JEE

MEDICAL

Thermodynamics is a branch of science
which deals with exchange of heat
energy between bodies and conversion
of the heat energy into mechanical
energy and vice versa.

THERMODYNAMIC SYSTEM.

(i) It is a collection of an extremely large
number of atoms or molecules.
(ii) It is confined within certain boundaries.
(iii) Anything outside the
thermodynamic system to which energy or
matter is exchange is called surrounding.
(iv) Types of thermodynamic system.
(a)Open system — It exchange both energy
and matter with the surrounding.
(b) close system- It exchange only energy
(not matter) with the surroundings.
(c) isolated system- It exchange neither
energy nor matter with the surrounding:

THERMODYNAMIC VARIABLE AND )
EQUATION OF STATE.

A thermodynamic system can, be_described
by specifying its pressuze gvolame,
temperature, internal energy ,'number of
moles and entropy. These parameters are
called thermodynamic variables. The
relation between the, thermodynamic
variables (P, V, Fpofithe system is called
equation ofsstate.

For n moles_of'an ideal gas, equation of
state is PV =nRT and for 1 mole of an
ideal gasesiitis PV = RT

THERMODYNAMIC EQUILIBRIUM.

In steady state thermodynamic variable
are independent of time and the system is
said to be in the state of thermodynamic
equilibrium. For a system to be in
thermodynamic equilibrium, the following
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Thermodynamics

condition must be fulfilled:

(i) Mechanical equilibriium#There is no
unbalanced force between ‘the system and
surroundings. . (ii)
Thermal equilibrigém; Theére is a uniform
temperature in @l parts of the system and
is same as thatwf surrounding.

(iii) Chemicakequilibrium: There is a
uniform chemical composition throughout
the system and the surrounding.

THERMODYNAMIC PROCESS.

The process of change of state of a system
inyelves change of thermodynamic
variables such as pressure P, Volume V
and temperature T of the system. The
process is known as thermodynamic
process. Some important process are
isothermal (temp. constant), adiabatic
(heat constant), isochoric (volume
constant), cyclic (initial and final state are
same while in non-cyclic these state are
different), reversible and irreversible
process.

INDICATOR DIAGRAM.

Whenever the state of gas (P, V, T) is
changed, we say the gaseous system is
undergone a thermodynamic process. The
graphical representation of the change in
state of a gas by a thermodynamic process
is called indicator diagram. Indicator
diagram is plotted generally in pressure
and volume of gas. Each point in a P-V
diagram represents a possible state of the
system.

INTENSIVE PROPERTY. If the value of a
certain property of the whole system is
same as its value for a part of that system,
then that property is an intensive property.
Examples: pressure, temperature, density,
surface tension.
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EXTENSIVE PROPERTY. If the value of a
certain property of the whole system is
different from its value for a part of that
system, then that property is an extensive
property.

Example: mass, amount of substance,
volume, internal energy etc.

ENTHALPY. Enthalpy is a thermodynamic
function of a system equal to the sum of
its internal energy (U) and the product of
its pressure (p) and volume (V).

iie., H=U + pV

ZEROTH LAW OF THERMODYNAMICS
states that when two bodies A and B are in
thermal equilibrium with a third body C
separately, they (A and B) are in thermal
equilibrium mutually also i.e. if Ta = Tc
and Tg = Tc this implies Ta = Ts.

(i) The zeroth law leads to the concept of
temperature. All bodies in thermal
equilibrium must have a common property
which has the same value for all of them.™
This property is called the temperature.

(ii) The zeroth law came to light long after
the first and second laws of
thermodynamics had been discovered and
numbered. It is so named becatse'it
logically precedes the first and.séeond laws
of thermodynamics.

MECHANICAL EQUIVALENT OF HEAT.
According to Joule, work'may be converted
into heat and vice versa. The'ratio of work
done (W) to heat produced.tQ) by that work
without any wastage'is always constant.

% = Constant,*This.constant is called

Mechanical'Equivalent of heat (J).

Note that J s not a physical quantity, but
a conversion factor whose value is

J = 4,186 joule/calorie.

i.e, W calorie = 4.2 joule.

WORK (AW): Suppose a gas is confined in
a cylinder that has a movable piston at one
end. If P be the pressure of the gas in the

cylinder, then force exerted by the gas on
the piston of the cylinder F = PA (A— area
of cross-section of piston)

Fiston

When the piston is pushed outward by an
infinitesimal distance dx, the work done by
the gas dW'= R.dx = P(Adx) = P.dV
For a finite*ehange in volume from V; to V.
Total ameunt of work done

W = [ 4RdV = P(V-V))
(i) If we draw indicator diagram, the area

bounded by PV graph and volume axis
represents work done.

Work = Area = P(Vf— VI)

Vi Ve
f

P
Work = deV= P(%-V)) Work = 0
P
N

Work = Area of the trapezium
1
=Z ®+PYM-)

- U

M Y%

(i) From AW = PAV = PV - V)
If system expands against some external
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force then Vi > Vi = AW = Positive.
If system contract because of external
force then Vi < Vi = AW = Negative.

(A) Expansion ©
(iii) Like heat, work done also depends
upon initial and final state of the system
and path adopted for the process. In clock
wise work will be +ve and in anticlock wise
work will be —ve.

F
I
&
F
{B) Maore area
A1 <A = W;< W2

(v) In cyclic process, work done is equal to
the area of closed curve. It is positiveif
the cycle is clockwise and it is negative
if the cycle is anticlock.

P
pf
Work = Area of rectangle ABCD

Bl = AR » AD

: : . ==V iF-Py

U. |.,r2 v

il Work = Z(P, - PV - Vi)
Bl ok BRI,

Vi W v
FIRST LAW OF THERMODYNAMICS.
It is based on conservation of energy and
introduces the concept of internal energy.
When heat energy dQ is supplied to a
system, it is used up in two ways,

(i) in increasing internal energy of the
system (dU)
(ii) in doing external work by the System
on the surrounding (dW) '
ie,. dQ =dU + dW Y
NOTE: dQ is taken as positive.if the
system expands or does work. on.the
surrounding. When heatis drawn from
the system, dQ is takén.as negative and
when gas is compresséd (work is done on
the gas), dW is taken,as.negative.
LIMITATION OF ELOT:
First law of thermodynamlcs does not
indicate the direction of heat transfer. It
does not telllanything about the
conditions, under which heat can be
transformedinto work and also it does
not indicate as to why the whole of heat
energy cahnot be converted into
mechanieal work continuously.
THERMODYNAMIC PROCESS.
(1) Quasistatic process
If'a process takes place in such a way
... that its state variables differ from
those of the surroundings by an
infinitesimally small amount all the
time, it is called quasistatic .
(2) Isothermal process takes place at
constant temperature. i.e., dT =0
(a) Essential conditions for
isothermal process.
(i) The walls of the container must
be perfectly conducting to allow
free exchange of heat between the
gas and its surrounding.
(ii) The process of compression or
expansion should be so slow so as
to provide time for the exchange
of heat.
Since these two conditions are not
fully realized in practice, therefore,
no process is perfectly isothermal.
(b) Equation of state. In this process,
P and V change but T = constant,
Boyles law is obeyed,
i.e., PV = Constant.= P;V; = P2V,
(c) Indicator diagram According to PV
= constant, graph between P and V
is a part of rectangular hyperbola.
The graph at different
temperatures parallel to each other
are called isotherm.
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T,<T= Ty
Two isotherms never infersect

T
L Sy ¥

(i). Slope of isothermal curve : By
differentiating PV = constant, we get

PdV + VdP = 0 = PdV = - VdP
= Slope = tan6 =3—=—5

B v

(ii). Area between the isotherm and volume
axis represents the work done in
isothermal process.

(c). Specific heat: Specific heat of gas
during isothermal change is infinite. As

Q Q —
(d). Isothermal elasticity (Ejy):
d 5
P=a =5 R
i.e., isothermal elasticity is equal to.*
pressure.
At N.T.P., N\
Ey = Al p =10 x1 IN/w*-

(e). FLOT in isothermal process:From
dQ=dU+dW , dU=0 (AssAT.=0)
dQ =dw
(f). Work done in isothermal

process. work dene.bythe gas
dW =F.dx = P(Adx) R d'V
= area abcd
_ ¥ PH
W= f,"Pdv = [
(As PV = uRT)w " .
W =JRTlogy (—j = 2 3031RTlog, )
= Area ifgh. OR l

W = uRTlog, (:—J = 2.303RTlog, (‘;—Jj
p_S

W)

0" h dec g v

3. Adiabatic process: When a
thermodynamic system undergoesa
change in such a way thato exehange
of heat takes place between system and
surroundings, the process is knewn as
adiabatic process.

In this process P, V and T changes but
dQ = 0.
(a) Essential conditlons for adiabatic
process.
(i) There should not be any exchange of
heat between the system and its
surroundings. All walls of the container
and the piston must be perfectly
insulating.
(ii) The system should be compressed
or allowedito expand suddenly so that
there isyno time for the exchange of
heéat between the system and its
surreundings.
Since, these two conditions are not
fully realized in practice, so no process
.18 perfectly adiabatic.

(b) Examples of adiabatic process.
(i) Sudden compression or expansion of
a gas in a container with perfectly non-
conducting walls.
(ii) sudden bursting of the of the tube
of bicycle tyre.
(iii) Propagation of sound waves in air
and other gases.
(iv) Expansion of steam in the cylinder
of steam engine.

(c)FLOT in adiabatic process:

dQ=0, dw=-dU

If dW +ve then dU —ve (expansion)

If dW —ve then dU +ve (compression)

(d) Equation of state: It obey Poisson’s

law PVY = constant. Where y = E—’

L

(i) For temperature and volume.
TVt =constant T,V, ' =TV,
orT W1

(ii) For temperature and pressure

Y
= = constant R Y =T/p 7Y Or,

y=1 v
T Py OrP Tv—=
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TYPE OF 1 . 1 P
GAS o P x vy P o Tr1 yi—1
1 15/2 1 .
wono  |Pags [P Tag, KRy \
¥y=5/3
Diatomic | p « % Px17? |7« %
¥Y=7/5 ' ] I ¥
POly Poci POCI]I‘I Toci : I(Plvf)
atomic Link v P -t f '
Y=4/3 l
(d) Indicator diagram. ie., W 1
(i) From PVY = constant. =1 % Ry
hence, Vi SWa = Vi

By differentiating, we get 2— =-y (f]
=}

§
Vv

Slope of adiabatic curve tan = —y (E)

(ii) But we also know that slope of

isothermal curve tan = —E
Hence (Slope), =y x (slope);,

G a
>
Or ——— G n 1

(e) Specific heat: Specific heat of a gas %

during adlabatlc change is zero.
AsC=——=—=0
(f) Ad1abat1c elasticity (E' )

PVT = constant Sy
D1fferent1at1ng both side we get 4

YP = n/v 5= ERENN
i.e., adiabatic elasticityris.y t1mes that of
pressure.
Also isothermal elasticity EL =P
E _ . _G :
En Y= By’

(g) Work done in"adiabatic process
work done by the'gas
dW = F.dx = P(Adx)
¥
W = Jv PdV _|'
— WR(T;— )
D

P.dV = area abcd
dV _ (Byv—Fyvy)
(y—1)
= area 1fgh

W, Wy <W,
(h) Comparison between isothermal
and adiabatic indicator diagrams:
(i)' Equal expansion: Graph 1
represent isothermal process and 2
“represents adiabatic process.

Wisothermal > Wadiabatic

; P Plsothermal Padiabatic
T . .
Tisothermal  adiabatic
(smpe)lsothermal< (ﬁope)adiabaﬁc
1
2
v V2 Y

(ii) Equal compression: Graph 1
represents adiabatic process and 2
represents isothermal process.

W <W

isothermal adiabatic

P Pisothermal< Padiabatic
< T .
Tisothermal  adiabatic
<
(SIOpe)lsothermal (siope) adiabatic
‘ v

4. Isobaric process: When a
thermodynamic system undergoes a
physical change in such a way that its
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pressure remains constant, then the Water » lce

change is known as isobaric process. Temperature v
(i) Equation of state : In this process pv lum ‘Gonsltant
V and T changes but P remains olume .~ Increases
constant. Hence Charle’s law is obeyed From FLOT dQ =dU +dW
in this process. V.. T Vi Vo -mL =dU + P(Vi-Vi)
B . - T, T, 5. Isochoric Or Isometric process :
(i) Indicator diagram : Graph 1 In this process volumesremain
represents isobaric expansion, graph 2 constant.
represents isobaric corllalpression. (i) Equation of state Ih this process P
P and T changes but Vi="c¢onstant. Hence
Gay-Lussac law i is obeyed in this
L P, _F,
2 process i.e., Pl T . T— = constant
1 F
1 (ii) Indlcator diagram: Graph 1 and 2
P _, Slope = daP _y represent isometric increase in
Slope = 7 = dT y pressure,at volume V; and isometric
\/ - Se. i
(A) Expansion (B) Compression decrease in‘pressure at volume V»

: respectively and slop of indicator
(iv) Specific heat: Cp = (‘. + 1) R

diagram g— = oo
(v) Bulk modulus of elasticity:

(a) isometric heating :

B = MW—O(ASAP 0) . P
(vi) Work done in adiabatic process : _Pressure Increases

AW = f"PdV = P " dV = P(V; — Vi) “Temperature——— Increases 1
= AW = P(Vy—V;) = uR(T; = T}) = pRAT aa Posifive

(vii) FLOT in isobaric process: du Positive

From dQ = dU + dW . . Vi
dU = uCydT = H R dT and dw = HR ar (b) Isometric cooling : .
= (dQ)r = u( — dT + URdT = p( ) RAT Pressure Decrease

= HdeT Temperature——— Decrease
(viii) Example of isobaric process : dQ Negative 2
All stae changes occure at,constant du Negative
temperature and pressufeu.' Vo
(a) Boiling of water. ™, * (c) Specific heat : Cy, = %R

Water - Vapour (d) Bulk modulus of elasticity:
Temperature : ~-Constant B-2 =%
Volume ' * Increases

¥
A part of heat supphed is used to (€) Work done: As V = constant,

wW=0
change yolyghgpxpansion) ggaunst . (f) FLOT in isochoric process:
external pressure and remaining part is d0 = dU + 0

used to incréase its potential energy R Fovs—pop
(kinetic*energy remains constant). (dQ)y =dU = HﬁdT = %
From FEOT dQ =dU + dW
mbs="dW + P(Vi- Vi)
(b). Freezing of water :
Heatis given by water itself. It is used
to do work against external
atmospheric pressure and to decreases
the internal potential energy.
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6. Mixed Graphical Representation:

P-V Graph
F 3 |'|3 4 1 — Isobaric {P-constant)
|
2 [spthermal (Because P« v |
1 — i
3 —— Adiabatic (Because P x 77-)
o 2"
P-T Graph
P 2|13 4 1 —s kobaric (P-constant}
5 ? — lsathermal {T-constant)
3 — Adiabatic (Because Poc 71|
"
nlr = :Tq_am“ic“niﬂ'dwﬁtpﬂn
V-T Graph
v s 3 1 — Isochoric (V-constant)
i 4 I
I 2 — Adiabatic (BecauseV =T

3 — leothermal | T-constant)

7. Conversion of diagram.
(a) P-V diagram to P-T & V-T dlagram

Pea B
C
D
TO
Pa A B Vg D C
C 3
-‘,.-""' D _;.-"H.:\
0™ *T 0 £

(B) V-T to P-V diagram.

ﬂ.i'.—————l T 4 — s Tsobaric (In isobaric Ve T}

v
c B
A T
To
p
Ai BJ’
c

W

Reversible,and Irreversible Process.

(a) Reversible Process. A reversible
processsis‘ene which can be reversed in
such a'way that all change occurring in
direct process are exactly repeated in the
opposite order and inverse sense and no
change is left in any of the bodies taking
part in the process or in the
surroundings. For example if the heat is
absorbed in the direct process, the same
amount of heat should be given out in the
reverse process. If the work is done on
working substance in direct process then
the same amount of work should be done
by the working substance in the reverse
process.

Condition of reversibility.

(i) There must be complete absence of
dissipative force such as friction,
viscosity, electric resistance etc.

(ii) The direct and reverse process must
take place infinitely slowly.

(iii) The temperature of the system must
not differ appreciably from its
surroundings.

Example.

(a) All isothermal and adiabatic changes
are reversible.

(b) An extremely slow extension or
contraction of spring without setting up
oscillations.

(c) When a perfectly elastic ball falls from
some height on a perfectly elastic
horizontal plane, the ball rises to the
initial height.

(d) Very slow evaporation or condensation.
(e) Electrolysis is a reversible process;
provide the electrolyte does not offer any
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resistance to flow of current. If we reverse
the direction of current, the direction of
motion of ions is also reversed.

It should be remembered that the
conditions mentioned for a reversible
process can never be realised in practice.
Hence, a reversible process is only an ideal
concept. In actual process, there is always
loss of heat due to friction, conduction,
radiation etc.

(b) Irreversible process: Any process
which is not reversible exactly is an
irreversible process. All natural processes
such as conduction, radiation,
radioactivity decay, ware fall etc. are
irreversible. All practical processes such
as free expansion, Joule-Thomson
expansion, electrical heating of wire are
also irreversible.

W Cp>0Gy. Let us consider one mole
of an ideal gas. From first law of
thermodynamics dQ =dU + dW ...... (1)
At constant volume dW = O,

dQ =1xCyxdT

Where Cy = Sp. heat of gas at constant volume.

Using equation (1) CydT =dU+0
d
Cu =g e (2)

At constant pressure dW = PdV,

dQ =1xCpxdT ’

Where Cy = Sp. heat of gas at cofistant pressure
Using equation (1)

CpdT = dU + PdV

d 4P e
Ce="—g—| o NN Q)
It is clear from equatiofn*(2)'and (3)

Ce > Cy

Mayer’s Formula, (Cp — €, = R)

Let us consider one.mele of an ideal gas.
From first law of.thermodynamics dQ =
dU+dw ... (1"

At constant velume dW = O,

dQ =1 x Cy xdT

Where Cy"=,Sp«heat of gas at constant volume.

Using equation (1) CydT =dU+0
u
Cv's G e (2)

At censtant pressure dW = PdV,

dQ =1X%xCpxdT

Where Cr = Sp. heat of gas at constant pressure
Using equation (1)

CgdT = dU + PdV

d P
Cy = a4 + Tl e (3)
using equation (2) -
= L
Cp=Cy+ .
Ce—Cy=— s N ... “4)

d
We have PV =R T

Differentiating both side"
Pdv+VdP= RdAT #1dR
ButdP =0 & dR = 0.

Pdv =RdT %
using equation (4)Wwe,get
&
Second Law of Thermodynamics.
Second law'ef thermodynamics gives
informatien about the direction of flow
of heat.
(1) Clausius statement : It is impossible
for a_self acting machine, unaided by
externaliagency to transfer heat from a
cold body to a hot body. In other words,
heat cannot itself pass from a colder to a
hotter body.
(2) Kelvin-Planck statement. It is
impossible for an engine working in a
cyclic process to extract heat from a
reservoir and convert it completely into
work. In other words, 100% conversion of
heat into work is impossible.
Carnot Engine . Carnot designed a
theoretical engine which is free from all
the defect of practical engine. This engine
cannot be realised in actual practice,
however, this can be taken as a standard
against which the performance of an
actual engine can be judged.
It consists of the following three parts as
shown in figure.

1denl gas

| B oo [ K ]

(i) Source. The source is at a fixed
temperature T: from which the heat
engine draws heat. It is supposed to
possess infinite thermal capacity and as
such any amount of heat can be drawn
from it without changing its temperature.
(ii) Sink. The sink is at fixed lower
temperatureT, to which any amount of
heat can be rejected by engine. It has also
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infinite thermal capacity and as such its
temperature remains constant at T, even
if a lot of heat is given to it.

(iii) Working substance. A perfect gas
acts as the working substance. It is
contained in a cylinder with non-
conducting sides and frictionless piston.
A part from these essential parts, there is
provided a perfectly insulating stand with
the engine so that the working substance
can undergo adiabatic operation when
desired.

Carnot Engine/Cycle. A reversible heat
engine operating between two
temperature is called a Carnot Engine.

Vo—

(a) Step A-B: Isothermal Expansion of the

gas taking its state from (Pi, Vi, T1) to }
(P2, V2, T1). The heat absorbed by gas (Q1)
from the source at temperature Tiis.
equal to work done (Wag) by the; gas on
the environment.

Was = Q1 = URTilog, (%) = Ar€aABGEA ... (1)
1

(b) Step B-C : Adiabatic expansion of the

gas from (P2, V2,Ti) to (P3; V3, T2),

W = @ = Area BCHGB  .......(2)

(c) Step C-D : Isothermal compression of

the gas from (P3, V3, Tg) todPs, V4, To).

We.c = Qs = uRTglogE( ) AreaCDFHC ... (3)

(d) Step D-A ; Adlabatlc Compression of

the gas fI'OIl’l (P_4,'V4, TQ) to (P1, V1, T1).

Wp.a = BI = Area DAEFD ... (4)

V=a

TotaliWoerk done
W = Wag +Wg.c - We.c- Wp.a

W SR fog ({*) — WRTaloge (32)= Qi - Q2
= AreasABCDA
The efficiency of the enginen = —

=1-%=1- (& j""i‘“ ........... (5)

li ef—

Now, as step B-C is an adiabatic process

—1 _ y—1 Ve _ [T, % -
TV =TT = (F)7 e (6)
Similarly step D-A is an adiabatic procéss
—1 — r—1 1Il'r:| _ T_ﬂ T -
TV =TT s (T—]}* . (7)
Equating (6) & (7). _ =
Using eqn (8) ineq™(5) [n=1-1*
% !
e O T,
i.e., in Carnot gycle 3T,

Carnot Theorem. No irreversible engine
can have effieiencyigreater than Carnot
reversible engine working between the
same hot and.cold reservoir and the
efficiency“of the Carnot engine is
independent'of the nature of the working
substances

Refrigerator. It is opposite of heat
engine,'it extract heat (Q2) from a cold
resérvoir, does some work W on it and
injects heat (Q; = Q2 + W) in the hot
reservoir. The concept of efficiency does
not apply in case of a refrigerator, because

« it is always more than 100% being equal to

output upon input and output (Q2 + W) is
always greater than the input Q..

Source
s (Atmasphere) (Ty)
Q
Heat e W= Q-
Engine:| [~
‘g sz
Sink

(T ]'

{Cuntenm of refrigerator)

Coefficient of Performance: [i = %

- 1
= Qs = o 1 But & = —’
L B l!—’—‘l Uz Iz
1-m
= or|p=—
B - Iz B T
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