through the device when it operates as a
turbine. It can be generalised here that devices designed to operate in a particular direction
when made to operate in the opposite direction can only work with an efficiency which is
less than its value in the designed direction. Suppose, unique engine is imagined which
works with identical efficiencies in both the designed and its opposite direction. Such an
engine is the REVERSIBLE ENGINE.

'

a

With the above understanding one can now imagine a heat engine, direct or reversed (i.e. in
general a system operating in a thermodynamic cycle) which would work'equally well in
both the forward and backward directions. Such a heat engine is the reversible heat engine.
The definition of the reversible heat engine can be stated as follows: A heat engine having
heat interactions with two different temperature reservoirs is said to be reversible if its
efliciency while operating as a direct heat engine is equal to the reciprocal of its
coefticient of performance when it works as a heat pump between the same two
temperatures. In other words; for a reversible heat engine,
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with each reservoir and also the magnitude of work interaction it has with the
surroundin@ are the same irrespective of whether the heat engine works as a direct
heat engine o r as a reversed heat engine (heat pump o r refrigerator), but for their
directions.

SAQ 1.
A rrversible heat engilie operates berween two reservoirs at tl and ta. 50QkJ of heat
transfer occurs from t l to the engine which rejects 187.5 kJ to t2. (a) Firld t h y work
output of the engine. (b) If this engi~iewere to work as a heat pump betwec11the s:rlnc
tl and t2 and that it transfers out 500 kJ to tl find the magnitude of heat interaction
with the reservoir at tz and the work input to the heat pump.

7.21. Importance and Superiority of the Reversible Heat Engines
The following exercise brings out clearly the superiority of the reversible heat engine.
Consider a reversible heat engine R and any other heat enginex operating between the same
two reservoirs as shown in Fig.7.2 Let the heat transfer to each engine from the high
temperature reservoir at tl be Ql. The problem is to analyse which engine is more efficient
under the given conditions.

F%.7.2 :H u t engines R .adX

operating between t1 and 12

As it is difficult to guess which engine operates better, let it be assumed that enginex is
more efficient than engine R.
WX and
By definition Tlx ,Ql

is

WR
Q1

As per the assumption made here, q~ >

w.

As shown in figure 7.3 let engine R be made to work as a heat pump between the same two
temperatures. R is a reversible engine and hence as a heat pump 9 it will have the same
magnitudes of heat and work interactions with the surroundings as it had as direct heat
engine (figure 7.2).

-
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The only possibility for (i)pnd (ii) to be simultaneously satisfied is that w, = Q,.
Therefore, all reversible heat engines operating between two given temperature limits
have the same efnciency. This statement is known as the corollary to Carnot's theorem or
Csrnot's second theorem.

SAQ 2
A reversible heat engine operating between two reservoirs at 11 and t 2 has an efficiency of
70 5%. A manufacturer of heat engines claim that he has designed an engine which when
operating between the above two teii~peraturesdevelops 80 kJ work whe11supplied with

100 kJ of heat from the reservoir at I I . Evaluate the validity of his claim.

7.3 REVERSIBLE PROCESS
Let us now examine what exactly are the features of a reversible heat engine. As has already
been made clear, a heat engine is nothing but a system operating in a cycle. If a heat engine
is reversible it means the thermodynamic cycle on which it operates is reversible. A
thermodynamic cycle consists of mhre than one non-cyclic process. Hence, if a cycle is
reversible all processes that constitute the cycle have to be individually reversible. This
makes it necessary to define and understa~~d
what exactly a reversible process is.A process
is said to be reversible if, aner the process is completed, means can be found to restore
the system and all parts of the surrpundings to the states they were in at the start of
the process. Although this is the definition of a reversible process further explanation may
be necessary to make it clear to the reader. Here is an attempt in this direction.
A process 1 - 2 is reversible only when all changes in the system and all parts of the
surroundings during this process are completely undone when process 2 - 1 is camed out. In
such a case there can be no evidence left either in the system or in the surroundings to say
later that the system had actually been subjected to two processes in apposite directions. If a
process is reversible,it is possible to change the direction of the process by making
infinitesimal changes in the conditions that control the process. To satisfy all these
conditions it is necessary that the reversible process occurs very slowly with no dissipative
effects and that the gradients which control the process are infinitesimally small so that the
system is always in equilibrium with its surroundings. These explanations make it very
obvious that a reversible process is a quasistatic process or a fully resisted process.

