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Limitations of the First law. Need for the Second law.
The First law of thermodynamics, though exact, has certain limitations, as discussed below.

| The First law e‘:stabli.shes definite relationship between the heat absorbed and the work
p.;.;formed by a system In a gIVEN pProcess. But it puts no restriction on the direction of flow of heat.

ing fo the first law, for example, it is not impossible to extract heat from ice by cooling it to
rature and then use it for warming water. But it is known from experience that such a

_a\;;ordl
lower to a higher temperature is not possible without expenditure of energy,

a low tempe
ansfer of heat from a
r hand, that heat flows spontaneously,

¢, without doing some external work. It is known, on the othe
;¢ of its own accord, from a higher to a lower temperature.

» According to the First_law, the energy of an isolated system remains constant during a
specified change of state. But it does not tell whether a specified change or a process including a

chemical reaction can occur spontaneously, i.e., whether it is feasible.
y of one form can be converted into an equivalent amount of

3 The First law states that energ
epergy of another form. But it does not tell that heat energy cannot be completely converted into an
equivalent amount of work. There is thus need for another law, viz., the Second law of thermodynamics.
The Second law helps us to determine the direction in which energy can be transferred. It also
helps us to predict whether a given process Or a chemical reaction can occur spontaneously. It

introduces a new concept of entropy. It also helps us to know the equilibrium conditions.

It is known from experience that although various forms of energy can be completely transformed
into one another, yet heat is a typical form of energy which cannot be completely transformed into
work. The Second law helps us to calculate the maximum fraction of heat that can be converted into
work in a given process. Entropy can be thought of as arising from the dispersal or degradation of

the total energy of an isolated system.

Spontaneous or Irreversible Processes
Natural processes are spumane(’)us and irreversible. A few examples are given below.

1. Water flows downhill .spomaneously, We cannot reverse the direction of flow without sone
s spontaneously from
unold

€xternal aid.

2. If a bar of metal is hot
the hot end to the cold end until the temperature
€quilibrium is attained. This process, evidently,
that a metal bar having uniform temperature can become hot at one end and cold al

‘pontaneously . 5
3. The diffusion of a solute from a More concentrated solution to a less concenti
yontaneously il the concentration becomes uniior

When these are brought into contact proceeds Sj

at one end and cold at the other end, heat tloy
. of the rod becomes uniform throughout.

cannot be reversed. Our experience does 1ol
e other end

ated solution
mly
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This process also cannot be reversed because once the

s attained. ety :
the same. i.¢.. till the equilibrium 1s at ke spontaneously one part of the solution more

concentration becomes uniform. it is not possible (0 ma

concentrated than any other part. ' N p—

4. Heat flows spontaneously from a hot reservoir to a cold reservoir. : t p SS,
1.¢ . for the transfer of heat from a cold reservoir to a hot reservoir, as in a reirigerator, energy has
to be supplied from outside the system. . ) _

S. Electricity flows spontaneously from a point at a higher potential to a pomtl ?[ 13 lower
potential. The direction of flow of current can be reversed only by applying an external field in the
opposite direction, i .

6. A gas expands spontaneously from a region of high pressure to a region of low pressure or in
yvacuum. X

Thus. we see that all natural processes proceed spontaneously and are thermodynamically
irreversible in character.

Work can be obtained from spontaneous processes. But since these proceed irreversi.bly, t!le work
obtained is much less than that obtained from thermodynamically reversible processes in which case
the work obtained is maximum.

Cyclic Process. When a system, after completing a series of changes, returns to original state, it
is said 10 have completed a cycle. The entire process is known as a cyclic process. Since the
internal energy of a system depends only upon its state, it follows that in a cyclic process, the net
change of internal energy is zero, i.e., AU=0. Therefore, according to the First law,

AU =0=qg+ w or q=-w
If the series of changes in a cycle are conducted at constant temperature, the cycle is said to be
an isothermal cycle. If the changes are carried out reversibly, the cycle is said to be a reversible
cvcle.
Although the reversible cyclic processes are merely theoretical and imaginary, the concept is
highly useful in deriving certain important relationships. The most well known cyclic process is the
Carnot cycle.

Carnot employed a reversible cycle to demonstrate the maximum convertibility of heat into work.
The system consists of one mole of an ideal gas which is
subjected to a series of four successive operations, commonly
iermed as four strokes, as given below.

