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Chapter-1

Laws of Thermodynamics:

Thermodynamic Description of system: Zeroth Law of thermodynamics and
temperature. First law and internal energy, conversion of heat into work, Various
Thermodynamical Processes, Applications of First Law: General Relation between Cp
and Cv, Work Done during Isothermal and Adiabatic Processes. Compressibility and
Expansion Coefficient, Reversible and irreversible processes, Second law, Entropy,
Carnot’s cycle & theorem, Entropy changes in reversible and irreversible processes,
Entropy-temperature diagrams, Third law of thermodynamics, Unattainability of
absolute zero. (22
Lectures)
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Que 1. Explain Zeroth law and the concept of thermodynamic equilibrium. How it
defines the concept of temperature?

Ans: The "zeroth law" states that if two systems are at the same time in thermal

equilibrium with a third system, they are in thermal equilibrium with each other.

n B in equilibrium with C

Therefore A and C are in
thermal equilibrium. If
they were brought into
contact, there would be
no net heat transfer,

A in equilibrium with B \y

If A and C are in thermal equilibrium with B, then A is in thermal equilibrium with C.
Practically this means that all three are at the same temperature, and it forms the basis
for comparison of temperatures. It is so named because it logically precedes the First

and Second Laws of Thermodynamics.
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Thermal Equilibrium - It is observed that a higher temperature object which is in
contact with a lower temperature object will transfer heat to the lower temperature
object. The objects will approach the same temperature, and in the absence of loss to
other objects, they will then maintain a constant temperature. They are then said to be

in thermal equilibrium.

Cooling a

hot object

Radiative
cooling time

Cooling by
evaporation

Thermal
Equilibrium
Calorimetry

Cooling of
cup of coffee:
Example

Cooling with
ice
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Concept of temperature - There are underlying ideas about heat associated with the
zeroth law of thermodynamics, and one of those ideas was expressed by Maxwell as
"All heat is of the same kind." If A is in thermal equilibrium with B, then every unit of
internal energy that passes from A to B is balanced by the same amount of energy
passing from B to A. This is true even if the atomic masses in A are different from those
in B, and even if the amount of energy per unit mass in A is different because the
material has a different specific heat. This implies that there is a measurable property
that can be considered to be the same for A and B, a property upon which heat transfer
depends. That property is called temperature.
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Que 2. What are the Extensive and Intensive Variables in thermodynamics? Give

examples.

Ans: Intensive variables - The variables which are independent of size or amount of
substance are called intensive variables. Example: Density is an intensive variable.

(because it does not depend on the amount of that substance)

Extensive variables - The variables which depend on the size or amount of the
substance are called extensive variables. It is additive for independent, noninteracting
subsystems. Example: Mass and volume are extensive variables. (Because they are

directly measuring the amount of substance)

Que 3. State and explain first law of thermodynamics in its differential form.

Ans: The first law of thermodynamics is the application of the conservation of energy
principle to heat and thermodynamic processes:

The change in internal energy of a system is equal to
the heat added to the system minus the work done by

the system.
Change in Heat added Work done
internal to the system by the system

energy

It can be written in differential form as dl/ = 6@ — oW
alllabexperiments.com
Que4: Explain four Types of thermodynamic Processes.

Ans: The four types of thermodynamic process are isobaric, isochoric, isothermal and
adiabatic.

1) Isothermal process: When the system undergoes change from one state to the
other, but its temperature remains constant, the system is said to have undergone
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isothermal process. For instance, in our example of hot water in thermos flask, if we
remove certain quantity of water from the flask, but keep its temperature constant at 50
degree Celsius, the process is said to be isothermal process. Another example of
isothermal process is latent heat of vaporization of water. When we heat water to 100
degree Celsius, it will not start boiling instantly. It will keep on absorbing heat at
constant temperature; this heat is called latent heat of vaporization. Only after absorbing

this heat water at constant temperature, water will get converted into steam.

2) Adiabatic process: The process, during which the heat content of the system or
certain quantity of the matter remains constant, is called as adiabatic process. Thus in
adiabatic process no transfer of heat between the system and its surroundings takes
place. The wall of the system which does not allows the flow of heat through it, is called
as adiabatic wall, while the wall which allows the flow of heat is called as diathermic

wall.

3) Isochoric process: The process, during which the volume of the system remains
constant, is called as isochoric process. Heating of gas in a closed cylinder is an
example of isochoric process.

4) Isobaric process: The process during which the pressure of the system remains
constant is called as isobaric process. Example: Suppose there is a fuel in piston and
cylinder arrangement. When this fuel is burnt the pressure of the gases is generated
inside the engine and as more fuel burns more pressure is created. But if the gases are
allowed to expand by allowing the piston to move outside, the pressure of the system
can be kept constant.

alllabexperiments.com
Queb5: Calculate the work done by the gas during Isothermal expansion.

Ans: Consider that one-gram molecule of a perfect gas is taken in a cylinder having
perfectly conducting walls and bottom, provided with a piston. Let the cylinder be placed
on a source of heat at temperature T°A. If the piston is now moved slowly outwards, the
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gas expands, does some work and tends to cool but it absorbs required amount of heat
from the source to keep it at the same temperature. The expansion is thus isothermal.

Let the piston of area of cross-section A move through a small distance dx so that the
gas expands by a small amount dV. As the expansion is small, the pressure of the gas

remains practically constant, say P.
Then the force acting on the piston, F = PxA
and small work done by the gas,
dW = F dx
= PA dx

dwW =P dV [Since, A dx = dV] Support By Donating

P

Isotherm

p Y| Fee—. i
P A PV = constant
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P, M aQ
B r“ ";
Vi V

For a perfect gas, PV = RT or P = RT/V
Substituting P = RT/V in the above equation, we get,
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As temperature is constant during isothermal expansion and R is a gas constant,

= RT (logeV2 -logeVi)
= RT loge (V2/V1)
W =2.3026 RT log1o(V2/V1)

Que 6: Derive the equation which governs the relationship between pressure and
volume for a reversible and adiabatic expansion.

Ans: The first law of thermodynamics relates the change in internal energy dU to the
work dW done by a system and the heat dQ added to it.

dU=dQ-dw

By definition, in an adiabatic process, the heat exchanged dQ = 0. Substituting this in
the first law and rearranging gives

0=dQ=dU +dW
the work done dW when a system changes its volume V by dV is PdV.

The first term may be related to the specific heat, which is defined as the heat added
per unit temperature change per mole of substance. If we add heat at constant volume,
then the gas does not expand and so doesn't do work. So the added heat increases the
internal energy U. So it follows that definition that the specific heat at constant volume is
, where n is the number of moles. Hence

0 = ncy dT + PAV (i)

Now the equation of state of an ideal gas is alllabexperiments.com
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nRT = PV (ii)
where R is the gas constant. Taking derivatives give
. nRdT = PdV + VdP (iii).

We may now combine equations (i) and (iii) to eliminate T. (i) and (ii) give respectively
these expressions for ncv dT:

Cy

~ PV = ney dT = ¥ (PdV + VdP)

Collecting the PdV and VdP terms gives
n=[l+ﬂ] PAV + 2 VdP 50
34 R
0 = R+cy ([dV dp
Cy : T * —F

Now if the gas is ideal, its internal energy is all kinetic, so the internal energy U depends

only on T. From the equation of state of an ideal gas (ii), we can calculate the work dW
done at constant pressure: it is just PdV = nRdT. So, if we add heat to a gas at constant
pressure, we have to extra heat RdT for each mole of gas, beyond the heat we should
have to add at constant volume. So the specific heat of an ideal gas at constant

pressure is just cP = cv + R. So we have

0= 1(¥)[7)

alllabexperiments.com

0= ydilnV) + diinP)

and rearrange it to give

0= dymV+mP) = dinPV"

Hence for an adiabatic process in an ideal gas,

PVT = gonstant
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Que 7: Calculate the work done by the gas during adiabatic expansion.

Ans: Analytically, net -work W can be calculated by integrating dW between the limits
V1 and Va.

For an adiabatic change,

PVY = constant = K (say) Support By Donating

Or,P=K/W _
alllabexperiments.com

Equation (1) gives,

Now P1V1Y = P2V2aY =K

So, W =[1/1-y] [P2 V2Y Voy' - P1 V1Y V1]

Or, W =[1/1-y] [P2V2 - P1V1]  -——--- (2)

If T+ and T2 are the initial and final temperatures of the gas,
Pi1Vi=RTi and P2V2= RT2

Substituting in equation (2) we get,

W = [R/A-y] [Tz2- T4]
Or, W = [Riy-1] [T+ - T2
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Que 8:

The coefficient of isothermal compressibility is defined as

LT VAP )y

and the coefficient of thermal expansion is defined as

L L(ov
T WA ),

Derive expressions for the coefficients of isothermal compressibility and thermal
expansion using the equation of state for an ideal gas.

Ans: For an ideal gas, PV = nRT, the volume is given by V = nRT/P, so taking the

partial derivatives gives:

Que 9: Explain Reversible and Irreversible process in Thermodynamics.

Ans: Reversible Process - The process in which the system and surroundings can be
restored to the initial state from the final state without producing any changes in the
thermodynamics properties of the universe is called a reversible process. In the figure
below, let us suppose that the system has undergone a change from state A to state B.
If the system can be restored from state B to state A, and there is no change in the
universe, then the process is said to be a reversible process. The reversible process
can be reversed completely and there is no trace left to show that the system had
undergone thermodynamic change.

10 alllabexperiments.com
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For the system to undergo reversible change, it should occur infinitely slowly due to
infinitesimal gradient. During reversible process all the changes in state that occur in the

system are in thermodynamic equilibrium with each other.

Processes that are usually idealized as reversible include:

e Frictionless movement

e Restrained compression or expansion

e Energy transfer as heat due to infinitesimal temperature nonuniformity
e Electric current flow through a zero resistance

e Restrained chemical reaction

e Mixing of two samples of the same substance at the same state.

Irreversible Process - The irreversible process is also called the natural process
because all the processes occurring in nature are irreversible processes. The natural
process occurs due to the finite gradient between the two states of the system. For
instance, heat flow between two bodies occurs due to the temperature gradient between
the two bodies; this is in fact the natural flow of heat. Similarly, water flows from high

level to low level, current moves from high potential to low potential, etc.

Here are some important points about the irreversible process:
1) In the irreversible process the initial state of the system and surroundings cannot be
restored from the final state.

2) During the irreversible process the various states of the system on the path of

change from initial state to final state are not in equilibrium with each other.

3) During the irreversible process the entropy of the system increases decisively and it
cannot be reduced back to its initial value.

4) The phenomenon of a system undergoing irreversible process is called as

irreversibility.

Processes that are irreversible include: alllabexperiments.com

11




B.Sc. (Prog.) Sem-3 (Thermal Physics) Chapter-1

e Movement with friction

e Unrestrained expansion

e Energy transfer as heat due to large temperature non uniformities
e Electric current flow through a non zero resistance

e Spontaneous chemical reaction

e Mixing of matter of different composition or state.

Que10: State the first form (Kelvin-Planck statement) of 2" Law of
Thermodynamics.

Ans: The second law of thermodynamics is a general principle which places constraints
upon the direction of heat transfer and the attainable efficiencies of heat engines. In so
doing, it goes beyond the limitations imposed by the first law of thermodynamics. It's

implications may be visualized in terms of the waterfall analogy.

If you are
'S constrained | @ 600K m—
1 to put your heatten?;ne t Q-H
hee|  Mustexhaus . _>
h ;J;f:;yee heat at 300K, N W
* up the then it can be <%~
waterfall, at most 50%

extract at
most half of
the available

energy. 0K

Second Law of Thermodynamics: It is impossible to extract an amount of heat QH from
a hot reservoir and use it all to do work W . Some amount of heat QC must be
exhausted to a cold reservoir. This precludes a perfect heat engine.

This is sometimes called the "first form" of the second law, and is referred to as the

Kelvin-Planck statement of the second law.

Que 11: State the Clausius statement of 2" Law of Thermodynamics.
Ans: Second Law in Clausius words: No process is possible whose sole result is the
transfer of heat from a body of lower temperature to a body of higher temperature.

alllabexperiments.com
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Que 12 : State Carnot's theorem

Chapter-1

Ans: Aprinciple in thermodynamics: an engine working in a reversible cycle is at least

as efficient as any other engine working between the same limits of temperature, the

efficiency of such an engine being a function of the two limiting temperatures and not

dependent on the mechanical design or the working substance of the engine.

Que 13: Explain full carnot cycle and derive its efficiency.
Ans: The Carnot cycle makes an engine. The p-V diagram below

sketches the

operation of a Carnot engine, where the “working fluid" that expands and contracts

within the cylinder is an ideal gas.

\ e alllabexperiments.com

e Here the high temperature Tw and the low temperature TL are temperatures as

measured on an ideal gas thermometer, that is

_ v

¥ NR

e One cycle of the Carnot engine acts as follows:

Support By Donating
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Leg 1: Isothermal expansion at high temperature. As the gas expands, it
does work [W1]. To keep the same temperature, the gas must absorb heat [Q1]

from its surroundings.

e Leg 2: Adiabatic expansion. As the gas expands, it does work [W2]. The
expansion sends the temperature down. Because it's adiabatic, no heat is
absorbed or ejected.

e Leg 3: Isothermal compression at low temperature. As the gas contracts,
work [W3] is done on the gas. To keep the same temperature, the gas must eject

heat [Qz] into its surroundings.

e Leg 4: Adiabatic compression. As the gas contracts, work [W4] is done on the
gas. The compression sends the temperature up.

. net work done by gas |W1| + |[Wa| — [W3| — |W4|
efficiency = : = - :
‘ heat absorbed by gas Q1]
Leg 1: On this isothermal expansion leg, the temperature is Ty so
[ ]
NRTy
p (I/—) = ‘/" * (2)

The work done by the gas is then

b
W, = [ p(V)dV
o i

® NRTy
pram— ! E}'
alllabexperiments.com bdv

= NRTYy —_—
Ju V¥

dVv

b
= NRTy

hﬂV)J

@
7

: Vi
= NRTygIn—
H HV

@
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Leg 2: On this adiabatic expansion leg, the pressure and volume are related through

pV7 = constant = p, V| = p. V. (5)

Before I calculate the work, I'm going to find a relation between temperature and volume that will turn out
to be useful later:

oV, = BV
PV T = pVV
NRTyV,) ™" = NRT,V)!
Ty AN
& = (%)

With this piece of bookkeeping out of the way, we go ahead and find the work done by the gas:

C
Wo = [ p(V)dV
b i §
= constant / —dV
Jo V7
1 [
— constant y{=7+1)
hE 1 constant _ constant
_f),_|_1 I Vc’)‘—l Vg)‘—1

1 [pV  moVy
—y -+ 1 %’Y—l V;r'—i

e
= Vo — Vi

=g [p P V3]

1 alllabexperiments.com

= NR|Ty, —T

ot | [Ty, — TH]

NR
= S (Ty —T1).

Leg 3: In the isothermal compression leg, the calculation of work done by the gas is performed exactly

as it was in leg 1, but of course with different variables plugged in. Referring to equation (3) we find

15
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7
Wi = NRT, In Vd (8)

Because V,; < V., this quantity — the work done by the gas — is negative. The work done on the gas is

_ N Va _ Ve
[Wa| = —NRT,Ing" = NRT, In g~

Furthermore, just as in leg 1,

Q3| = [W3|. (10)

Leg 4: In the adiabatic compression leg, the calculations are performed exactly as they were in leg 2,

but of course with different variables plugged in. Referring to equations (6) and (7} we find

T A
=L _ (_) (11)
Ty Va '
. NR s
Wi=— L@ 0. (12)
v—1

As expected, this quantity is negative and

i NR
|W4|:—W4:ﬁ(TH—TL). (13)

With all of the relevant quantities known we can go ahead and calculate the efficiency

efficiency = VLT Wal = [Wsf = [Wal _, | IWa] = [Ws| - Wi
Q1] Q1]
W NRT; In(V,/Vy T, In(V,./V,
efficiency = —le— L In{ /d)zl— L In( /d).
Q1 NRTy In(Vy/Va) Ty In(Vy/Va)

alllabexperiments.com
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Comparing equations (6) and (11), we find

S0
Ve Va
Ve Vi
or
Vc_Vb
Va V,

The two natural logs in the expression for efficiency are equal!

Our final result for the efficiency of an ideal Carnot engine using an ideal gas as a working fluid is the

remarkably simple

—

T
efficiency =1 — —.
’ Ty

This efficiency is independent of the details concerning volume and depends only on the
two temperatures concerned. To get a high efficiency (always a good thing) one wants

the highest possible Tw and the lowest possible TL.

Que 14: A heat engine takes in 900 J of heat from a high temperature reservoir
and produces 300 J of work in each cycle. What is its efficiency?
Ans:

1. Efficiency of a heat engine is defined as the ratio of the work done by the engine to the heat
supplied.

e = W/Qu
e =300J/900J = 0.33
or expressed as a percentage e = 33%

alllabexperiments.com
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Que 15: Calculate the entropy change in Free expansion and isothermal

expansion of an ideal gas.

Ans: The essential difference between the free expansion in an insulated enclosure and
the reversible isothermal expansion of an ideal gas can also be captured clearly in
terms of entropy changes. For a state change from initial volume and temperature V1, T+

to final volume and (the same) temperature V2, T1 the entropy change is

.&S—fzdS—/sz—l- " PdK
B 1 B T , T

or, making use of the equation of state and the fact that dU = 0 for an isothermal
process,
] 15
AS = NRIn — | .
]-31
This is the entropy change that occurs for the free expansion as well as for the

isothermal reversible expansion processes —- entropy changes are state changes and
the two system final and end states are the same for both processes.

For the free expansion:

V
A8t = NRIn (325 ASercantnss =0
1

There is no change in the entropy of the surroundings because there is no interaction
between the system and the surroundings. The total entropy change is therefore
V5

"ﬁstntal = ﬂSﬁ}'atcm + &Sﬁurrnund[nga = NRIn (I_;) = 0.
1

alllabexperiments.com
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There are several points to note from this result:

ASi a1 =0
1. so the process is not reversible.

&Sayﬁtcm = f]_g dQ.l'rT =0
2. ; the equality between AS and dQ/T ig only for a

reversible process.
3. There is a direct connection between the work needed to restore the system to

the original state and the entropy change:

V.
W = NRTIn (1—2) — TAS, ;.

1 Support By Donating

For the reversible isothermal expansion:

The entropy is a state variable so the entropy change of the system is the same as
before. In this case, however, heat is transferred to the system from the surroundings

( qu:'rnund[ng}.i < 0 ) so that

&Ssurmundings — Qaurmundings/T < 0.

The heat transferred from the surroundings, however, is equal to the heat received by

the system:

QE'L‘I.[TEI'LLL'.I.I:“H?:H i Q;:iyatn:m =W

WV
&Ssurmundings — (’Qburm% — _? = —NRIn (If) .

The total change in entropy (system plus surroundings) is therefore

alllabexperiments.com
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J&Stntal — ﬁs&}'stcm + &Ssurrnund[nga —

= 0.

SO

Q
T

The reversible process has zero total change in entropy.

Que 16: Draw the Temperature- Entropy diagrams for Carnot’s cycle.

Ans: The Carnot cycle consists of the following four processes:

A reversible isothermal gas expansion process. In this process, the ideal gas in
the system absorbs gin amount heat from a heat source at a high temperature Th,
expands and does work on surroundings.

A reversible adiabatic gas expansion process. In this process, the system is
thermally insulated. The gas continues to expand and do work on surroundings,
which causes the system to cool to a lower temperature, Ti.

A reversible isothermal gas compression process. In this process, surroundings
do work to the gas at Tl, and causes a loss of heat, qout.

A reversible adiabatic gas compression process. In this process, the system is
thermally insulated. Surroundings continue to do work to the gas, which causes

the temperature to rise back to Th

The T-S diagram of the Carnot cycle is shown in Figure below. In isothermal processes
| and Ill, AT=0. In adiabatic processes Il and IV, AS=0 because dg=0. AT and AS of

each process in the Carnot cycle are shown in Table given below.

alllabexperiments.com
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A
din
Iisothcrmal
1 2
Th |- o i = 0
T twadiahauc ~Wout l Iagiabatic
T 6 — | o
4 ]]Iisothcrmal l 3
Gout
1 l r
Si S Sh
Process AT AS
| 0 —nRIn(V2/V1)
Il Ti=Th 0
i 0 -nRIn(Va/V3)
v Th=T 0

alllabexperiments.com
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Que 17: State third law of thermodynamics.

Ans: Theoretically: "It is impossible by any procedure, no matter how idealised, to

reduce any system to absolute zero of temperature in a finite number of Operations.”
OR

"Entropy change of a system approaches to zero as the temperature approaches to

absolute zero."

Mathematically:

alllabexperiments.com

Lim g =9

T—0
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