The conditions under which a process can be reversible are so unique, it can be said that
reversible processes are ideal processes and hence are only mathematical models. All
natural processes and almost all man made processes are not reversible in nature. By the
extension of the definition of a reversible process it can be said that any process which is
not reversible is an irreversible process.

7.4 IRREVERSIBLE PROCESS
It is really necessary to know what factors actually make a process irreversible. Once these
factors are identified means can be found in practice to either minimise, or eliminate if
possible,the effects of these factors so that in the limit the process can tend towards a
reversible process. Existence of dissipative effects or lack of equilibrium between the
system and the interacting surroundings are responsible for any process to be irreversible.
Therefore, generally the factors that make a process irreversible are:
(a)
(b)
(c)

Friction (solid or fluid)
Unresisted expansion
Heat transfer with finite temperature difference
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7.4.4 Combustion
Consider a mixture of fuel and air in a rigid insulated container. Ignite the mixture by an
infinitesimal spark. Combustion of the fuel occurs instantaneously. There is generally a rise
in pressure and temperature of the contents of the container. There is no heat or work
interactions with the surroundings. If this process were to be reversible it should be possible
in the reverse direction to get back the fuel air mixture at its original pressure and
tempemture from the hot combustion products, with no heat and work interactio~lswith the
surroundings. This is an impossibility and hence combustion makes a process irreversible.
The irreversibility here is due to the nonexistence of chenlical equilibrium during the
process.

7.4.5 Mixing
Gases at different conditions may be mixed with no heat or work interactions but in the
reverse direction they cannot be separated out to their initial states without any help from
outside. As the system and the surroundings cannot be returned to their initial states a
process involving nlixing is always an irreversible one.
?

x#
I

I

The above examples and explanations lead one to think that almost all processes are
irreversible in nature. However, if one is interested in rnaki~lga model of a reversible heat
engine for achieving maxinlum efficiency, it must work on a cycle consisting of only
reversible processes. Hence, fro111this point of view it nlust be possible to co~iceivesonle
processes which are reversible. Examples of a few reversible processes are:
(i) Frictionless motion of solids, (ii) Slow, frictionless, adiabatic expansion or compression
of gases and vapors and (iii) Slow, frictionless, isothennal compression or expansion of
gases and vapors.

7.5. CARNOT HEAT ENGINE
By now it is very clear that all processes that constitute il reversible cycle have to be
individually reversible. In other words no process can have in it any factor that makes the
process irreversible. Such a cycle was conceived as early as 1824 by Sadi Canlot. A heat
engine operating on such a cycle is bound to be reversible and is named appropriately as
Camot Heat Engine. Although the Carnot heat engine was never realised conlpletely in
practice the modem heat engines (such as the steam power plants and closed cycle gas
turbine power plants) approach it as nearly as possible subject to econornic and practical
constraints. The details of the Csrnot Heat Engine are given below.
High t e r n p . m
Reservoir