L. Stroke 1. Isothermal Expansion. The gas is allowed
1o expand reversibly and isothermally at the temperature 7,
so that the volume increases from V|, represented by the
pont A. 10 V; represented by the point B (Fig. 1.). Since in
the 1sothermal expansion of an ideal gas AU=0, it follows
from the First law equation (viz., AU=g+w) that g=-w,
i.e.. the heat absorbed is equal to the work done by the
system on the surroundings. Let g, be the heat absorbed by
the system at the temperature 7, and w; be the work done
by the system on the surroundings. Then

4, = - wy = RT5 In (V,/V)) ..(D

PRESSURE

P3.V3

II. Stroke 2. Adiabatic Expansion. The gas is then &

allowed 1o expand reversibly and adiabtically from the
volume Vo 1w Voo e, from the point B o C.
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Simce work 1s done by the system adiabatically, it is VOLUME

not an a position o absorb heat. The temperature of the Fig. 1. The four operations in Carnot cycle.

system, therefore, falls from 7, 10 say, T'i. As g is equal to
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Jero in Fhis case, it follows from the Fi i j . Si
rocess involves expansion of the heretore, ation (viz., AU = i i e S

p . gas, therefore i '
Hence. by convention, w is negative oo that AL o _v:lvf)rk 1s done by the system on the surroundings.

Now, by definition, C, = (U/eT),

| AU = CAT = Cu(T, - Ty) = —w K
(change In temperature, AT = fipg] lemperature - initial temperature)

or ' -W = C‘-(T] -~ TZ) = _ C‘(T2 _ Tl) ..(4)
If the work done in this stage is denoteq by w;. then

II1. Stroke 3. Isothermal Compression.
isothermal compression at the lower temperature
from the point C to D). In this case. evidently.
produced and given up to the surroundin
AU=0. Therefore, if g; is the heat give
work done on the system in this process

)

After this. the gas is subjected to a reversible and
T 50 that the volume decreases from Vj to Vs (i.e.,
. work is done on the system. Hence, heat will be
gs. Since compression takes place isothermally and reversibly,
n out to the surroundings at the temperature 7, and wy is the
- then remembering signs of g and w,

- q, = Wy = RT] In (‘1 ":' (6)

IV. Stroke 4. Adiabatic Compression. Finally. by an adiabatic and reversible compression, the

gas is restored to its original volume V, and temperature 7, Thus, the gas is compressed
adiabatically from D to A. In this case, work is done on the system. Hence, w is positive. According
to the First law, AU=g+w. Since in adiabatic process., q =0, hence,

AU = w = CAT = CT, T,
Let wy be the work done in this stage. Then,
wy = C(T, - T)) (D
where T, - T is the increase in temperature produced by the adiabatic compression.
The net heat absorbed (g) by the ideal gas in the whole cycle is given by
q = q + (-q,) = RT, In (V,/V) + RT, In (V,/V3)
= RT, In (V»/V)) - RT, In (V3/Vy) ...(8)
In the light of adiabatic expansion of an ideal gas discussed in Chapter 12, the following
¢quations can be written :
C, In (T»/T)) = R In (V3/V,)  (For stage 1I)
C, In (T»/T)) = R In (V4/V,)  (For stage 1V)
or VilVy = ViV, or VoV, = VilV, .09
Hence, the net heat absorbed, according to Eq. 8, may be put as

q=q¢-q =R(@-T) WV -0
Similarly, the net work done by the gas is given by
w o= -wp + (-wp) + W3 T W s
= RTy In Vo/V; - C(Tp - T) + RTy In (Va/V3) + gl (1)

= RT2 In (VZ/V[) = RTl In (V3/V4)

} ViV, = VsV, (12)
{Unce_ w = R(T-_, - Tl) In (Vl/vl)

SlnCe
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g the ossenmnial condition for a ovelic Drocess i
. P : 29 — . e essenna: conainen e a Crlacl DTOCESS [h s
It follows from Eqs.10 and 12 that g=w. T_’m!s_ odly satisfied .
) L 2 J 2 2 ot heat absorbed 1S jully sansjfted.
the net work dome is equal 1o the net heal ADSOTDES 15 JRiE .
L w the net work done bv the svstem a 2. the quantity of he..
The relationship between w, the net Work Gome Uy UK S 92 q v Of hey

. . _—. in Carnot cycle. can be obtained from the followine .
absorbed at the higher temperature 7. in Carnot cycle. can be oba otiowing w
equations :

w = R(T; - T) In (V/V}) (Eq. 12
and ) =RT:HIH:‘;? (Eo

Hence, dividing Eq. 12 by Eq. 1.
w=gq(hL-T)hL

S

\L\s

Since (T - T))'T; < 1, it follows that w < g,. i.e., work done is less than the heat absorbed
This means that only a part of the heat absorbed by the system at the higher temperature T; is
transformed into work. The rest of the heat g, is given out by the system to the surroundings which is
at the Jower temperature T;.

