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UNIT — I Thermodynamics

Zeroth law of thermodynamics — First law of thermodynamics -dlengines — Reversible and
irreversible process — Carnot’s theorem — Second law of thermadyns, thermodynamic
scale of temperature - entropy — change of entropy in reversdid irreversible processes —
Temp — entropy diagram (T.S.) — law of increase of entropy

Thermodynamics

One excellent definition n of thermodynamics is that is the science gjyeaed entropy.
Alternate definition is thermodynamics is the science tlealsdwirh heat and workand those
properties of substances that bear a elation to heat and work.

Thermodynamic system and Thermodynamic Coordinates

Thermodynamic system - A system that depends on thermodynamic quigkeipesssure,
volume and temperature, (eg) Gas enclosed | a cylinder

Thermodynamic coordinates - Quantities required for complete kngeletl thermodynamic
state of a system (eg) pressure, volume and temperature

Zeroth law of thermodynamics

Statement

The Zeroth law of thermodynamics states that if two bodiesand B are each
separately in thermal equilibrium with a third body C, then A &a@re also in thermal
equilibrium with each other as shown in Fig.1.1

Thermodynamic Equilibrium .S,
{Zaroth Law) oo

Object #1
(Thermemeter)

Whan fwo cbjscts are ssparsily in thermodynamic squilibeum
with a third object, they are in equilbrium with sach clber.
Ojects In themodynamic equllibrian havs the sarme temperative.
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First Law of Thermodynamics

Statement

When a certain amount of heat Q is applied to a system wbieh external work W in
passing from state 1 to state 2, the amount of heat is equal tof shenincrease in the internal
energy of the system and the external work done by the system [Fig.1.2].

The law is expressed a®= (U>-U;) + W
Note: For very small change in state of the system, the law is expressed as
6Q=dU +6W
(all quantities expressed in unit of energy)

it or

@’ First Law of Thermodynamics nesach

ira ¥ ey
el oknl thes chamgs o i d ervargry B0 ecpesl to Hhes
difference of tha hest renefer o the mystem s work

by the systermn.

Fig.1.2

Heat Engine

Heat Engine is a device which converts heat into work. It consists of thteg¢fgrl.3]
[a] Source (high temperature reservoir) at temperature T1

[b] Sink (low temperature reservoir) at temperature T2

[c] Working substance

Heat Engine

= Work done (W)
Heat taken from source (0))

T = Temperature (*K)
Q = Heat (J)

W = Work (J)

h =hot

c = ool

Efficiency
ﬂ = Qh-Qc
= = o Qn (@18
= 0,0, =1-0, =I,-T,
0 0 T Carnot Efficiency
Q,M;Mﬁmn:.i Q,_ﬂw,,jgﬁg W= (Te) Cold In=T¢
MM 3 Reservoir Tw

Fig13
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Reversible and Irreversible Processes

Reversible Process:

It is a process in which an infinitesimally small changeth@external condition will
result in al changes taking place in the direct procesg leiactly repeated in the reverse order
and opposite sense.

Example: Place a piece of metal on a hot plate at temperature fle lietmperature of the hot
plate is increased by small step dT, a small amount ofd@as transferred to metal and we
decrease the temperature of hot plate by dT, an equal amount efthéatransferred back to
hot plate. In this way, the metal and hot plate are restored to their original condition

Irreversible Process:
The process which is not exactly reversible

Example: A cup of hot coffee left on a table gradually cools down and never gets hotteelby
All natural processes proceed in one direction only.

The Carnot’'s Engine
It consists of the following parts [Fig.1.4]:

(@  Source: hot body at T _The heat engine draws heat from it.

(b)  Sink : Cold body at 7 Any amount of heat is rejected to it.

(© Working substance: Ideal gas enclosed in cylinder-piston arrangement.
(d) Non-conducting standis provided for adiabatic operation.

FistorT
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Carnot cycle

(1) Isothermal expansion ABThe piston is moved upward so that gas expands isothermally
represented by curve AB as shown in Fig.1.5

Consider one gram molecule of the gas. LETb® the quantity of heat absorbed
from the source which is equal to the amount of works donbwthe gas in expansion
from initial curve (R,Vy) to (P,V2)

Q1= W1=[,”PdV- RT.f,” dV/V=RTi logdV 2/ V]

(2) Adiabatic expansion BC:Place the cylinder on the insulating stand. Allow the as to
expand adiabatically till the temperature falls to T2 which is representadidbatic BC.

W, =[7° PAV=1Y2 kav/vy= [KV3rt — KV2r1]/1-y
= [RVa-PV2 [ KV3™]
Wo= R(To-T2)/(y-1)

(3) Isothermal compressiorCD: Place the cylinder on sink at temperature T2. The gas is
compressed isothermally till it attains the state D. Thisqual to the work done W3 on
the gas.

QZ =W;= f‘y: PdV=RT, |Oge [V3/ V4]

(4) Adiabatic compression DAPlace the cylinder in insulting stand. The gas is compressed
adiabatically until the temperature rises ta@presented by adiabatic DA.

Work done from D to A : W= f‘y: PdV= R(T;-To)/(y-1)
The net work done by the gas is W¥W,+W3+W,

W=RT, |Oge[V2/V1]- RT, |Oge [V3/ V4]

The points A and D are on the same adiabatic
T:iV1 vl TV, vl or TITy =[V1/V4] vl

The points B and C are on the same adiabatic
TiVo" = TV3Th or T/Ty = [Vao/Va]

So [V1/ V4" =[Val Vg "t
or V2/V1: V3/V4

W = Q-Q2 = R(T1-T») log V2/ V4
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Efficiency (n) of the engine is defined as

n = Amount of heat converted into work

Total heat absorbed from the source

n= Q- Q = R(T-T)log V;

Q Vi

Rlog V-

1V

Efficiencyn=T-T, = 1 +T2

r T

Carnot’s theorem
The theorem consists of two parts and can be stae follows:

Statement 1

No engine can be more efficient than a perfectly reversibine working between the
same two temperatures

Statement 2

The efficiency of all reversible engines working between dame two temperatures is
the same, whatever is the working substance.

Proof:
First Part:

To prove the first part of the theorem, we consider two endgnasd | working
between the temperatureg dnd T, as shown in Fig.1.6. Of these two engines, R is reversible
and | is irreversible
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Fig.1.6

Suppose | is more efficient than R. Suppose in each cycle, R abBerfysantity of heat Q1
from the source atiland rejects the quantity of heat 1Q the sink at temperature. TSuppose in
ach cycle, | absorbs the quantity of heat f@om the source at the temperatureahd give the
quantity of heat @to the sink at the temperature. Tet the two engines do the same amount of
work W in each cycle. According to the assumption | is more efficient than R.

Q1’—Q2’ - Q- Q
or w > W

Or Q1 > Q1’

and Q. _Q’z = Qi— Qz’
or Q—Q, — Q1 —
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Now because Q> Q
Therefore, QL > Q

Now, suppose the two engines are coupled together so that | drives\Ralgg and
suppose they use the same source and sink. The combination formsactisglinachine in
which | supports external work W and R absorbs this amount of work in its reyelselcto its
cycle absorbs heat;@rom the source and gives up heat t© the sink. R in its reverse cycle,
absorbs heat £from the sink and gives @ to the source.

The net result of the completer cycle of the caliplggines is given by :
Gain of heat by the source at T1G; — Q,
Loss of heat by the sink T2 = Q2 — Q2’

External work done on the system = 0.

Thus, the coupled engines forming a self acting machine unaidaalybgxternal agency transfer
heat continuously from a body at a low temperature to a body at a higher teneperatur

This conclusion is contrary to the second law of thermodynamics, accordimmictoina
cycle process heat cannot ne transferred from one body to anbthdérigher temperature by a
self —acting machine. Hence, our assumption is incorrect, and wieidernbat no engine can be
more efficient than a perfectly reversible engine working between the teamperature.

Second Part:

The second part of the theorem may be proved by the same argasbefsre. For this
purpose, we consider two reversible engineaml R and assume thatBs more efficient than
R:. Proceeding in the same way, we can show thatddnot be more efficient thani.R
Therefore, all reversible engines working between the saroetedmperatures have the same
efficiency.

Thus, the efficiency of a perfectly reversible engine depends anlthe temperatures
between which the engine works and is independent of the nature of the working substance
Second law of thermodynamics
Lord Kelvin statement

It is impossible to get a continuous supply of work from a body byirgpat to a
temperature lower than that of its surroundings.
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Planck’ s statement

It is impossible to construct an engine which, working in a caepbéycle, will produce
no effect other than the raising of a weight and the cooling of a heat reservoir.

Kelvin-Planck Statement

It is impossible to construct an engine which operating in a cheale the sole effect of
extracting heat from a reservoir and performing an equivalent amount of work.