I

v

Fig. 7.4: Carnot Heat Engine

As shown in Fig.7.4, consider a horizontal cylinder with an insulated barrel and a
frictionless insulated piston. The left hand face of the cylinder is made out of a thin plate of
good conductor of heat. Let the piston cylinder mechanism contain, when the piston is at its
left extreme position, a certain Inass of a gas at a temperature t,, and a pressurep, (shown
by state 'a' in the corresponding p - v diagram drawn below the piston cylinder mechanism
in the same figure). Assume that a high temperature reservoir at tl (which is only
infinitesimally higher than t, so that for all practical purposes it may be assumed that tl = t,)
is readiiy available and that it is communicated with the left side conducting; end of the
cylinder. Because of the slow heat transfer from the source ,due to the infistesimal
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temperature difference, the gas expands and thus the piston moves out slowly to maintain
the gas at the same tempemture. During this period the gas undergoes a reversible
isothermal expansion process, the temperature remaining constant at tl. Let this expansion
be continued until the gas reaches a predetermined state 'b'. Let the heat transfer to the gas
during this process be Ql. When the gas reaches state 'b' let the high temperature reservoir
be removed and in its place let an insulating material be brought in instantaneously. The
expansion of the gas continues with no heat transfer and consequently the pressure and
temperature of the gas decreases. Let this reversible adiabatic expansion process be
continued until the piston reaches the extreme right position . At this instant let the gas be at
state 'c' with tempemture t, and pressurep,. Assume that a low temperature reservoir at
temperature t2 (which is infinitesimally less than tc so that for all praclical purposes it may
be assumed that t2 = tc) is available and when the gas reaches the state 'c' the insulator is
removed and in its place the low temperature reservoir is brought in instantaneoudy. As the
piston moves slowly to the left the gas is compressed and to maintain the gas at the constant
tempemture tz, heat is slowly transferred out to the reservoir.This reversible isothermal
compression process continues until the gas reaches the predetermined state 'd'. Let the
heat rejected during this process be Q2.When the gas reaches the state 'd' the low
temperature reservoir is suddenly removed and the insulator is brought in co~ninunication
with the cylinder head. The compression now contiiiues with no heat iiiteraction. Duriilg
this reversible adiabatic compression process the temperature and pressure of the gas
increase. The cycle is completed wheil the gas reaches the initial state 'a' and the pistoil is at
its extreme left position. The gas is now ready to perforni the 11- cycle in the same
sequende.

Thus, the Carrmt cycle consists of two reversible isotherms ( a - b the expailsion process at
tl and c - d the coinpression process at t2)and two reversible adiabatics ( b - c the
expansion process and d - a the compression process). The engine operating on this cycle
between two reservoirs at different temperatures tl and t2 must have the highest efficieiicy
as it operates on a reversible cycle. This efficiency is given by (Ql - Q 2 )/ Q1.

7.5.1 Remarks on the Carnot Engine
The C a m t Engine call only be treated as a model to which all engines must tend from the
point of performance. Realisation of the Caniot Engine is difficult because of seveml
practical constraints. The restriction that the piston should move slowly makes the power
output from such an engine very small and of 110 practical use. During the isothennal
processes not only the temperature of the working substance must be u~iifonnthroughout
the substance but also the difference between the temperatures of the substaiice and the two
reservoirs, must be infinitesimal. The infinitesimal tempemture difference demands large
engines even for small power outputs. Economic constraints may not permit such large
engines. It is assumed that in a Carnot Engine the friction between the piston and cylinder is
zero. This coliditio~iis highly iinpossible to coniply with in practice. Friction can only be
decreased by using precise machining processes and a proper lubrication system. Also,
perfect conductors and insulators of heat are not available in practice. This poses material
problem in making the cylinder and piston. Acareful study of the Carriot cycle reveals that
the changes from isothennal expaitsioti process to adiabatic expailsion process and from
isothermal compression process to adiabatic compressioll process have to be carried out
instantaneously. Any delay niay not take the working substance through the required cycle.
Practical limitatiolls do not pennit such instaiitaneous changes.