Thus, Kelvin stated the second law of thermodynamics as follows -

It is impossible to use a cyclic process to extract heat from a reservoir and to convert it iny,

work without transferring at the same time a certain amount of heat from a hotter 10 a colder part of
the system.

Efficiency of a Heat Engine. The fraction of the heat absorbed by an engine which it can
convert into vork gives the efficiency (n) of the engine.
From Eq. 13. it is seen that
Efficiency, n = wig, = (T, - T))/T, (1

Since (T; - T;)/T, is invariably less than 1, the efficiency of a heat engine is always less than |

No heat engine has yet been constructed which has an efficiency equal to unity. Mathematically.
however, if T;=0, efficiency=1.

It follows from Eq. 14 that the efficiency depends upon the difference between T, and T,. Thus.
the greater the difference between the temperature of the ‘source’ and the ‘sink’, the greater is the
efficiency. This explains why superheated steam is used in a steam engine.

The net heat absorbed by the system, q. is equal to g, - ¢; and according to the First law of
thermodynamics, this must be equivalent (o the net work done by the system. Thus.

W=6q-q
Combining this with Eq. 14, we get

(@ - q)lqy = (T, - T)IT, (15)

Bh-oq _h-T
bl T,

Thus, efficiency, n ..(16)

£q. 16 has been arrived at by assuming that the series of changes in the cycle are brought abOU;
in a thermodynamically reversible manner so as to obtain maximum possible work. But, in actud

practice. it 1S not possible to carry out the process infinitesimally slowly so that the efficiency 15
even less than that given by the above equation.

Carnot Theorem. According to Eq. 16, the efficiency of a machine working reversibly depe"di
only on the temperature of the source and the sink. It is independent of the nature of the substance ZS
substances used for operations. The same idea may be cxpressed by saying that all periodic machine
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working reversibly between the sqame IWo temperatures have the same efficiency. This statement is

commonly known as the Carnot theorem, in honour of S. Carnot (1796-1832), the brilliant French
physicist. known for important contributions to thermodynamics.

It may be noted that while the First 1a
another, the amount of energy that dj
produced. it is silent about the extent
thermodynamics gives information abo
be complerely converted into heat, th
cannot take place without leaving so
enunciation of the Second law of the

W states that when one form of energy is transformed mt‘O
Sappears is exactly equivalent to the amount of energy that is
to which such conversion can take place. The Second law of
ut this point. It tells us that while all other forms of energy can
€ complete conversion of heat into any other form of energy

me lasting change in the system. This has led to the following
rmodynamics :

It is impossible to convert heat into work without compensation.

Example 1. Calculate the maximum efficiency of an engine operating between 110°C and 25°C.

Solution : Maximum efficiency of an engine working between temperatures 715 and T is given by

N = - T)T, = (383 K - 298 K)/383 K = 0-222 = 22:2%
Example 2. Heat supplied to a Carnot engine is 1897-8 kJ. How much useful work can be done by the
engine which works between 0°C and 100°C ?
Solutien : h=100+273=373 K ; T,=0+273=273 K :
w =

q,=1897-8 kJ
92 (I~ T)/IT, =1897-8 kKIX(373 K -273 K)/373 K=508-7 kJ
Work done by the engine = 508-7 kJ

An important generalisation. Eq. 16 derived from the Carnot cycle may be rearranged as

1 -(@i/q) = 1- (Ty/T)
or qQ/Ty = q/T,

(17)
Eq. 17 may also be written, in the general form, as

‘)

Grev/T = constant -..(18)

where g, is the quantity of heat exchanged in a process carried out reversibly at a temperature 7.
This is an important generalisation since the quantity g,.,/T, as we shall see presently, represents a
definite quantity or state function, viz., the entropy change of the system.

¥





{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }

