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The first law of thermodynamics states that when a system is constrained to undergo a
change by mechanical, diffusive or thermal interactions, its internal energy changes by
an amount equal to the heat transferved to it, work done on it and matter exchanged. The
different ways in which intemnal energy ol a system may be changed are illustrated in
Fig. 5.5, Let dU/ be the change in internal energy of a system when §Q amount of heat is
added to it, 6W work is done by it and dN is the change in the number of particles. Then,
the first law of thenmodynamics can mathematically be written as

Al = 80 — W + p dN (5.5)

where ¢ is chemical potential. By convention, the heat flow into the system is taken as
positive, whereas work done by a system is considered positive.
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Fig. 5.5 Hlustration of processes hy which internal energy of a system can change.

[T more than one Kind of work s done by the system, W is replaced by Ei:’fw]-. Similarly,
if there are several different kinds of particles in the system, the last term in Eg. (5.5) will
become Z.gi. dV.. On the other hand, a system in diffusive equilibrium may undergo thermal
and mechanical interactions. Then, the first law takes the form

Al = 80 - W (5.6)

This is the differential form of the first law of thermodynamics for a non-diffusively
interacting system,
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Ans 1 (c) Clausius-Clapeyron relation
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Pressure and Melting point are explained by Clausius-Clapeyron equation.

The equation in the picture explains the change in
melting point T with change in pressure P. AV is change

in volume and AS in change in entropy. phase (8.4

For example, let’s discuss about melting of Al.

Al (s) =Al (I)

In the above reaction, Entropy is increasing and volume
change is positive thus dT/dP is positive. Which implies
that with increase in pressure the melting point of
Aluminium is increasing.

P

dP _ AS

Ans 1(d)
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Pressure and femperature affect density of gas. hence, they affect mean free path.
Ans 1(f)
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ﬂ\g states of each element of the systém. Applied to a thermodynamic system, each
microstate M of the systemn is a set of pomhonc {g)for i=1, ..., 3N (in three
dimensions, add another sel of coordinates for internal degrees of freedom, such as
rotation). It describes the podition and velocity of each particle. For large N such a:
N = 107, this gets out of hand. Furthermore, the probability that the system is ir
microsts M{ssqmltiow. as there are many different microstates the system

A ‘macrostate’ on the other hand is a state description relying on the
maamcopac properties of the system: it’s temperature, pressure, volume and
internal energy. For each macrostate, there are many, many microstates which
result in the same macrospace: for example, if one interchanges veiocity (but not
I -.‘ . .),Of-mwpmﬁc']es'ﬂw"mom&m‘mmg&bunherem different

Ans 2(a)
Carnot theorem states that of all heatr engines working between the same (constant)
temperatures, the reversible Carnot engine has the maximum efficiency. Let us consider
an irreversible engine (1) and a reversible engine (R) operating between the same reservoirs
which are at temperatures 7', and 7. Suppose that the irreversible engine is more efficient
than a reversible engine. Then we can write '

>Nk
So we must have alllabexperiments.com
W W .
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where W =0, =0, =0~ 0, . This implics that Q"> Q.



We now couple them and regard the system of combined engines to be a single
device. And suppose that the work produced by the irreversible engine is used to drive
the reversible engine backwards so that 1t acts as a {Carnot) refrigerator as shown in
Fig 6.8a. Thus, the overall effect of the combimed engine is Lo transfer a nel amount of
heat (Q; — W) - {t_’j]’ = Wi=0; - ;" [rom the cold reservoir to the hot reservoir on its
own. That is, the combined engine acts as a self-acting device, which requires no external
input. But this is forbidden by the Clausius statement of the second law. Therefore, the
assumption that 17, = 1, is not valid, i.e., an irreversible engine cannot have efficiency
greater than that of the reversible engine. From this we can conclude that the efficiency
of a Carnot engine is maximum, i.e., 11,< 1, We expect that the same will hold true for
a Carnat refrigerator as well.

' Y O

=
A
—

Fig. 6.8 [llustrating the proof of Carnot’s theorem.

A corollary of Carnot theorem 1s: All reversible engines operating between the same
temperature limits have the same efficiency.
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The Second Law of Thermodynamics:

Kelvin - Planck Statement

The Kelvin-Planck Statement No process is possibile whose sole result is complete
conversion af heat inte work.

This statement implies that one cannot devise a machine which just absorbs heat and
produces 100% work. However; let us consider isothermal expansion of an ideal gas.
When the gas expands, it does work on the piston. For an ideal pas, the first law tells us
that during an isothermal process, internal energy remains constant. That is,

AU =80 - 8W=0
s that
AW = 60 (6.16)
That is, we have complete conversion of heat into work! Does this violate Kelvin-Planck
statement? No, it does not because the state of the gas at the end of the process is different
from that at the beginning (due to change m volume). So, conversion of heat into work 1s
not the sole effect.

There are other processes in which energy is conserved but they do not occur, For
example, heat does not flow on its own from a body at a lower lemperature to a body at
higher temaperature. That is, spontaneous heat flow is unidirectional, This fact of experience
is contained in the Clausius statement of the second law of thermodynamics,
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Clausius Statement of the Second Law

The Clausius Statement No process is possible whose sole result is the transfer of
hreat from a body ar a lower lemperature toca body at a higher temperature.,

Note that this is a “fact of experience’ and needs no proof. However, is heat flow ina
refrigerator from food items kept inside {a colder bady) 1o the surroundings (a hotter body)
in violation of Clausius statement? Definitely not because some work has to be done by
an external source on the working substance. Therefore, an important implication of this
law 15 that it 18 not possible to transfer heat from a cold body to a hat body without some
change somewhere. including the working substance/surroundings of the system.

Note that the two statements of the second law apparently seem different or unconnected
but this is not true; they are equivalent and 30 are their consequences. In fact, each statement
implies the other and the two are equivalent. If one statement is untrue, will the other
necessarily be not true? Indeed it 18 30 and the truth of either form is both a necessary and
sufficient condition for the truth of the other.

Equivalence of two statements:

The equivalence of these statements implies that if one statement is untrue, the other
statement 1s necessarily untrue.

1. Let us suppose that the Clausius statement of the second law is violated by a
hypothetical refrigerator A, which transfers ¢, units of heat in each cyele from a cold
reservoir at temperature 7 to a hot reservoir at temperature T, without expenditure
of any work (Fig. 6.5a).
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(a) (b)
Fig. 6.5 (a) Refrigerator A violates the Clausius statement of the second law, whereas B
does not violate the law and (b) the composite engine violates the Kelvin-Planck
statement.
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Let us now assume that a heat engine working in a cycle between the same heat
reservorrs draws an amount of heat @, from the hot reservoir and rejects heat O, to
the low temperature reservoir and performs work W=, — (J, in one cycle. Further
suppose that the heat engine operales at such a rate that it completes one cycle in
the same pentod as does the refrigerator. Then, a composite engine is formed by
considering the refrigerator and the heat engine to act together. The composite engine

C draws heat 2, — @, from the hot reservoir and converts it completely into work.
Such an engine obvipusly violates Kelvin—Planck statement.

2. To prove that if Kelvin--Planck statement is violated, the Clausius statement is also
violated, let us consider a hypothetical heat engme which extracts heat Q, from the hot
reservoir, converts it completely into work and rejects no heat to the low temperature
reservolr (Fig. 6.6a). Suppose that the work performed by the heat engine 15 used to
drive a refrigerator operating between reservoirs at temperatures ', and 7,5, Further.
suppose that the refrigerator absorbs heat {5 from the low temperature reservoir
and rejects heat W+ O, to the hot reservoir per cyele. As before, we assume that the
refrigerator completes one cycle in the same period as does the heat engine. You will
agree that the refrigerator by itsell does not violate any law but when it is made to
form a composite engine with a heat engine (Fig. 6.6b), we note that the net result of
operation of the composite engine working as refrigerator will be to transfer heat @,
from the low temperature reservoir to the higher temperature reservoir without any
external work. This obviously violates Clausius statement of the second law.

We can now conclude that both the statements of the second law are equivalent.
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Fig. 6.6 [a) A violates the Kelvin-Planck statement of the second law, whereas B does not
violate the law, and (b) the refrigerator R violates the Clausius statement,