7.6 INTERNAL AND EXTERNAL REVERSIBILITY
During a given process the factors that make the process irreversible may exist either only
in the system, or only in the surroundings or in both the system and surroundings. If the
factors exist only in the system and not in the surrouiidi~lgsthe process is internally
irreversible but externally reversible. Similarly if the factors exist only in the surroundings
and not in the system then the process is internally reversible but externally irreversible. If
the factors exist in both system and surroundings then the process is said to be totally
irreversible.
For example consider the system undergoing the cycle in a Carnot heat engine explained
above. During the isofhennal expansion process the system is not only at steady and
uniform temperature but also has heat interaction with a reservoirwhich is at the same
temperature as its own. Similarly during the isothermal compression process also the systeni
is at a steady uniform temperature and is transferring heat to the reservoir at a temperature
equal to its own temperature. In other words the heat transfers in a Caniot Heat Engine
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occur by virtue of practically no temperature difference. Hence the Carnot beat engine is
both internally and externally reversible.
Let us discuss another example now. Coilsider a system undergoing a cycle coilsistiiig of
two reversible isotherms and two reversible adiabatics. The system may be said to be
undergoing a Carnot cycle. During the isothermal expansion process although the system
temperature is steady and uniform at tl let the high temperature reservoir transferring heat to
the system be at t~ where trr > t l . Si~nilarlyduring the isothermal compression process let
the system be at a steady and uniform temperature of t2 but let it transfer heat to the low
temperature reservoir at t~ where ?LC t2. I11 such a cycle although there are 110factors
internally that make the cycle irreversible there are such factors outside the system (heat
transfer with finite temperature difference). Hence, although the cycle undergone by the
system is internally reversible, it is externally irreversible.

SAQ 3
1 kg water at atlnospheric pressure and 1 0 0 ' ~is evapomtcd completely by heating it over
an clcctric heatcr at a temperature of 700°C. The vapour is simultaneously collected and
conde~lsedin a vessel cooled by thc surrou~~diiigs
at 27OC such that the watcr rclunis to its
iuitial stale of 10OoCand one atmospheric pressure. As water has been restored to its initial
stntc after two prbcesses in opposite directions, the process undergone by it is revrrsiblr.
Comment on (a) this statement and (h) on i ~ ~ t c r ~and
i a l exten~alreversihility.

7.7 THERMODYNAMIC TEMPERATURE SCALE
By now we are certain that it is only the reversible engine that can convert heat transfer into
it to maximum work output. In other words the efficiency of the reversible engine is the
I
as to what this ~naxi~num
maximum. However, it has not been made ~ I I O W I quantitatively
conversion is ?. The concept of theru~odynamictemperature scale provides the answer for
this important question. In addition to this it also eliminates the lacunae that exist in the
Celsius temperature scale. The thermometers wilh Celsius temperature scale are i~ot
calibrated at each 'degree' marking on them. Generally they are calibrated at certain
reproducible temperatures in the required range ,such as the ice point, the steam point etc.
What the thermometer reads in between lwo calibrated markings depends to a large extent
on the properties of the thermometric substance and the ~node,ofoperation of the
thermometer. Hence it is unlikely that two thermometers of different types, or for that
matter even of same type, inserted into a system at a particular temperature would give the
same reading. There is thus a need for developing a temperature scale obtained through a
device whose operation neither depends on the properties of,the working substance nor on
the mode of its operation. A reversible heat engine, such as.the Carnot engine, provides just
such a device as its performance does not depend on the properties of the workiiig substance
but depends only on the temperature limits betweell which it operates. For example, under
identical conditions, a reversible engine operating with steam as the working substance will
have the same efficiency as the one operating on air or any other working substance.
Let an externally reversible engine operate between a high temperature reservoir at a
temperature tH and a low temperature reservoir at a temperature t ~Let
. the heat transfer to
the engine be QHand heat transferred out of the engine be QL.According to Caniot
theorems, the efficiency of such an engine is the maximum and its value depends only on
the temperatures between which the engine is operating and not on the properties of the
substance that undergoes the cycle. Hence, the efficiency has to be a function, say , of the
two temperatures only. i.e.

&=

1 -.

where 9 is another function related to q.

=

9
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Coilsider three reversible heat engines A, B and C working between the high temperature
reservoir at tl and the low temperature reservoir at t2, as shown in Fig.7.5.
EngineA operates between the reservoir at t1 and an intermediate system at a fixed
temperature t,, where t2 c tx c tl. Let the heat transfer from the reservoir at tl to engineA be
Ql and the heat transferred out of it to the system at t, be Q,. Let the work produced byA be
WA.Engine B operates between the system at t, and the reservoir at t2. With the assumption
that all the heat transferred by the engineA goes to engine B through the system at constant
teinperature tx, heat transferred to B is Q,. Let the heat transferred by the engi~ieB to the
reservoir at t2 be Q2, and work
by it be WB.Engine C operates between the two
reservoirs at tl and t2. Let the heat transfer to engine C be Ql which is equal to the heat
transfer to engine A. The heat transferred out of this engine has to be Q2 as, according to
Carnot's second statement the efficiency of engine C must be same as the combined
efficiencies of engineA and B (note that engineA and B together with the constant
temperature system at t, a n be assumed to be another reversible heat engine operatil~g
between tl and t2 and hence if this combination transfers out Q2 to the reservoir at t2, then
engine C must also transfer out Q2 to the same reservoir).

Fig, 7.5 : Reversible heat engines, A, B a d C opernting bctween tl and t2

.

From equation (7.7), the following relations may be stated for the three reversible engines,
A,B and C respectively:

But,

Ql

Qx

x-=Qx
Q2

Ql
Q2

Therefore, combining equations (7.8) to (7.11), it call be shown that

4 (tl , t,)

x

4 (tx , t2)

=

4 (tl , t2).

(7.12)

While the left hand side of equation (7.12) is a fuilctioil of three telnperatures tl, t, and t2 the
right hand side is a function of only two temperatures tl and t2. Hence, the value of the right
hand side is indepeildent of the temperature .t, This gives us an illsight into the nature of the
function which can satisfy such a condition. Therefore,

-

Reversibility Reversible
and Irreversible Cycles
and F'roceks
Thermodynamic
Temperature Scale.

where f is some other function. Therefore
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Combining equations (7.13) to (7.19,

Ql
f(tl>
=-

Q2

.

f 02)

Here, f can be any function in general. However it is universally accepted, as suggested by
Lord Kelvin, to considerflt) = T where T is in Thermodynamic or Kelvin Temperature scale.
Therefore

-I

Equation (7.17) defines the thennodynamic temperature scale. The ratio of two
temperatures on thermodynamic temperature scale is equal to the ratio of heat
transfers to and from a n externally reversible heat engine operating between the given
two temperatures. Although equatioll(7.17) defines the thermodynamic temperature scale
it does not indicate how big or small a degree on this scale is.

:q

It is internationally accepted to assign a value of 273.16, on Thermodynamic or Kelvin
temperature scale, to the teinperature at triple poiiit of water.

For a reversible heat engine operating between any temperature T and the triple point
temperature T@,according to equation (7.13,

where Q is the magnitude of heat transfer to the heat engine from the system at temperature
T and Q,,is the heat rejected by the heat engiiie to the system at the triple point temperature
Tw Equation (7.18) gives the infonnatiolt that to get any value of Ton Thermodyna~nic
temperature scale a reversible heat engine must be made to operate between T and TQ and
the magnitudes of heat transfer to and from the engine are measured. This poses probleins
as a reversible heat engine is only a mathematical,model and it is not possible to measure
the heat transfers. It will however be shown later that (refer to Unit 9) the Thermodynamic
temperature scale agrees well with the Ideal gas thennometer scale or the absolute
temperature scale.
Hereafter while the alphabet t is used to indicate the temperature on Celsius scale, T is used
to denote the temperature on Thermodynamic temperature scale.
The triple poiiit temperature for water is O.Ol°C (For details on triple point of water refer to
Unit 10). Hence the relation between the temperatures on Celsius scale and
Thermodynamic scale is

For example, at standard atmospheric pressure water boils at 100°c. Hence, the boiling
point of water on Celsius scale is 100°C On Kelvin scale it is equal to 100 + 273.15 =
373.15 K. In engineering applications, it is coilsidered adequately accurate if T and t are
related by

.