Clausius’s Statement

It is impossible for a self acting machine working in a cypliacess unaided by external
agency to transfer heat from a body at a lower temperature to a body at adnybenature.

Thermodynamic (or absolute or Work) scale of tematre

The efficiency of a reversible engine is independent of tleking substance and

depends only on the two temperatures between which the engiks. \&amcen=1 —% : %
1 1

can depend only on the temperatures. This led Kelvin to suggest aalewoktemperature . It
we let g and g represent these two temperatures, his defining equati%his % .
2 2

That is the ratio of any temperatures on this scale is egulaétratio of the heats absorbed and
rejected by a Carnot reservoir working between these two tatopes. Such temperature scale
is called the thermodynamic (or Kelvin)temperature scale,. Tngerature scale does not
depend upon the property of the working substance. Hence it is called absolutatemeale

To determine the size of the degree on the thernmaalyic scale

Consider a Carnot reversible engine working between the temperat boiling water and
melting ice at normal pressure. The Carnot cycle is represbgtdBCD. Here AB and CD are
respectively the isothermals for steam point and ice point [Fig. 1.7]

. The work done by the engine is numerically equal to the AB&2D. Let this area be divided
into 100 equal parts by drawing isothermals parallel to CD oiTAbn any isothermal will be at
a temperature “llower than the isothermal just above it.Then the area of each ppiaseats
one degree on the thermodynamic scale. Thus, 1 K on thermodynat@arsxy be defines as
follows:

“1K is the temperature difference of source and sink betweechvéhiCarnot’'s engine
operates to deliver work equal to one hundredth of the work delivered bsathe engine
working between steam and ice point”.
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Absolute Zero on thermodynamic scale

If we draw isothermals below the ice point, an isothermal reptiegethe zero of the scale can
be obtained. [Fig.1.7]. The isothermal GK represents absolute Zero.

Consider an engine working between the steam point and absolutézefd) (

The efficiency of such an engine is

n=1--2 =1

emax

Again, consider an engine working between ice point and absolute zero. leneffis

T]’:l_ 90 — 1

Bice

Fig.1.7

nzl—ﬁ =1o2=0

1 Q1
That is Q,=0
and n=1.

Thus, the zero of the absolute scale is that temperature ohkhatsvhich no heat is rejected to
it., the efficiency of the engine being unity. Thus, a negdéwgperature is not possible on this
scale.
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Identity of perfect scale and thermodynamic scale.

The efficiency of a Carnot engine using a perfect gas as the workingrstdss

— Q2 _ T
L= 2 = 1= ()

On the absolute scale, the efficiency of the engine is

1 _L_q1_% ____
= Q1 1 61 (2)
Comparing (1) and (2)
r, ~o, G

TS —_ 05
T; 6;

i T 6;

There are 100 degrees between the ice point and steam point on the two scales. Hence

100 _ 100
T; 0;
Or Ti = Hi'

Similarly, T, =86,
(ie). The ice point and steam point on the two scales are identical.

Now consider a Carnot engine working between the steam point andrayerieeal temperature
T

Then from eqn (1)

T _b

T 6
But Ts = 05
Hence T=20

Thus, the thermodynamic temperatu#@¢ @nd perfect gas temperature (T) are numerically equal
to each other. Hence a thermodynamic scale can be reducedlizing a perfect gas scale. In
practice, the scale furnished by a constant volume hydrogen therenaméiken as standard.
The temperature measured on it are corrected to obtain thesponding temperatures on the
perfect gas scale.
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Thermodynamic Scale of temperature

The efficiency of reversible Carnot ‘s engine depends only upon théetmperatures
between which it works and is independent of the properties (nature) king/@ubstance.
Using this property of Carnot’s reversible engine which solely dependemperature,. Lord
Kelvin in 1848, suggested a new scale of temperature known as absolute seaiperhture.
Lord Kelvin worked out the theory of such as absolute scale called ¢hen work or
thermodynamic scale and showed that it agrees with the ideal gas scale.

Theory:

Suppose a reversible engine absorbs heaatQemperaturdd; and rejects heat Qat
temperaturef, (measures on any arbitrary scale), then since the efficienitye iengine is a
function of these two temperatures,

n=Q- Q =f(91,02)

Q
_f(e,0,)

1-Q
Q

Q1 = 1 - F (61 , 0, ) --------- (1)

Q 1i(eL%)

Similarly, if the reversible engine works between a pair of temyesto, and6s (02> 03),
absorbing heat £and rejecting @ we can write,

Q. =F (02,03) - (2)
Qs

Q@ =F (01,05 ) v ©)
o2

Multiply Egn (1) and (2) we have

Q xQ = Q1 =F (61’92) X F(92,93)

Q & Qs
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Now, Comparing with Equation (3ye have

F(000) =F (000,) x F (0,05) e @

This is called the functional equation. It does not contairon the left hand side.

Therefore, function F should be so chosen @hdtsappears from the right hand side. This is
possible if

F (00,02) = 20) X 20, = a)
2(2) 2s) a)
Equation (1) can be written as,
Qi = F (01,02) = 20y)

Q. 0

Since 8;> 0, andQ; > Q,, the functiong(®,) > @@.). Thus, function &) is a linear function o and
can be used to measure temperature. Thus, Lord Kelvin suggésteshould be taken proportional@p
ie. #0,)= 0, and 2§,)= 0,, we have

@ _6
Q2 0
or
01 &
0, Q2

This equation shows that the ratio of the two temperatures on this scadgial to the ratio of
the heat absorbed to the heat rejected. This temperature scaleed Eallvin's thermodynamic
(or absolute or work) scale of temperature.

Entropy

Definition: The entropy of a substance is that physical quantity whitiaireconstant
when the substance undergoes a reversible adiabatic process.
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Explanation:

Consider two adiabatic AF and BE as shown in figure crossed by denuof

isothermals at temperaturg, TT,, Ts. Consider the Carnot cycle ABCD. Let Q1 be the heat
absorbed from A to B at Temperaturg Let Q2 be the het rejected from C to D at Temperature
T,.[Fig.1.8]

From theory of Carnot engine Ap; = QJ/T>
Similarly for Carnot cycle, DCEF, 0T; = Qs/T3

Q1/T1 = QJIT, =Qs/T3 = Constant.

T TR
= 5
aﬁ- =T
- wvolume (V) ——=5 :
Fig.1.8
A Isothermal B T
z
I %
g <
g C
a
Vo -
Fig.1.9

Thus if Q is the amount of heat absorbed or rejected in going dreemadiabatic to
another adiabatic along any isothermal at temperature T , el = Constant. This constant
ratio is called the change in entropy in going from adiabatic AF to thbadh&BE.

If a system absorbs a quantity of heat dQ at constant temgeflatluring a reversible
process, the entropy increases by dS =dQ/T.

If a substance gives out a a quantity of heat dQ at consamerature T during a
reversible process, the entropy decreases by dS =dQ/T. Unit of entrépy is J

For an adiabatic change dQ=), dS=0.

Thus, no change of entropy during a reversible adiabatic process.
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Change of entropy in a reversible process
Consider a reversible Carnot cycle [Fig.1.9]

0] The working substance absorbs an amount of heat @ constant temperature i
the isothermal expansion :
Increase in entropy from A to B =401

(i) During the adiabatic expansion from B to C, there is no change in entropy.

(i)  During the isothermal compression from C to D, the working subsigines out a
guantity of heat Q2 at constant temperature T

Decrease in entropy from A to B =/0;
(iv)  During the adiabatic compression from D to A, there is no change in entropy.

The net change in entropy of working substance
during the cycle ABCD #R- Q/T1

For a reversible cycle, @, =Qu/T; (or) Q/T1- Q/T1=0.
Thus, the total change of entropy is zero during a Carnot’s cycle.

Entropy change in a reversible cycle is zero.

Change of entropy in a Irreversible process

Consider an irreversible process like conduction and radiation of Begipose a body
at a higher temperaturg Tonduct away a small quantity of heat dQ to another body atea low
temperature 3, then

Decrease in entropy of the hot body = dQ/T

Increase in entropy of the cold body = dQ/T

The net increase in entropy of the system =dS= d@IT,

dS is always positive sincedT;.

Hence, the entropy of a system increases in all irreversible precesse
Law of increase of entropy

Consider the natural processes of conduction of heat from a bodiem@trature Tto
another body at lower temperaturg This process is irreversible. Since heat always flows from
higher to a lower temperature, the quantity of heat transmitted be Q, then

Decrease in entropy of a hotter body = Q/T

Increase in entropy of colder body = Q/T
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Net increase in entropy of the system dS=1Q/@/T, = +ve quantity as Ti>T2.

Thus the entropy increases in all irreversible processes.idlkisown as law of principle of
increase of entropy.

Temperature — Entropy diagram

The state of a substance may be represented by points plottedemiperature as
ordinates and entropies as abscissa. This is T-S diagram [Fig.1.10]. The iatgleerinorizontal
straight line and adiabatic are vertical lines.

0] From A to B, heat energy Q1 is absorbed at temperature T1, dedreantropy from
AtoB= S_:Q]_/Tl.

(i) From B to C, No change in entropy.
(i)  From C to D, the decrease in entropy at constant temperature 72 3,85.

(iv)  From D to A, no change in entropy.

1
. 5.1y
] bl ’
T._'r; -
- b |
\‘\. _. 0 + ¢
—( 8 STy
- Y
| Entropy () ——b |

I @) () |
[ A

Fig.1.10

The area ABCD in T-S diagramy($1-T2) = S(T1-T»)
SIS, = Qu/T1-Qof T2 = Qi-Qof T1-To

Area of figure ABCD in T-S diagram =10-/T1-T» (T1-T2) = Q-Qo.
The area ABCD represents the energy converted into work.

The efficiency of the engine, = Heat energy converted into wurtial heat absorbed

n= S(T+-Ty)) = T-T>

1ST T1
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The TdS Equations

1. . First TdS Equaion: The entropy S of a pure substance can be taken as a fuictio
temperature and volume.

dS = (a4S|aT)y dT +(8S|0T)t dV

Multiplying both sides by T

TdS =T (0S|0T), dT +T (3S|0T)t dV ----- Eqn (1)
ButG, = T (85|09T)y
and from Maxwell’s relations

(0S10T)r = (0P|dT)v
Substituting these values in above equation (1) we get,
TdS = GdT+ T(dP|dT)y dV. - Eqn(2)
Eqgn.(2) is called as the First T dS equation.
2. Second TdS Equaion: The entropy S of a pure substance can be taken as afiom

of temperature and pressure.
dS = (8S|0T)pdT +(0S|0T)t dP

Multiplying both sides by T
TdS =T (3S|dT)pdT +T (3S|0T)r dP ----- Eqgn (3)
ButG = -T (dS|0T)p

and from Maxwell’s relations

(aS10T)r = (aV|[aT)e

Substituting these values in above equation (1) we get,
TdS = GdT -T (@V|dT)p dP. ---------- Egn(4)

Eqgn.(4) is called as the Second T dS equation
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Review Questions

PART A

oA LNE

wn

State Zeroth law of thermodynamics.

State first law of thermodynamics.

State second law of thermodynamics.

Distinguish between reversible and irreversible process giving example

State different statements of second law of thermodynamics.

Find the efficiency of the Carnot engine working between thensggaint and the ice
point.

Define and explain entropy.

Obtain an expression for change in entropy in an irreversible process.

What is meant by thermodynamic scale of temperature?

0 Explain what is T-S diagram. What information does it provide?

PART B

Derive an expression for the efficiency of a Carnot’'s engjirterms of temperature of
the source and sink.

State and prove Carnot’s theorem.

Define entropy.hat is its physical significance. Show thatetieopy of a perfect gas
remains constant in a reversible process but increases in an irreversibEspro

A Carnot’s engine is operated between two reservoirsrggertures of 450K and 350K.
If the engine receives 1000 calories if heat from the sounceadh cycle, calculate the
amount of heat rejected to the sink in each cycle. Calculatdfibierecy of the engine
and the work done by the engine in each cycle. (1 calorie =4.2 joules).

Define Kelvin's absolute scale of temperature. Show that thige sgrees with that of a
perfect gas scale.

Book referred

[1] Fundamentals of Thermodynamics by Richard E.Sonntag, Claus Boegr@a&kdan

J.Van Wylen, & edition.
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Revised Edition 2007

[4] Heat Thermodynamics and Statistical Mechanics by BrijLaGudrahmanyam and P.S

Hemne-, S.Chand and Co Ltd- Revised Edition 2007.
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UNIT -1l  Low Temperature Physics

Joule — Thomson's effect - porous plug expt. — liquefaction of gasesdialatic expansion
process — adiabatic demagnetization — Accessories employed in dealindiquiefied gases —
Practical applications of low temp — Refrigerating mechanism — dtelux refrigerator —

Frigidaire — Air conditioning machines.

Joule — Thomson’s effect
Statement

If a gas initially at constant high pressure is allowed to stiff®ttle expansion through
the porous plug of silk, wool or cotton wool having a number of fine pores, region of
constant low pressure adiabatically, a change in temperatges ¢éither cooling or heating ) is
observed. This effect is called as Joule —Thomson or Joule-Kelvin effect.

Porous Plug experiment

Joule in collaboration with Thomson [Lord Kelvin] devised a very sensitive technique known as
Porous Plug experiment. The experiment set up of porous plug experiment to study the
Joule-Thomson effect is shown in Fig.2.1. It consists of the following main parts:

(@) A Porous plug having two perforateldrass discs D & D1.

(b) The space between D & D1 is placed with cotton wool or silk fibers.

(c) The porous plug is fitted ina cylindrical box-wood W which is surrounded bgssel
containing cotton wool. This is to avoid loss or gain of heat from the surroundings.

(d) T1 &T2 are two sensitive platinum resistance thermometers and rieasure the
temperatures of the incoming and outgoing gas.

(e) The gas is compressed to a high pressure with the help oh géstand it is placed
through a spiral tube immersed in water bath maintained at ganbmsmperature. If
there is any heating of the gas due to compression, this laetaded by the circulating
water in the water bath.

Experimental Procedure

The experimental gas is compressed by Pump P and is passey atoivuniformly
through the porous plug keeping the high pressure constant read byegasge. During the
passage through the porous plug, the gas is throttled. The separation betweeadhkesnol
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increases. On passing through the porous plug, the volume of thecgssses against the
atmospheric pressure. As there is no loss or gain of heat dueinghtile process, the expansion
of the gas takes place adiabatically. The initial and fin@lperatures are noted by platinum
resistance thermometers T1 & T2.

Experimental Results

A simple arrangement of porous plug experiment is shown in Fig.2.2 .The behavior of large
number of gases was studied at various inlet temperatures of the gas asdlthare as
follows:

(1) At sufficiently low temperatures, all gases show a cooling effect.

(2) At ordinary temperatures, all gases except hydrogen and helium chalimg effect.
Hydrogen and Helium show heating effect.

(3) The fall in temperature is directly proportional to the diffeeem pressure on the two
sides of porous plug.

(4) The fall in temperature for a given difference with rise inithial temperature of the
gas. It was found that the cooling effect decreased with theaserof initial temperature
and becomes zero at a certain temperature and at a tempdrajhee than the
temperature instead of cooling heating was observed. This partiemgorerature at
which the Joule —Thomson effect changes sign is called temperature of inversion.
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e ———————

[niltal State

Fig.2.

Theory of Porous Plug experiment

The arrangement of the porous plug experiment is shown in Figgdhpasses through
the porous plug from the high pressure side to the low pressigreGonsider one mole of
the gas. Let B V; and B ,V, represent the pressure and volume of the two sides of the
porous plug.

Let dx be the distance through which each piston moves to the right.
The work done on the gas by the piston AjAfx = RV,

The work done by the gas on the piston BAKX = PV,

Net external work done by the gas &VpP— P1V1

Let w be the work done by the gas in separating the moleculessagair inter-molecular
attraction.

Total amount of work done by the gas s\(P— P\V1 +w
There are three cases depending upon the initial temperature of gas.

0] Below the Boyle temperature;W, < PV,
P,V,— PViis +ve and w must be either positive or zero.
Thus, a net +ve work is done by the gas.
Hence, there must be a cooling effect.
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(i) At the Boyle temperature,;?,= PV,
P2V2— P]_V]_:O.
The total work done by the gas in this case is w. Therefore, coeffagt at this
temperature is only due to the work done by the gas in overcomimgriotecular
attraction.

(i)  Above the Boyle temperature;\P> P1V;
B/z— P]_VliS —Vve.

Thus, the observed effect will depend upon whetheW (P P,V1) is greater than or less
than w.

If w> (P,V2— P1V1), cooling will be observed.
I fw < (P.V2— PV1), heating will be observed.
Thus, the cooling or heating of a gas depends on

(i) The deviation from Boyle’s law
(i)  Work done in overcoming inter-molecular attraction.

Definition of temperature of inversion The temperature at which the Joule-Thomson effect
change sign (ie. The cooling effect becomes the heatingtlefte called the temperature of
inversion. (7). A this temperature () there is neither cooling nor heating.

Relation between temperature of inversion@nd critical temperature (J).

Let (T;) be the critical temperature of a gas. Then,

Its temperature of inversioh is =6.75 T

Thus, the temperature of inversion of a gas is much higher than its critigeregore.
Expression for the Joule Thomson cooling produceda vander Waals gas.

Suppose that one mole of gas is allowed to expand through a porous plug from a
pressure Pand volume Yto a pressure;Rand volume V. Let the temperature change from T
to T, due to Joule-Thomson effect.

Net external work done by the gas &VpP— PV, ----- (2)
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Now, an internal work is also done by the gas in overcoming the forces of moketiaetion.
For a van der Waals gas, the attractive forces between the molecidgsiaetent to an internal

a
pressure.

Internal work done by the gas when the gas expands from a volutoewis

forPav=[ 2. dv =22 nn(2)

Vi yz’ Vi Wy

Total work done by the gas = external work +internal work

Now, van der Waals equation of state for a gas is

(P+35)(V-b)=RT
PV = RT+ Pb & lecting2
or = - (neglec mg/—z)

P,V; = RT; +bP,— —Vi and ,¥,= RT, +b H—Vi
2

1

Substituting these values foMR and BV -in egn (3) we get,

W =R(T1- T1) - b(R- P2) + i—? - i—j -----(4)

Since a and b are very small, PV=RT or V=RT/P.
Hence, \{ = RT]_/P]_ and b= RT2/P2.

Also, T; and T, are vry nearly equal. Hence we may write T feoil T, .
W =R(%-Ti) - b(R- Py + (Pr- P)

LetT,- T, = 9T. Then

W =-RaT = b(R- P)) +== (Pr- Py)

W = (P P) (o -b) - RAT. _------~(5)

Since the gas is thermally insulated , the energy necessary for doingtkis \drawn from the
K.E. of the molecules. Hence, the K.E. decreases resulting in a fall of teunpdrgoT.

Heat lost by the gas =,@T

CyaT = (R- P) (= -b) - RAT.
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Or 9T (Gy+R) =(P- Py) (- -b)

Or 9T =(R- P) = -b)--(6)
Cp

Eqn (6) gives the fall in temperature or the cooling produced in a van der Waalseyas
subjected to throttling process.

(1) If % > b, therdT is positive. Hence there will be a cooling effect.

(i) If % < b, therdT is negative. Hence there will be a heating effect.

(i) 1f1f == b, thedT =0.Hence there will be neither a heating nor a cooling
effect.

(iv)  The temperature at which the Joule —Thomson effect changes sign is called the

temperature of Inversion. (Ti).

: 2

(V) At this temperaturelr;: b,
. _ 2a
Tl = 5

Thus, above the temperature of inversion, Joule- Thomson effect will be a heating
effect and below it a cooling effect.

Relation between

Boyle temperature (Tg), temperature of inversion (T;) and critical temperature(T¢)

We have
—__4a - _ _2a __8a
Te = Rb T Rb and & 27Rb

T =2Tg andT; =6.75TF

Thus, the temperature of inversion of a gas is much higher than its critigersgaore
Liquefaction of Gases

Introduction
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A gas goes into liquid and solid forms as the temperature is bdlloas the processes
of liquefaction of gases and solidification of liquids are involved in gheduction of low
temperatures. Andrews experiments showed that if a gas isligue&ed by merely applying
pressure on it, it has to be cooled below its critical temperaBince the critical temperatures of
carbon dioxide and sulphur dioxide and ammonia are higher than room atungethese gases
can be liquefied at room temperature without precooking simply by increasing skarpte

Joule Thomson experiment is a very important technique to liquegsgake cooling
produced depends on the difference of pressure on the two sides of the porous plugnérad the
temperature.

Liquefaction of Gases

The systematic study of liquefaction of gases started in 1828 faneday successfully
liquefied chlorine, CO2, hydrogen sulphide etc, only by cooling them angiagpgressure.
However, gases like oxygen, hydrogen and helium etc could not bédaj@sen by applying
very high pressure. Hence, they were termed as permanent Aadesw’'s e experiments on
CQO,, in 1862 showed that a gas must be cooled below the critical reiumge before being
liquefied under pressure Real success was obtained when Joule-Tlebdf@sbis coupled with
regenerative cooling.

Principle of Regenerative Cooling

The cooling produced in Joule-Thomson experiment of a gas depends difietteace
of pressure on the sides of the porous plug and the initial tetapefar most of the gases, the
joule-Thomson cooling is very small. For example, at a temperat@@C when the pressure
on the two sides are 50 atmospheres and 1 atmospheres respectively, the airlgdyl 11.7C
. In order to increase to cooling, the pressure difference wesased , but the cooling did not
increase very much. For example, at a temperature°af @den the pressure on two sides were
kept at 210 atmospheres and 1 atmosphere the air was cooled onlyQyHt2vever, the
cooling effect can be intensified by employing the process called teeegive cooling.

Principle

In this process, a portion of the gas which suffers Joule-Thomson expansidoecomes
cooled is employed to cool other portion of the incoming gas belovatiérereaches the nozzle
to suffer Joule-Thomson expansion. After suffering the Joule-Thomsonsapat the nozzle,
the incoming gas becomes further cooled. By continuous repetition ofptbcess, the
temperature of the gas coming out of the nozzle falls continuolighetigas starts liquefying on
the low pressure side. The continuous process used to cool the gas colytirmuoaled the
regenerative cooling.
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Experimental Arrangement:The schematic arrangement of regenerative principle is shown in
Fig.2.3 The gas is compressed to a high pressure in the compidssdreat of compression
evolved is removed by passing the gas through spiral contained imtdeceoled jacket A. The
gas next enters the inner side of the regenerator R and sididesThomson expansion at the
nozzle V so that it cools by a small amount. This cooled gas relyrrike outer tube and
absorbs heat

From the incoming high pressure gas before it reaches the compedsthe same
temperature as the incoming gas at R. The gas is again coethressled by A and re-enters at
R. As time passes, the gas approaching V becomes more and merktidbible joule-Thomson
cooling at V sufficient to liquefy the gas. A portion of the escagiag, then condenses inside
the Dewar flask F. At this stage, the temperature of the vdpgaratus becomes steady and the
temperature of the low pressure gas in R which is less thaartiperature of the adjacent high
pressure gas at every part of the inner tube. Thus, the loaupgegas extracts heat from the
incoming gas.

Fig.2.3

Adiabatic process

An adiabatic process is a process in which change in volume andrpre$s given gas
takes place in completer thermal isolation. During an adiabaticgzoee heat enters or leaves
the system, but the temperature changes.
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Adiabatic Demagnetization
Principle

When a paramagnetic substance is magnetized, external waoldnés on it and its
temperature rises. When the substance is demagnetized, work isydieesubstance. Hence, if
the substance is demagnetized adiabatically, its temperatlse This is called Adiabatic
Demagnetization. Maximum cooling can be produced by applying stnaggetic field and low
initial temperatures.

Experimental setup

The paramagnetic salt (gadolinium sulphate) is suspended insidssabgilb B. Bulb B is
surrounded by Dewar flasks D1 and D2 containing liquid helium and liqudtobgn.
respectively. The whole setup is placed between the pole-piecestaing electromagnet as
shown in Fig.2.4.

(a) The magnetic field is switched on and the specimen gets magnetized.

(b) The heat due to magnetization is removed by first introducing bgdrgas into B and
then passing it off with a high vacuum pump. Now the cold magespecimen is
thermally insulated from D1 and D2.

(c) The magnetic field is switched off now.

TTopump
Radiation shield

Exhaust ga'\

i

Liquid nitrogen

Liquid helium

Magnet

I =\
I! . e \
\\{ﬂjﬁ Measuring coils

Salt— upporting threads

Dewar flask

Fig.2.4
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Adiabatic demagnetization of the specimen takes place and tiperegore falls. The
final temperature of the specimen(T1) is determined by megstim susceptibility of the
substance at the beginning and at the end of the experiment by using a solendid coil C

Lety, andy. be the susceptibilities of the specimen salt at the initial and firehd T,

: : - X1
According to Curie’s IaWTz - T1

X2
Expression for the fall in temperature due to adialatic demagnetization

According to first law of thermodynamics
dQ =dU + P dV----------- Q)

The thermo dynamical behavior of a paramagnetic crystaleghlaca magnetic field depends
on the strength of the magnetizing field in addition to pressure and volume.

Let the paramagnetic substance be placed in the magn#@iofienagnetic flux density B
The elementary magnetic dipoles of the paramagnetic salt beal@ned parallel to the field
direction.