Ans 3(b) According to carnot theorem, the efficiency of a carnot engine is greater than or equal
to the efficiency of any other engine operating between the same temperature limits:
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Note that the cquality sign holds for a reversible cycle, whercas the incquality sign holds

tfor an irreversible cycle. Support by Donating
In terms of heats exchanged, we can write
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Therefore, for any cyele in which heat exchange takes place with two reservoirs only, the
algebraic sum
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Ans 4(a) At first, we will deal the Internal energy u, Enthalpy h, Gibbs function g and Free
energy or Helmholtz function f. All these four are expressed on per unit mass basis:
Internal Energy u:
The differential form of 1%t law of thermodynamics for a stationary closed system, which
contains a compressible substance and undergoes an internally reversible process, can be
expressed as:
du=8qev — p-dv = 8qrev = du + p-dv
In addition, the entropy is defined as:
T-ds= 6qrev
Then we have:
T-ds=du+p-dv—> du=T-ds—p-dv
and
r=3Y, and p=-.
Enhalpy h:
According to the definition of ethalpy, we have: h=u+p-v
We then write it in differential form:
dh =du+ p:dv +v-dp - dh —v-dp =du + p-dv
Now we can eliminate du by using dh:
dh =T-ds + v-dp

and
dh dh
T = {E}p and v= {:E}s

Gibbs Function g:
Definition of Gibbs Funtion g is:
g=h-T:s



So the Gibbs function g in differential form is:
dg =dh—-T-ds —s:dT
And knowing from the above equation (dh = T-ds + v-dp), we get:
dg =v-dp —s-dT
and

dg dg
v= [ﬁ v and 5= _{ﬁ}p

Free Energy (or Helmholtz Function) f:
Definition of Free Energy f is:
f=u—-T:s
The differential form of free energy f is expressed as:
df =du—-T-ds—s-dT
We can eliminate du by using du — T-ds =— p-dv, we obtain:
df =— p-dv—s-dT

and

O O9f Lo AF

= _{Ejv and p = _[EF)T
We know from the mathematics that any exact differential the mixed partial derivatives must
be equal, which can be expressed as:

dz = M-dx + N-dy
where:

dz dz
M={:§y ﬂ,ﬂ,d N={:@)x
Then:
aM an dz d dz

Gx=Gy  m 5 (ﬂx) 7 Gy
According to this conclusion, we can obtain the following four relations by applying the above
partial derivatives of properties pressure p, specific volume v, temperature T and specific
entropy s:

G,)s = —(a—sp}v Support by Donating
G5 = GO
(BV)T [BT}"
Gor=-Gp

These four equations are called the Maxwell Relations.

Q4(b) i
5. Relation between two specific heats of gas The molar specific heats
al constant pressure and constant volume are
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- QQ) =7{9°S
Ge (ar p"T(W),, (1771

=[2QY _ fOS
Sy ar]..-‘T(W 5 (= 30 = 798)

The entropy S can be considered as function of 7 and ¥ and since dSis
aperfect difTerential

5= (38), 4+ (35),
(39),-(8),+(3).30, -

But from equation (17.52)

o). = (57),

Substituting in relation (17.52)

(25), =(37), +(55).(37);

Multiplying both sides by 7
V
.( 95 as (éfi) (9—
7(_8—7" p=T(37‘ v T ar My aT)P
or - aPr ( oV ing relation (l7-7l) =
Cp= Bl T(———aT o - ),. (using

Q 4bii)
Bolution. From I and II law of thermodynamics
(d@=dU + PdV and dQ =TdS)

(17.73)

dU + PdV =TdS
dU dS
or e B2 T e
dV dVv d

For isothermal change (constant temperature) :
&), 7(5). -
L cV oV
From Maxwell's second relation
&), (&)
cV)r \oT)y
oU oP
=T b
( oV ) (57’) v d

This is the required energy relation.



Ans 6(a) :

3.7.1 The Porous Plug Experiment

In this experiment, a highly compressed gas is continuously forced at constant pressure
to expand adiabatically and irreversibly through a porous plug kept in a non-conducting
cylinder (Fig. 3.9). The plug consists of a porous material, say cotton wool, silk, etc..

alllabexperiments.com
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Fig.3.9 A schematic diagram of the porous-plug experiment for Joule-Thomson expansion.

AARRARRRANRN

and has a number of fine holes. Thus, a porous plug is equivalent to 4 number of s oy
orifices held in parallel. To avoid loss or gain of heat in the neighbourhood of the plug, it
is surrounded by an insulation of cotton wool packed in a metallic vessel, :
Before allowing the gas.to pass through the porous plug, it is made to flow through 4
copper spiral immersed in a constant temperature bath so that it acquires a particular initial
temperature. The pressures on the opposite sides of the porous plug are kept constant by
moving pistons at an appropriate rate. Suppose the expansion takes place from a constant

high pressure P, 10 a constant low pressure p,(< py). Let the temperatures on the two sidey

of the porous plug be 7, and 7. Due to decrease in pressure, the gas expands while it
passes through a large number of long and narrow orifices in the plug. In this process, the
molecules of the gas are gradually pulled apart. This process is known as throttling process.
The change in temperature, if any, is measured by thermocouples.
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The findings of Joule-Thomson experiment can be summarised as follows:

1.

of ¢nergy. The work done by the gas on the piston is

All gases show a change of temperature after

means that no gas behaves perfectly. (In fact, the very purpose of this experiment
was to establish the dependence of internal energy on volume and thereby verify the
existence of intermolecular forces between gas molecules,)

At ordinary temperatures, all gases, except hydrogen and helium, s
effect. In fact; these gases show slight heating. This was totally un
paradox was subsequently resolved when it was recognised that to obt
the initial temperature of the gas must be less than its inversion tem
At low enough temperatures, all gases show cooling effect,

The fall in temperature is directly proportional to the pressure difference on the two
sides of the porous plug. However, for a given difference of pressure, the drop in
temperature is more if the initial temperature of the gas is less.

For every gas, there exists a characteristic temperature, called zemperature of inversion,
denoted as T}, at which no change in temperature occurs. If the initial temperature of
the gas is less than T}, it cools after passing through the porous plug and vice versa.

passing through the porous plug. It

how a cooling
expected. (This
ain any cooling,
perature.)

Since the gystem s thepmally isolated, one can apply the law of con

oW = PN P Vv,
Since no heat enters into the system, work fas'to be darnie st the

energy.

Ans 6(a)

According to 1st law of thermodyvnantics
A=A+ oW
&) =0

W =PV <P V., (Work done on the piston
Al = UL -t

Heve U and U represent internal energy of gas on the

. alllabexperiments.com
But with

two sides of POTOU

0 = =)+ (PV. - P V)

Wi+ PV, =L+ PV
H,o=H., H and H,

are the enthalpies on the either side of the

Le., the enthalpy remains conserved.

or

porous plug,
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214 MAXWELLBOLTZMANN VELOCITY DISTRIBUTION LAw

Let us now cal:ulate, the number _of molecules having x component of velocities |y;
between v, and (v, + dv,). For this, let us again consider g(p) dp, the number of ce';l
i

in phase space corresponding to momentum interval p and (p + dp). From eqn. (2
this is given by, -2y

g(p) dp = %’— [If dp.dp, dp.

<24
Putting this value of g(p) dp in egn. (2.28). we have
Vv o (pxz +P\-2 +p::)
n(p) dp = —— dp, dp, dp,e*e” - e
p) dp he? P, ap, ap- o (2.4)

Here the limits of integration extends from — @ (0 + @ for each variable. The tot
number of moleculcs, thercfore is given by,

n= T n(p) dp

Ve T -piinm T ppinm [
= ——~h03 J e ar dp_l. J e y dP\ J e pP_ » dp:
. (24
Using the standard integral,
]:f’—“"! dx = J—'E— we have ]? e Prm gp = o
-—0 ’ a ' -0 i ﬂ
.. Eqn. (2.49) becomes
Ve (Zn'm]yz
n= 1103 F; alllabexperiments.com ~(250)
32
e %= nhﬂ]( i ) 2
V \2am A=

.

To find the number of molecules where x component of momentum lies between p, and
(Px |

+dp,), we inlegrate cquation (2.48) over p, and p..

Lnlp)dp, = _,::_‘ e—ae-ﬂpflzm dp, j e_ﬁm’:"dp_‘ je-ﬂp:‘/:n dp:

- -



Putting e~ from eqn. (2.51), we have

a2 —
Vv nh{,:'( p ) S 27m |[2mm

L. ... 0 P .. B ; dp,
n(p,) dp, e il * P B B

4
172
n( i ) e~ PP dp,
2am

%
kT

but g =

n(p,) dp, = -ﬁ# e P Gp .(2.52)

Maxwell Boltzmann velocity distribution Law
To find the number of molecules having their x—component of velocity between v,
and (v, + dv,), we put

p. = mv, and dp, = mdv, in Eqn. (2.52) and we get

n e 12wk T

n(v,) dv, = W € "ldl"
| n(v )do, = n # e~ TTNT dv, ...(?..53.)