The thermal efficiency of a heat engine in general is give11by

second

LOW

conccpl~

I f the engine is externally reversible, according to equation (7.17),
Q2 = -,
T2 and hence the efficiency of a reversible heat engine is given by,
Ql

T1

It may also be noted that

It has beer, made very clear that no engine can be more efficient than a reversible heat
engine operating between any two temperatures TI and T2. In general if Ql and Q2 are the
heat transfers to and from any heat engine operating between T1 and T2, then

If the equality holds the engine must be a reversible engine. Otherwise the engine is
irreversible. However, the LHS quantity can never be greater than the RHS quantity. If so,
such an engine cannot operate. Equation (7.21) can thus be used to identify whether'a given
engine is reversible. irreversible or impossible.
This chapter on Kelvin temperature scale provides answer to one important question posed
at the beginning namely, what is quantitatively the maximum possible conversion of heat to
work by a heat engine. Supposing the engine is operating between the reservoirs at TI and
T2, (T1 z T2) and the heat transfer to the engine is QH then the maxirnum possible work

.I:

from the engine is limited to QH 1 - - NO engine can give more work than this under
the given circumstances.

[
\
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SAQ 4
A heat engine operates between 527°C and ? P C . Find its efficiency if (a) the engine is
reversible and @) the engine is irreversible .

SAQ 5
A reversible heat engine is operating between - 1 3 ' ~ and 37OC. Find its COP as (a) heat
pump and (b)refrigerator.

7.8 ILLUSTRATIVE EXAMPLES
Example 7.1 :
Check for the presence, or otherwise, of all the factors of irreversibility in the followii~g
cases and classify them as either reversible or irreversible. Also, wherever possible,
comment on the internal and external reversibilities. The system to be considered in each
case is underlined. kqsume in all cases the properties are u~iifonnthroughout the system at
any given instant.
(a)

A mass of gas is compressed slowly in a frictionless leakproof non-conducting

(b)
(c)

A weight slides slowly down a rough inclined plane.
One kg of water is heated very slowly from 30 to 40°C by an inflow of heat.
One kg of water is 'heated' slowly but adiabatically froni 30 to 40°C by a paddle

piston cylinder mechanism.

(d)
(e)
(f)

(g)
(h)

wheel mounted on a frictionless pulley.
.

One kg of water is heated rapidly from 30 to 40°C.
One kg mixture of petrol and oxygen contained in a sealed vessel immersed in a
large pool of water at 27OC reacts spontaneously.
A stream of steam at 100°C mixes with liquid water at 25OC in a non-conducting
heater.
A heavy piston confining a gas in a vertical cyliiider is held in position by stops.
When the stops are removed the piston falls rapidly because it has much more weight
than what the initial pressure of the gas can support.

Solution:
(a)

(b)
(c)

(d)

(e)
'

(f)

(g)

The process is reversible as there are 110 factors of irreversibility in it. It is worth
recalling here that this process is actually one of the four processes that constitute the
Caniot cycle.
The process is irreversible. The factor that makes the process irreversible is the solid
friction between the sliding weight and the inclined plane.
This process can be a reversible process. In such a case the water is heated slowly,
step by step, by bringing it in commuilicatio~isuccessively with several reservoirs
each with a temperature iiifinitesimally higher than the other starting froin the one at
(30 + dT)OC to the last one at (40 t dT)OC. In this manner the factor 'heat transfer
with finite temperature difference' which makes the process otherwise irreversible is
eliminated.
Alternatively it may also be argued that the prvcess is irreversible. Suppose the water
is in contact with a single reservoir at 40°C. The heating is slow even under these
conditions. In such a case, at the beginning of the process the irreversibility is more
as the temperature difference is more and the irreversibility keeps decreasing as the
temperature difference reduces with the heating of water. This is a case of external
irreversibility as the source of irreversibility is outside the system.
The process is irreversible. The tempemture of water increases o~ilybecause of the
fluid friction between the paddle wheel and the water The process is internally
irreversible but is externally reversible as there are no factors in the surroundings that
makes the process irreversible.
Rapid heating requires a large temperature difference between the waler being heated
and the external system supplyi~igheat transfer, such as an electric heater ora burner.
This temperature difference makes the process irreversible. It car1 also noticed that
this is also an example of external irreversibility.
This is an irreversible pmcess'for two reasons. Because of the spontaneous
combustion there will be a rise in temperature of the vessel containing the
combustion products. The vessel transfers heat to the pool of water due to this
temperature difference. The process is illternally irreversible due to combustion and
heat transfer with finite temperature difference. However the process is externally
reversible as the temperature of the large pool of water hardly changes.
This process is also irreversible for two reasons namely mixing and heat transfer with
finite temperature difference between the steam and water. The process is only
internally irreversible.
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r
is possibly irreversible as it is a11u~ircsistedprocess. Thc systcm is not in
mechanical equilibriunl with the surr&undingsduring the proccss as outside pressure
is high compared to the system prcssurc. Thc proccss is intcnially irreversible.

Example 7.2 :
Consider three hypothetical heat engines, A, B and C, each operating between 1000 K and
300 K. When each engine illvolves itself with a heat interaction of 1000 kJ with the high
temperature reservoir, it is claimed that while A develops a work of 600 kJ, B and C
develop 700 and 800 kJ. Use the Carnot statement and identify the engines A,B and C as
reversible, irreversible or impossible.
Solution :
As shown inFig.7.6 the three engines A,B and C are operating between the same two
temperature limits of Tl= 1000 K and T2= 300 K. No engine operating between these two
temperature can be more efficient than a reversible engine whose efficiency is given by:

Rg.7.6 :Diagram for Illustr~tiveRob. 7.2

Considering engine A, Ql= 1000 kJ, W = 600 kJ and hence by the First law
Q2= 1000 - 600 = 400 kJ. Therefore,

As

< qmax, the heat engine A is irreversible.

-

Similarly for engine B, Q2= Ql- W = 1000 700

-

-

300 kJ and hence,

As ?]B r]max, the heat engine B is reversible.

Consideri~lglastly the engine C, Q2

- Ql-

W = 1000

- 800

-

200 kJ Therefore,

As q~ > qmax
the heat engine C i s an impossibility.

Example 7.3 :
A direct heat engine A and a reversed heat engine B are operating between 1 7 7 C and 3 7 C .
The COP of B as a heat pump is 2.5. A drives B. The magnitudes of tieat interaction of A
and B'with the reservoir at 27'C are 200 kJ and 50 Id respectively. The combined work
output of A & B is 20 kJ. Identify whether the heat engine A is reversible or irreversible.

Solutior!:
Refer to the schematic diagram of Fig.7.7.

-
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Fig. 7.7 :Schematic diagram for IUus(mtive Rob. 7.3

From the data, (COP)hp,

=

QIB
- = 2.5 ,

WB
where WBis the work required by the reversed heat engine B.

(9

Applying First Law to engine B,
(ii)
Bekeen (i) and (ii) WB + Q2B and therefore
WB

WB= 33.3 kJ as QB = 50 kl.
WA = WB + Woe,= 33.3 + 20 = 53.3 kl.
QIA= Q24 + WA= 200 + 53.3 = 253.3 kl.

By First law

As 7k <

%ax

,engine A is irreversible.

Example 7.4 :
Consider an engine in outer space which operates between TI and T2 (temperatures are in
Kelvin and TI> T2). The only way in which heat can be transferred from the engine is by
radiation.
The rate at which heat is radiated is directly proportional to fourth power of Kelvin
temperature and the area of the radiating surface. Show that for a given power output and a

-1 2

given TI, the area of the radiator is minimum when Tl

-

0.75.

Solution :
For a given T2 the radiating area is minimum when heat rejected, Q2, is minimum. Heat
rejected is minimum only if the engine is reversible.
Let Ql be the heat transfer to the reversible engine from the high temperature reservoir
at TI K.

q,-=

Q1

(T1 - T2) and hence,
T1

(ii)
For the reversible engine

(iii)

Between (ii) and (iii)

W

- T2
Q2

(T1- T2)
The heatsrejected Q2,k through radiation only and hence,
Q2 is proportional to A and fourth power of T2.
Let the proportionality constant be C. Then,

Eliminating Q2 between (v) in (iv)

(vi

la

(vii)

dA

For a given Wand T1,A is minimum when -= 0, hence
dT2
using(vii),

d4
d7-2

Here TI T2

(

-

- (F)[

(3Tz2 T1 - 4 T2 3,

T2

(TI T2 - T2 4)2

cannot be zero as TI > T2.

I

7.9 SUMMARY
A reversible heat engine is one whose efficiency while operating directly between two given
reservoirs at fixed but different temperatures is equal to the reciprocal of the COP while it
operates as a heat pump between the same two reservoirs.

According to Carnot's theorems: (a) No engine can be more efficient than a reversible
engine, both operating between given reservoirs and (b) all reversible engines operating
between given two reservoirs have the same efficiency.
Friction, unresisted expansion, heat transfer with finite temperature difference, combustion
and mixing make a process irreversible.

(In the following explanations suffixes 1 and 2 refer to high temperature and low
temperature reservoirs respectively)
The thermodynamic temperature scale is defined with respect to a reversible heat engine by

Maximum efficiency of a heat engine is = 1
In general 1

-

(2) [?).
s 1

-

($1-

-

Max (COP)b

and Max (COP),t
- (T1 - T2)

=

7.2

(T1 - T2)

i

-

-

SAQ 1

(a) 312.5 kJ, @) 187.5 kJ, 312.5 kJ.

I

I

1

t

!

SAQ 2

The efficiency of the engine is 0.8 which is greater than the maximum efficiency of
0.7, and hence the manufacturer's claim has to be definitely false.
SAQ 3
Although the water has returned back to its initial state after the two processes in
opposite directions, the process is indeed irreversible as during the evaporation there
is heat transfer from the heater with finite temperature difference and so also during
the condensation between the water and the surroundings. It will be shown in the
next chapter on Entropy that there will be permanent changes in surroundings in such
cases (b) The process can be internally reversible but externally imversible.
SAQ 4

(a) 0.625, (b) cannot be evaluated ; however its value is definitely less than 0.625.
SAQ 5

(a) 6.2, (b) 5.2.

7.1 1 GLOSSARY
Reversible Heat Engine

: Heat engine with ~i~axi~tiuni
efficiency (if direct) or
niaximum COP (if reversed)

Carnot Theoreni 1

: No engine can be niore efficient than a reversible
heat engine operating behueen two given
teniperature linuts.

Carnot Theorem 2

: All reversible heat engines operating between two
temperatures have the same efficiency.

Reversible Process

: A process is said to be reversible if, after the process
is completed, nieans can be found to restore the
system and all parts of the surrounding to the states
they were in at the start of the process.

Carnot Cycle

: A reversible cycle consisting of two isothen~ialsand
two adiabatics.

Therniodynai~licTenip. Scale (or) : The tei~iperaturescale in which the ratio of two
Kelvin Temp. scale
temperatures is equal to the ratio of heat transfers to
and froni an externally reversible heat engine
operating between the said two temperatures.
Thermodynamic Temperature

KcvcnibiUty Kcvcnihic
and I m v c r r i b k C y d a
and ~ c C S S C S
~crmodynamic
T w p c r r t u r c Scale.

: Temperature on Thermodynamic scale, which
coincides with the Absolute or the Ideal Gas
thermometer scale and = Temp. in deg. C t 273.15.