Work done by the sample = -B dli
Here, dl = change in the intensity of magnetization per gram molecule.
Egn (1) becomes,
dQ = dU +PdV —B dI ------------- (2)

According to second law of thermodynamics, we have

T dS =dU+P dV -B dI
or du=TdS+Bdl-PdV ------- 4)
Let x and y be a pair of independent thermo dynamical variables

Then, from the condition

92U _ 92U
dxdy  dyox'

we get
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a (T,S) +a(B,1) _o(PW
o(x,y) o(x,y) o(x,y)

In the adiabatic demagnetization experiments, the change in volume isblegligheans
dV = 0 (ie)V = constant

o (T,s) _ a(BI)
o(x,y) o(x,y)

This is the general equation connecting T,S,B and |I.

The various thermodynamical relation can be derived by choosing any two owteofabe
variables, T,S,B and I.

(1) Taking x=B and y=T

(8S|10B)T = (3I|aT)B  —-(7)
(2) Takingx =B and y =S
(dT|0B)S = - (3I|aS)B  -—(8)
From Egn (8)
(AT|0B)S = - (31|aS)B = -(dI|9T)B
@slam)s

T(0S|0T) B = Cg, the specific heat capacity of the substance at constant volume.
(oT|0B)S = -T (aI|loT)S ------ 9)
ecC
Eqn.(9) gives the change in temperature during adiabatic demagnetization.

This phenomenon where there is change in temperature due to adiabatic dent@agnistiza
called magneto calorie effect.

Let T; and T be the initial and final temperatures of the specimen corresponding to the
initial and final magnetic flux densities; 8nd Brespectively. Then,

Ti—T=[, =

Bi cgp

(9110T)g dB -----(10)

But | =yBV andy :; (from Curie Law)
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Here,y is the susceptibility per unit volume

Bf T d B TBVd
T-T=- [/ o BV dB =- [/ 25 (B
_ BfTBVCd 2
= o oz (U(TH)dB
T-Ti= CV (B°-B’) - (11)
5 T 2

When the magnetic field is cut off; B- 0,

Ti—Ti= - CVB oo (12)

B2 1C
The negative sign in Egn (12) indicates a fall in temperature in adiabatigetization.
Therefore, fall in temperature,

I IR oY/ C— (13)

R G

From Eqgn.(13) it is evident that the fall in temperature is greater for lahgesvaf the
magnetizing field and low values of initial temperature

Fall in temperature due to adiabatic demagnetization,

AT = CVB% 2CsT;

cv Bi2
2Cp Ti

AT =—

Conclusions: (a) The temperature of the paramagnetic substanmeas#escon decreasing the
magnetizing field B indicated by the negative sighand

(b) Greater is the initial field B and lower is the initi@mperature T, greater is the temperature
fall AT.

It should be noted that the quantity CV is the Curie constant per hdlgm of paramagnetic
substance (salt) is taken, then CV would stand for Curie constant per gm.
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T-S Diagram

The cooling produced by adiabatic demagnetization is explained ly Tst(ie) Temperature
entropy diagram as shown in Fig. 2.5

In the diagram,, the entropy of the substance is represented agienfuidemperature
for two different magnetizing fields constants. (ie)#H0 and H = H. The arrow AB represents
the change in entropy during isothermal magnetization (at cortstaperature). This arrow
shows the decrease in entropy of the substance during magnetiaetidd=0 to H). Now if the
field is switched off, the substance demagnetize adiabgticallthat the temperature falls while
during the process entropy remains constant as represented togvaB&. During the process,
ie adiabatic demagnetization the temperature of the order bf ch be reached. The main
hurdle in this method is the measurement of such a low temperdtbie problem is resolved
by using the Curie law. Assuming the validity of Curie law, dnthé susceptibility of the

sample is measures, the Curie temperatur:eir (also known as magnetic temperature) can be

calculated. Knowing the Curie temperature, the thermo dynantéraperature T can be
calculated. The temperature measures by this method is of theobrti@* K. We can still go
sown to the order of Dby making use of nuclear magnetism. But it should be remerhbee
absolute zero never be attained in actual practice.

Fig.2.5
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Accessories employed in dealing with liquefied gase

Cryogenic liquids are liquefied gases that are kept in theiridi state at very low
temperatures. Cryogenics is the science of ultra low temyesat Low temperatures are
achieved by the liquefaction of gases. The gases which are nusy wsed in industry and
research are helium, hydrogen, nitrogen, fluorine, argon, oxygen and methane.

Cryogenic fluids are stored in well insulated containers to minimize los® dhe D
» The most commonly used container for handling cryogenic fluids is the Desgar fla
» Dewar flasks are non pressurized, vacuum jacketed vessels.

Liquid Dewar Flasks

Liquid dewar flasks are non-pressurized, vacuum-jacketed vessels whimuld have a
loose fitting cap or plug that prevents air and moisture fromiagteyet allows excess pressure
to vent. Flasks containing helium, hydrogen and other low- boiling licagile an outer vessel
of liquid nitrogen for insulation.

Laboratory Liquid Dewar Flasks

Laboratory liquid Dewar has wide-mouthed openings and do not have lictsvers.
These small containers are primarily used in laboratories for temporaagestor

The tank has regulators, vent valves, inner and outer tank rupture disssirprgauges,
pressure relief valves and vaporizers to assure proper containmérg ofyogenic material
during storage and dispensing. Cryo flask for handling liquid nitrogamalite trolleys must be
used for moving large containers of cryogens.

Liquid Cylinders

Liquid cylinders are pressurized containers specifically dedifprecryogenic liquids. This
type of container has valves for filling and dispensing the cryogemid, and a pressure-
control valve with a frangible (bursting) disk as backup protectiberd are three major types
of liquid cylinders which are designed for dispensing liquid or gas, only gas or qunly. li

Cryogenic liquid containers, also referred to as liquid cylisdare double-walled vacuum
vessels with multilayer insulation in the annular space. They argnaesior the reliable and
economic transportation and storage of liquefied gases at cryoggmperatures, typically
colder than —130°F (—90°C).

Cryo hand gloves must be worn when handling cryogenic liquids. [bkiesgmust be loose
fit so that they can be quickly removed in case any liquid splashes into them. Tonpe msest
to withdraw objects immersed in liquid. Liquefied gases must esgoated only in suitably
insulated containers that provide means for the escape of gas as liquid esaplenate plug the
outlet of such containers.
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Practical applications of low temperatures

Applications in pure sciences

(a) Separation of the constituents of air

(b) Production of high vacuum

(c) Calorimetric work

(d) Study of properties of the upper atmosphere

(e) Study of properties of substances at low temperatures
() Applications in pure sciences

Applications in Industry

(a) Liquid oxygen stored in cylinders are used In hospitals for artificial regpirat

(b) Liquid oxygen is used in the manufacture of explosives.

(c) Argon is used in ‘gas filled’ electric lamps.

(d) Neon is employed in discharge tube required for illumination and advertising sign
boards.

(e) Liquid air is importance in separation and purification o gases.

(H The most important application of liquefied gases is in the working of reftiiggi@nd
air conditioning machines.

Refrigerating mechanism — Electrolux refrigerator
Definition

Refrigeration is defined as the production of temperature lower than of the
surroundings and maintains that temperature within the boundary of s given space.

Principle

The principle used in the production of low temperature is by the eaaporof a
suitable liquid under reduced pressure.The liquids used for this purposallacerefrigerants.
(Eg) ammonia, sulphurdiooxide, carbondioxide, Freon, amd methyl chloride. rie la
refrigerating plants, ammonia is used and for domestic purpesesasfand sulphur dioxide are
used.

The gas is compressed to a high pressure by the compress@® €dted down by the
water circulating through the spiral pipe at C. The gas thenligatfied. This high pressure
liquid passes through a throttle valve T towards a low pressigelsicomes out as a mixture of
liquid and vapour and its temperature gets lowered. At D this liquid vapodure takes heat
from its surroundings material thus cooling this stuff. In this @ecthe remaining liquid also
turns into vapour. This vapour is finally sucked by the pump P. It is shown in Fig.2.6.
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Fig.2.6

Electrolux refrigerator
Principle

The principle used in the production of low temperature is by the eaaporof a
suitable liquid under reduced pressure. The liquid ammonia is made toateapoder reduced
pressure in an atmosphere of hydrogen. Fig.2.7 shows the schemgi@rdiaf an Electrolux
refrigerator

Construction and Working: It consists of four essential parts

(a) Generator : Ammonia gas is generated by heating the strong aqueous solution of
ammonia in it by means of a heater H.

(b) Condenserlt is cooled by water circulating round it. So the gaseous ananoondenses
to the liquid form

(c) Evaporator: The evaporator is inside the space desired to be cooled. Heliguide
ammonia gets evaporated.

(d) Absorber The absorber is surrounded by a cold water jacket. Here, the gasemasia
from the evaporator gets absorbed by the weak aqueous solution from the generator.
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Working:

The weak ammonia solution from the forced into absorber. The strongraesolution
goes into boiler. The gaseous ammonia enters the condenser anddted and condensed.
Liguid ammonia enter the evaporator and is mixed with hydrogen.oggdrreduces the partial
pressure of ammonia below its saturation point and causes evapofdi®revaporator is
surrounded by the compartment to be cooled. When ammonia evaporatesreshassd
pressure, the latent heat of vapourisation is taken from surroucdmpgartment. In this way,
the compressor is cooled. Hydrogen and gaseous ammonia leave tbea®ragnd enters the
absorber. The meet the weak ammonia solution. The ammonia gasoiseatisand hydrogen gas
rises through the absorber and enters the evaporator. The stromgianswiution is forced up
into the boiler again. The process continues and a sufficiently lopetature is produced in the
compartment to be cooled.

AdvantagesNo compressor is required and the circulation of liquid and gas is automatic.
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Frigidaire

It consists of an adiabatic enclosure at a low temperature. Tiappe used in the
production of low temperature is by the evaporation of a suitablel liqnder reduced pressure
and circulating the evaporating liquid around the enclosure.  Tigerant used nowadays is
Freon or CFCs were replaced by hydrochlorofluorocartté@FCs which are a mixture of
hydrogen, chlorine, fluorine and carbon Another popular refrigerant gasGs Which contains
no chlorine and is thought to have absolutely no negative effect on the. ddodern
refrigerators use a refrigerant called hydro fluorocarbon (HHG2.8 shows the schematic
diagram of Frigidaire.

Discharge
pipe

Low pressure
side

t

High pressure
side —» Cold
<+— storage
i chamber

Evaporaing — %
coils

Condenser —Hh e+ 7
coils g ?

)

i Throttle valve

Liquid refrigerant

Fig.2.8

Construction:

It is a electric motor driven compressor. It is fitted itlo spring loaded vales;\and
V. in its bottom. During the downstroke of the piston, when the pressuhe gas or vapour in
it increases, Yis thrown openy;remaining closed. During the upstroke of the piston, when the
pressure falld/; gets opened andis closed.

A steady steam of cold water is kept circulating round the coaderwls. The
evaporator cells are surrounded by the space or the chamber todxt dda throttle valve has
a small orifice in it. The pressure on the liquid passing thraugbm the condenser coils on the
high pressure side can be reduced to be equal to that prevailivgenaporator coils on the
low pressure side.
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Working:

To start with, some vapour of the refrigerant is introduced into ¢imepressor. The
vapour is compressed by the compressor during its downward strokeal/eeV, opens
closed. Now the vapour under high pressure enters into the condenser coils. The coaliénser c
surrounded by an enclosure in which cold water is circulating. Hereheat of the compressor
is reduced by the cold water. So the vapour under high pressure atairiparature liquefies in
the condenser coils. The liquid refrigerant passes through the megukive V into the
evaporator coils. The regulator valve reduces the pressure al fiqmm high valve (inside
condenser) to low valve (inside evaporator). Due to low pressurdigthe evaporates in the
evaporator coils. Here, when the liquid evaporates, it absorbs lasnbfiveapourisation from
surrounding cold storage space. The space or the chamber thus gods Toellw pressure
vapour from the evaporator coils is then drawn into the compressor dbengpstroke of its
piston through valve ¥. Now V;is opened and Y/is closed. The same cycle of operation is
repeated again. After some time, the temperature of the spaged the evaporator coils gets
cooled to the desired temperature.

Uses of refrigeration are :

(a) Preservation of perishable products during storage of transportation,
(b) The manufacture of ice and solid carbon dioxide (dry ice)
(c) The control of temperature and humidity in air conditioning systems.

Air conditioning
Definition

Air conditioning may be defined as a method of controlling the weatiraditions within
the limited space of a room, or a hall, so that one may have the maximum comfort.

Air conditioner

Air conditioner cools the air, remove the dust and controls the hunaitiitye atmosphere.
The important actions involved in the operation of air conditioning syatem(a) Temperature
control (b)Humidity control (c) Air filtering, cleaning and pucdtion. (d) Air movement and
circulation.

Window air conditioner (room air conditioner)

This is suitable for cooling rooms in summer. It consists of three parts
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Construction:

It consists of two units (1) indoor unit  (2) outdoor unit.[Fig.2.9] Adoior unit consists
of an evaporator, fan, air filter, control panel, trays etc. dieloor unit consists of a motor
driven compressor, condenser, fan, trays, etc.

1 ————

Fig.2.9

Working:

The condenser and evaporator are connected through capillary Tthbeliquid
refrigerant collects in the lower half of the condenser and thame flows via capillary tube into
the evaporator. Pressure inside the evaporator is very low. So, thierkfigerant evaporates
rapidly by picking up hear fro evaporator surface which is comsgtyjucooled. The motor
driven fan F2 draws air from inside the room through a suitalde &hd force it to flow over
the evaporator. The air so cooled goes back to the room. An adgutaebihostat mounted on
the control panel provides the necessary temperature controllowhpressure refrigerant is
sucked back into the compressor. From the compressor, the refrigeréomced into the
conditioner to be cooled and condensed into a liquid. The cycle is edp&impressor and
condenser are connected to fan F1 that drives air in from outsicldatas it over the condenser
where it is heated up and hen discharge it so outside, The moistwike @diiects on the
evaporator is drained into a drip pan kept under the evaporator.
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Review Questions

PART A

ok wNE

What is Joule Thomson effect?

What do you mean by adiabatic expansion?

What is temperature of inversion?

Explain the principle involved in liquefaction of gases.

Explain the principle of cooling by adiabatic demagnetization.

Calculate the cooling produced by adiabatic demagnetization of a paramagnetic
salt as the field is reduced from 10,000 oersted to zero at initial temperature of 2K.
(Given: Curie constant per gm mol per cc = 0.042 erg degree/gm oersted-2gnd C
0.42 Joule gm* deg™.

Explain the principle of refrigeration.

Name two refrigerants normally used.

Describe briefly the principles and practice of air-conditioning.

0 What are the effects of Cil, on ozone layer?

PART B

PwpNPE

oo

Explain in detail about adiabatic demagnetization.

Explain the liquefaction of gas with a suitable mechanism.

Describe Porous Plug experiment. What are the inferences from the exparith
Obtain an expression for fall in temperature due to adiabatic demagnetization in a
paramagnetic gas obeying Curie’ Law.

Explain in detail, the working of the Frigidaire.

Explain refrigeration cycle. How it is used to obtain low temperatures in
Electrolux refrigerator.

With the help of neat sketch, explain the working of air conditioner.

Write an essay on the applications of “Low temperatures”.

Books referred:

[1] Thermal Physics by R.Murugeshan and Er.Kiruthiga Sivaprasat@hand and Co Ltd-
Revised Edition 2007

[2] Heat Thermodynamics and Statistical Mechanics by BrijLal, N.Sulaayjam and P.S Hemne-,
S.Chand and Co Ltd- Revised Edition 2007
[3] Accessories employed in dealing with liquefied gases

http://www.ccohs.ca/Oshanswers/chemicals/cryogenic/cryogenPiimdefined&wbdi

sable=true
file:///C:/Users/home/Downloads/Cryogenics%20Safety 0.pdf
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UNIT =1l Quantum Physics

Radiation — Stefan’s Law — Boltzmann law — Black body radiation — R&yth — Jean’s law —
Planck’s law — Stefan’s fourth power law — Pyrometry — Solar constant Spetiéat:

Specific heat of solids — Dulong and Petits’ law — Einsteinfeory of specific heat — Debye’s
theory - specific heat of gases — Variations of specific hedD@atomic gases —Specific heat of
diatomic gases — (Quantum theory ).

Radiation

Radiation is the process in which heat is transferred from one place to anothsr direct
without the aid of intervening medium.

Example:

(a) Heat from the sun reaches earth due to radiation without affecting the intervening
medium.
(b) Experience of feeling hot when we stand near a furnace.

Stefan’s Law — Boltzmann law

Stefan’s law:

It states that the rate of emission of radiant energy by teat@ a perfectly black body
is directly proportional to the fourth power of its absolute temperature. Thus

E=¢T?

wheres is a constant called stefan’s constant. The value isf5.67 x1G W m? K™ . If the
body is not perfectly black and its relative emissivity ishenf = e T* where E varies
between 0 and 1 depending on the nature of the surface. For a perfectly black body e=1.

Boltzmann gave a theoretical proof of stefan’s law on the haEstbermodynamics.
Therefore, this law is also called as Stefan’s — Boltzmamnlfl a black body at absolute
temperature T is surrounded by another black body at absolupersore § the net rate of
loss of heat energy per unit area of the surface iss EFE' - To4 ). If the body has emissivity e,
then the total energy radiated is Ec=(él* - To4)

140



Black body

A perfect black body is one that absorbs all the heat radiatiomdyaiEver wavelengths
incident on it. When such a body is heated, it emits radiations of all possible w#veleng

Black Body Radiation

When a black body is placed inside a uniform temperature enclosueitg full
radiation of the enclosure after it attains equilibrium witf tese radiations are independent of
the nature of the substance, nature of the walls and preseang other body in the enclosure
but depends only on the temperature. Since a perfect black body aditcaldgation that fall on
it, whatever wavelength they may be, the radiation emitted Wwillipossess a character purely
dependent on temperature to which it is raised and not the prapenty particular substance.
Hence it is solely temperature dependent. Such radiation in arartéonperature enclosure are
known asblack body radiation.

Energy distribution in black body radiation

If the radiation emitted by a black body at a fixed tempegatianalyzed by means of a
suitable spectroscopic arrangement, it is found to spread into iaumug spectrum. The total
energy is not distributed uniformly over the entire range of the spectrum.

The distribution of energy in black body radiation for differenvelangth ad at various
temperatures was determined experimentally by Lummer andsheam. The experiment is
shown in Fig 3.1..

The radiation from the black body is rendered into a parallel lbgatime concave mirror
M; . It is then allowed to fall on a fluorspar prism to resatvato a spectrum. The spectrum is
brought to focus by another concave mirrog &hd to a linear bolometer. The bolometer is
connected to a galvanometer. The deflections in the galvanometespoodeng to different are
noted by rotating the prism table. Then curves are plotted fBrversusi. The experiment is
done with the black body at different temperatures. The curves obtained are show®.in Fig

Results.

(a) At any given temperatures; first increases with, first increases witlh reaching a maximum

value corresponding to a particular wavelerigthand then decreases for longer wavelengths.

(b) The value of Efor anyX increases as the temperature increases.
(c) The wavelength corresponding to the maximum energy shifts toeshaatzelength side as the

temperature increases. This confirms Wien'’s displacemeritlaw constant.

(d) Total energy emitted per unit area of the source per seconghegratemperature f0°° E,dA. Itis

represented by the total area between the curve for thatregomeeand th@ axis. This area is
found to be proportional to the fourth power of the absolute temperatureyériiiss Stefan’s
law.
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Fig.3.1

Planck’s law

Planck in 1901 derived an empirical formula to explain the experithemtaserved
energy distribution in the spectrum of black body on the basis of quahtory of radiation.
According to this theory, the energy distribution is given by

Ey dh = 8mhc > di
el-he/AKT) ]

where h —Planck’s constant, c-speed of ligiBoltzmann constant T-temperature of the
enclosure.

Explanation

Planck’s law is derived on the basis of quantum throy. Accordingddheory, energy is
emitted in the form of quanta called photons.The energy of single pbbfogguencyy is E =
hy. Planck’s law curve agree well with the experiment for entire rang@awélengths.

Planck’s formula reduces to Wien’s formula fro small wavelengtit Rayleigh Jean’s
formula for longer wavelengths as shown in Fig 3.2.
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Wien’s law of energy distribution

Statement

The energy density of radiation in an enclosure at temperature T having vgivélen
At+dris

E , dh=8mhc A5 e N¢/MT g3

where h —Planck’s constant,c-speed of ligHBoltzmann constant T-temperature of the
enclosure.

Derivation of Wien’s law from Planck’s law

Ey dh = 8mhe A dh
Planck’s radiation law is ol-he/ AkT) |1

—hc/AKT ;

when is small.e is large when compared toHence e "*T-1 = g "7

Hence Planck’s law reduces to

E , dA=8mhe A5 e N/ AKT g

This is Wien’s law.Thus, Planck’s law reduces to Wien’s law for shorter wavelengths.
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Rayleigh — Jean’s law

Lord Rayleigh and SirJ. Jean assumed that the electromagadtation spectrum
emitted by a black body continuously vary in wavelengths from zerofituty and tried to
establish a relation between spectral energy density and wgtredeand the graph is shown in
the Graph 3.3 and The energy distribution is given by the

formula ,

E.,d» =8aKT d»
: -

[

The energy density of radiation in an enclosure at temperature T having vghlveleni.+d\ is

E;h dh=  8xkT A*di

Planck’s radiation law is E)\. dh = gwhe A2 dA
o-he/ AKT) _1

whenl is largege ™7 -17[1+hc/.AkT-1], Hence e "*T.1 = @ ™"™T

Planck’s law reduces to Rayleigh —Jean’s.law

E?\, dr = kT )\.-4 dAi

Thus, Planck’s law reduces to Rayleigh —Jean’sftaMonger wavelengths.

Stefan’s fourth power law

In 1879, Austrian physicist Josef Stefan formulated a law as a result opkisnesntal
studies and the same law was derived by Austrian physicist Ludwig Baltizima.884 from
thermodynamic considerations:

Statement

The total radiant heat energy emitted from a surface is proportmtta fourth power of
its absolute temperature. Hfis the radiant heat energy emitted from a unit area in ormndec
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andT is the absolute temperature (in degrees Kelvin), Bvea T*, where §) representing the
constant of proportionality, called the Stefan-Boltzmann constant. dhstant has the value
5.670367 x 10 watt per metreper K. The law applies only to blackbodies, theoretical surfaces
that absorb all incident heat radiation.

Pyrometry

Pyrometers are instruments used to measure high temperaiuresphysics of
measurement of very high temperature above 460 called pyrometry. The fact that the
radiation emitted by a black body depends solely upon its tempernatovedes radiation
methods for measuring high temperatures. Both Stefan’s lawlamdk’s law are used for the
determination of temperature. The pyrometers based on the princi@diafion are termed as
radiation pyrometers.

Types of radiation pyrometers :

(a) Total radiation pyrometersin this instrument,ite energy of radiation emitted by the
body is measured. The temperature is determined by applying Stefar@sdaming that
the body is black.

(b) Optical or Spectral pyrometersn this instrument, the intensity of radiation of a certain
wavelength emitted by the body is compared with that of theatradi of same
wavelength emitted by a black body at a known temperature efipgetature is deduced
from Wien’s distribution la or more accurately from Planck’ law.

Solar constant

Statement

It is the amount of heat energy (radiation) absorbed per minute bwdlmn. of a
perfectly black body surface placed at a mean distance of the eartlthieosan, in the absence
of the atmosphere, the surface being held perpendicular to the sun’s rays.

Explanation

The sun is the source of heat radiation and it emits radiatiosi$ directions. The earth
receives only a fraction of the energy emitted by the sunaithesphere absorbs a part of the
heat radiation and air, clouds, dust particles etc, in the atmosgtetter the heat and light
radiations falling on them. It is possible to calculate the teatpex of the sun from the quantity
of heat radiation received by the earth. For this purpose, a conalladt $olar Constant has to
be defined.

To calculate the true value of solar constant S
The instruments used to measure the solar constant are catleeligyeters. The

experiment is performed several times on the same day under ntoskyaconditions for
different elevations of the sun. The observed value of the solar coBstamt the true value of
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solar constant Sare connected by the relati®F S t °°° *wheret is the transmission coefficient

of the atmosphere and z is the zenith diameter of the sun or angular altitude.

Taking logarithmwe get log S = logy+ sec z log t

From the experimental values, a Graph [Fig.3.4(a)] is drawn between log Stis) éral sex
z(on X-axis). We get a straight line as shown in Figure above. The valugdkjitef the
straight line on Y-axis gives the value of I&g From this, the value & can be calculated.

Temperature of the Sun

The surface temperature of the Sun may be estimated by assuming St tlagliant energy
like a black body. The temperature so estimated is known as the black body tempartiare
Sun. Let R be the radius of the sun Refer [Fig.3.4(b)] Then its surface ang®tid 4t T be the
absolute temperature of the sun.

According to Stefan’s law, total energy emitted by the sun per secarRf=>4cT*

Herec is Stefan’s constant.

This energy is spread in all directions. Let us consider a sphere of radiusnmtdornveih the
sun. r is the mean distance of the earth from the sun. Then , this radiated energyeadloser
the surface aream?.

Let S be the value of the solar constant.
Total energy received by the surfacerd per second =4r?S.

AR? X oT* =4nr? x S.

4 _5r? _ (T2 \ S 14
T = or T—[(R) xc] :

Thus temperature of the sun can be calculated by detreining values of S,r,R and.

Temperature of the Sun from the following data

Solar constant S = 1400 Wm Radius of the sun R = 6.96 X1
Distance of the sun from the earth r = 1.496 %10

Stefan’s constant = 5.6697X 1¢W m? K™

The black body temperature of the sun is given by

— 2 Sq1/4
T=16)° %]
_ [ (r1.496 x1011) 2 1400 ]1/4
R6.96 X108 5.6697X 10—8

T =5812 K.
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Fig.3.4 [b)

Dulong and Petits’ law

Dulong and Petit in the year 1819, studied the specific heat if various elemenis in sol
state and enunciated a law called Dulong and Petit’s law.