” s“;‘"“"')'- the number of molecules having their y-component of velocity between
» 20d (v, + dv,) and the number of molecules having their z-component of velocity *

between v. and (v_ + dv.) are given by.
m - 24T
n(ov = , rs S
(v)do, = n T do, (2.54)
and nt s
n(v, dv_ — —mx [2kT
Ddv.=n ST e dv. -(2.55)

The number of 1

nolecules having velocity components lying between v, and
dv,), v, and (v, £ Y po ymng *

(v,..;
+dv,) and v, and (v, + dv.) is given by

32
dn = m —m (1Y -l -t
n =n (2”’(’_) e vl sl ~eiyar dv, dv, dv, A2.56)

Relu :
10N (2.56) is called as Maxwell-Boltzmann velocity distribution law.

Ans 6(b) ,
alllabexperiments.com
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A number of studies were carried out to verify experimentally the predictions of Maxwell
Boltzmann law for the distribution of molecular speeds. The most successful of them was the
experimcntal study of L.F. Zartmann and C.C. Ko in the year 1930.

Principle. If a beam of metallic vapours is incident on the wall of a rotating drum, the density
of deposit will vary in direct proportion to the molecular speeds, because the faster molecules
will reach the wall earlier than the slower ones.

Apparatus. It consists of a cylindrical drum (Fig. 2.12.1)

that can be rotated (at about 6000 rpm) about a horizontal axis GLASS
with the help of an electric motor. It is provided with a fine slit ' "PLATE

S, on one side and glass plate on the opposite inner side. <“ —=» TO
Bismuth is heated to about 1100 K in an oven with the heat ¢ Vgglh%""
radiations from a tungsten lamp (not shown in the figure) to s

produce a continuous stream of vapours. The whole apparatus ~ DRUM
is housed in an enclosure, which is connected to a vacuum
pump. A slit S, is placed in between the slit S of the oven and
slit S; of the drum to collimate the bismuth vapours into a fine
beam,

Working. If the drum is stationary, the beam of bismuth
vapours will strike at a point just opposite to the slit S, and
condense. However, if the drum is rotating, the slit S, will come ===
in line with the heam of vapours once in each rotation and a N
bit of bismuth vapours will enter the drum. They will get [
deposited at different points on the glass plate depending upon BISMUTH
their velocity and the speed of rotation of the drum. The oven ROVEN
1S maintained at fixed temperature and speed of rotation is also
maintained constant. Since different molecules have different Fig. 2.12.1
speeds, so fast moving molecules reach the plate first and then
the slow molecules. As the drum is rotating anticlockwise, the molecules havin
strike the left side of the plate and the molecules having slow speeds strike the plate at its right
side. The enclosure is connected 10 vacuum pump, so that the bismuth vapours do not suffe
collision with the air molecules. In his experiment Zartmann exposed the glass plate to the bi r
vapours for long time ranging from 8 10 22 hours. teusth

The glass plate is removed and the density of the bismuth vapours is m
: ; easured
of the plate. The density of the deposit at any point is in proportion to the numbth:? the length
with a particular speed. The graphical distribution was found to be as predicted by th mOIectfles
expression obtained on the basis of Maxwell Boltzmann statistics Yy the mathematical

- am s o

Sz

g large speeds

Ans 7(a) The various postulates of quantum theory of radiations are as follows:

A radiation has energy. As light and heat are radiations, they are also associated with
energy.

Radiant energy is not emitted or absorbed continuously but discontinuously in the form of
small packets called photons. Photon is not a material body but is considered to be a
massless packet of energy.

The energy E of a photon is related to the frequency of radiation, v; the two being related
as E = hv Where h is planck's constant.

Whenever a body emits or absorbs energy, it does so in whole number multiples of
photons, i.e., nhv wheren=1, 2, 3 and never 1.2, 2.5, 3.7 etc.



Ans 7(b)Stefan’s law from plack’s law

The total power per unit area from a blackbody radiator can be obtainetégrating
the Planck radiation formula over all wavelengths. The radiateemposy unit area as
a function of wavelength is

so the integrated power is

It is helpful to make the substitution

Making the substitution gives

Making use of the standard form integral  alllabexperiments.com

gives the final form of the Stefan-Boltzmann law

Wein’ s displacement law from plancks law

To find the peak of the radiation curve as indicated in Wien's displacement law, it is
necessary to take the derivative of the Planck radiation formula with réspect
wavelength.

To find the peak of the blackbody radiation curve, we take the derivative:
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Simplifying gives the maximum condition:

AT =

agnill" a

5[£afﬂ.r —l] = 5[1_£-aMT]

which must be solved numerically to give:
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