Statement

The product of the specific heat and the atomic weight (ie) atomi@healtelements in
the solid state is a constarithe value of this constant was fixed at 6.4 and taken as 6. The exact
value is 5.96 which also agrees with the value derived from kirtetary of matter. This law
agrees with experiment at ordinary temperatures but experirsienis that the specific heat of
solids decreases rapidly with decrease in temperature at very low tamgera

Derivation of Dulong and Petits’ law

All solids are made up of atoms or molecules closely packeetheg The atoms are
arranged in a crystalline array by strong electro-magrietces exerted by every atom on each
other. At absolute zero, the energy of solid is assumed to be zatonas are at rest. But when
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the temperature is raised, the atoms starts vibrating abautrtéan position and the vibrations
are transmitted from one end to another atom. At low temperatbesdjsplacement of atoms
about their mean positions is very small as compared to interatdistiences. Thus, the
vibrations of atoms are simple harmonic in nature.

The justification of this law was obtained from Boltzmann’s comaitten of law of
equipartition of energy. Accordingly, the energy associated ane gram atom of a substance
for each atom of freedom at temperature T=1/2 RT wherettie igniversal gas constant.If the
atom is considered to be vibrating about the mean position, the meaa &gy will be equal
to its mean potential energy.

Each atom has three degree of freedom

Total average energy of each ate®@KT

Total thermal energy of one mole of solidNkT = 3RT[N=Avogadro’s number and Nk=R
(gas constant)] Thus, E=3RT

Therefore, the specific heat at constant volume is
JG= dE/T = 3R
where G is the atomic heat of the substance.
C, = 3x 8.31x10 / 4.18 x10 cals/g-atom-K
vG 5.96 cals/g-atom-K

Therefore, the total energy associated with one gram atom of a substaremperature
T=3RT.

Einstein’s theory of specific heat — Debye’s theory

It was experimentally found that the specific heat capadity substance decreases with
decrease in temperature and tends to zero at absolute zerorlgimilacreases with increase in
temperature and reaches a maximum value at higher tempsradtheevariation of atomic heat
capacity with temperatures of diamond, aluminium and silver is shov@raph 3.5. The first
attempt to explain the variation of specific heat capacity teihperature was made by Einstein
in 1907 on the basis of quantum theory.
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Quantum theory

Dulong and Petit's law has been explained on the basis of quantum thfebpat
radiation. According to quantum theory, heat is radiated in the ébrdascrete particles called
photons. Each particle has energy equaliovhere h is the Planck’s constant amds the
frequency of heat radiation. Einstein also explained Dulong and sPetw on the basis of
guantum theory and said that the atomic heat is equal to 6 onlyhat kegnperatures and this is
the maximum value. The atomic heat of the elements decredbefeviecrease in temperature.
Most of the substances reach the maximum value of six at roopetatre but carbon silicon
are below the maximum value of six at room temperature. Ttaimi@ heat also tends to the
maximum value of 6 at higher temperatures.

Debye also modified Einstein’s theory and concluded that in somé¢asubs like copper,
aluminium. Iron etc, the atomic heat at low temperature decreases nvasetebmn explained by
Einstein.
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Fig.3.6

According to Debye-Einstein theory
(1) The atomic heat of all the substances tends to the maximum value of six.
(2) The atomic heat of all the elements decreases with the fall of tempsrature
(3) The atomic heat tends to the value zero, near about absolute zero.
(4) At low temperatures, the atomic heat varies as the cube of the absoluteataneper

Atomic heat « T3

It is known as Debye’§3 law.

(5) The graph between atomic heats and absolute temperature of all the eletheaisaide if the
temperature scale is suitable modified according to the expression

A=)
Here A is the atomic heat of the element at absolute temperaturefTiatite parameter called
Debye temperature. Debye temperature is a constant for a partleat@nebut it is different for

different elements. The valuegf)(is the same for all the elements at absolute temperature T.

Thus , according to this theory a single graph between A afad f (for all the elements is
obtained and shown in Fig.3.6.
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Specific heat of diatomic gases

A diatomic gas molecule has two atoms. Such a molecule at orderaperatures has
three degree of freedom of translation and two degrees of freedom of rotation.

Energy associated with each degree of freeddr kT

Energy associated with 5 degrees of freeddodZ=kT
Consider one gram molecule of gas
Energy associated with 1 gram molecule of a diatomic gas

E=5/2kT, G=dE/T=5/2R
ButG-C =R (or) G =G +R =52R+R=7/2R
Therefore, the ratio of specific hegts- G,/ C, = 7/2 R /5/2 R =1.40

Variation of specific heat of diatomic gas

A diatomic gas molecule has a dumb-bell structure. For Example, a hydrogen molecul

[1] At high temperature

Beyond 750K, the collision causes the atoms in the nucleus to vibrate. In addition to
translational and rotational motion, vibrational motion also takes place and thriladlas
7 degrees of freedom. [3 rotational+ 2 rotational+2 vibrational]. The theory predicts

G=72R=35R and vy =9/7 =1.29.
These values are in good agreement with experimental values.
[2] At room temperature

The molecule has rotational motion in addition ot translational mofibas, it has 5
degrees of freedom [3 translational+2 rotational]. The theory predicts

Cy=5/2 R = 2.5R and y = 7/5= 1.40.

These values are in good agreement with experimental values.

[3] At low temperatures
At low temperatures, say 20K, the specific heat capacities of hydrogezasesito
C,=3/2R=15R and y=5/3=1.67.

That is thevalue predicted by theory to a monoatomic gas.
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Review Questions

PART A

PwbdE

© N O

What is a black body? What are the salient features of black body radiation?
Explain the distribution of energy in a black body spectrum

State Stefan’s law.

Calculate the radiant emittance of a black body at a temperature of (1) 400 K
(i) 4000 K [ is 5.672x10° M.K.S.units]

State Dulong and Petit’s law.

State the three formulas of radiation viz., Rayleigh-Jeans, Wien’s and Planck’s
Stat Planck’s law, Wien’s displacement and Rayleigh-Jeans la of radiation.
Define specific heat of solids.

What is Pyromter?

10. Define Solar Constant.

Part B

PwbdPE

Derie an expression for Planck’s law for black body radiation.

Discuss the Einstein’s theory of specific heat of solids.

Define Solar Constant. Explain how the solar constant is determined experiynentall
Show that Planck’s law reduces to Wien’s law for shorter wagéteband Rayleigh-
Jean’s law for longer wavelengths.

An aluminum foil of relative emittance 0.1 is placed in betweendwwentric spheres at
temperatures 30 K and 200 K respectively. Calculate the tetapei the foil after the
steady state is reached. Assume that the spheres aretlpéafack body radiators/ Also
calculate the rate of energy transfer between one of the sphatethe foil. ¢ is
5.672x10°% M.K.S.units]
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Question Bank

Course: | Year B.Sc Physics
Sub.Code: UPH214P2
Subject: Mechanicsand Thermal Physics

Short Questions

State the Zeroth law of thermodynamics.

State the First law of thermodynamics.

State the Second law of thermodynamics.

What is a Heat engine?

State Carnot,s theorem.

What do you mean by entropy of a substance?

Mention some differences between reversible and irreversible processes
Write down the expression for efficiency of a Carnot engine.
What is the difference between first and second of thermodynamics.
10 What is Joule-Thomson effect?

11.What do you meant by adiabatic expansion?

12.What is meant by liquefaction of gases?

13.Write a note on production of low temperatures.

14.What is adiabatic demagnetization?

15. Distinguish between adiabatic process and Joule-Thomson effect.
16. List some practical applications of low temperatures.

17.Define Dulong and Petit law.

18. Define Solar Constant.

19. Define Stefan’s fourth power law.

20. State Rayleigh — Jeans law.

21. State Planck’s law.

22.What is meant by radiation?

23.What is black body?

24.Define specific heat.

25.What is pyrometry?

26. State Stefan’s-Boltmanz law.

27.Write a note on black body radiation?

©CoNorwNE

Review questions

Describe the working of Carnot engine and derive its efficiency.
Discuss the change in entropy in reversible and irreversible processes.
Explain porous plug experiment in detail.

Explain adiabatic demagnetization.

What are accessories employed in liquefied gases?

Explain the working of Electrolux refrigerator.

Explain the working of Frigidaire with a neat sketch.

Explain the refrigerating mechanism of a refrigerator with a neat sketch.
Explain the working of Air conditioning machines.

10 State Stefan’s law and explain the experimental determination of Solaa@onst
11 Explain Einstein theory of Specific heat of solids.

12 Derive Planck’s equation for black body radiation.

O©CO~NOUILPE,WNBE
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