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The Second Law of Thermodynamics

The first law places no restriction on the direction of a process, and satisfying the first
law does not guarantee that the process will occur. Thus, we need another general

principle (second law) to identify whether a process can occur or not.

The second law of thermodynamics asserts that processes occur in a certain direction
and that the energy has quality as well as quantity.

Q (Heat transfer)

- possible

Impossible

Cold

surroundings

- Heat transfer from a hot container to the cold surroundings is possible;
however, the reveres process (although satisfying the first law) is impossible.
- It is impossible to construct a machine working in cycles which will transfer
heat from a lower temperature to a higher temperature.
- Heat cannot be completely converted into work without leaving changes either
in the system or in the surroundings.
- Heat cannot be pass from a colder to a warmer body.
- No machine has yet been made with efficiency of a unity.
A process can occur when and only when it satisfies both the first and the second
laws of thermodynamics.
The second law is also used in determining the theoretical limits for the performance

of commonly used engineering systems, such as heat engines and refrigerators etc.
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Thermal Energy Reservoirs

Thermal energy reservoirs are hypothetical bodies with a relatively large thermal
energy capacity (mass x specific heat) that can supply or absorb finite amounts of
heat without undergoing any change in temperature. Lakes, rivers, atmosphere,
oceans are example of thermal reservoirs.

A two-phase system can be modeled as a reservoir since it can absorb and release
large quantities of heat while remaining at constant temperature.

A reservoir that supplies energy in the form of heat is called a source and one that
absorbs energy in the form of heat is called a sink.

Heat Engines

Heat engines convert heat to work. There are several types of heat engines, but they

are characterized by the following:

1-They all receive heat from a high-
temperature source (oil furnace, nuclear
reactor, etc.)

2-They convert part of this heat to work.
3-They reject the remaining waste heat

to a low-temperature sink

_ Heat
4-They operate Ina cycle. engine

The efficiency: is the fraction of the heat
input that is converted to the net work
output.

n = VVnet,out _ Qin - Qout —1— Qout
Qin Qin Qin

Wher = Qin + Qoue
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The Second Law: Kelvin-Planck Statement
It is impossible for any device that operates on a cycle to receive heat from a single
reservoir and produce a net amount of work. In other words, no heat engine can have

a thermal efficiency of 100%.

Heat engine

Thermal efficiency of
100%

Qour=10

Refrigerators and Heat Pumps

In nature, heat flows from high-temperature regions to low-temperature ones. The
reverse process, however, cannot occur by itself. The transfer of heat from a low
temperature region to a high-temperature one requires special devices called
refrigerators. Refrigerators are cyclic devices, and the working fluids used in the
cycles are called refrigerant.

Heat pumps transfer heat from a low-temperature medium to a high-temperature one
some work is done on it by the surrounding and rejects heat at the higher temperature.
It thus functions as a refrigerator, that is, it extracts heat from a cold reservoir and
passes it to a hot reservoir. The ratio of work done on the engine to the heat absorbed

at lower temperature is the coefficient of performance of the engine and is given as:

w_ (G,-T)
Q1 T,
_ (Tz _T1)
W= Q1T—2

This equation represents the minimum amount of work which must be done to

remove a quantity of heat (Q,) at T, and giving it at higher temperature T,.
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The Second Law of Thermodynamics: Clausius Statement

It is impossible to construct a device that operates in a cycle and produces no effect
other than the transfer of heat from a lower-temperature body to higher-temperature
body. In other words, a refrigerator will not operate unless its compressor is driven by
an external power source.

Kelvin-Planck and Clausius statements of the second law are negative statements,
and a negative statement cannot be proved. So, the second law, like the first law, is
based on experimental observations.

The two statements of the second law are equivalent. In other words, any device
violates the Kelvin-Planck statement also violates the Clausius statement and vice

Versa.

I Refrigerator

Refrigerator

Heat engine

nr = 100%

Equivalent
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Clausius introduced the function of entropy (S). Entropy function is a measure

of randomness.

Spontaneous processes are the processes which take place of their own without

the external intervention of any kind.

Spontaneous processes happenin one direction and are irreversible.

Spontaneous processes pass froma less probable to more probable.
The Carnot Cycle

The efficiency of a heat-engine cycle greatly depends on how the individual
processes that make up the cycle are executed. The net work (or efficiency) can
be maximized by using reversible processes. The best known reversible cycle
is the Carnot cycle.
Note that the reversible cycles cannot be achieved in practice because of
irreversibility associated with real processes. But, the reversible cycles provide
upper limits on the performance of real cycles.

- Consider a gas in a cylinder-piston (closed system). The Carnot cycle has four
processes:

A

Iisothermal
Nadiabatic

Iadiabatic

ITisothermal

qout

Vv
Carnot Cycle
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(Step 1)Reversible isothermal expansion: The cylinder containing the gas is placed
in contact with the reservoir T,. It absorbs a certain quantity of heat g,. The gas
expands slowly, doing work on the surrounding; it expands isothermally and
reversibly at the temperature T, of the source. The volume changes from V; to V,. So
there is no change in the nternal energy AU=0

V.
AU =0 -q, = —W, = nRT, ln72
1

(Step 2)Reversible adiabatic expansion: The cylinder is removed from the source.
It is surrounding by a thermally insulated enclosure and the gas is allowed to expand
reversibly and adiabatically from its volume V, to V3 until its temperature drops to
T4, the temperature of the sink. The expansion is adiabatic: no heat enters or leaves

the system. g =0
W, = G(T; - T3)

(Step 3)Reversible isothermal compression: The gas is allowed to exchange heat
with a sink at temperature T, as the gas is being slowly compressed. So, the
surrounding is doing work (reversibly) on the system and heat is transferred from the
system to the surroundings (reversibly) such that the gas temperature remains
constant at T, until it volume changes from V; to V,.

%
AU=0-q, =-W,; =nRT1an—4
3

(Step 4)Reversible adiabatic compression: the cylinder is removed from the sink,
surrounded by the thermal insulation and compressed adiabatically and reversibly
until its temperature rises to that of source and volume decrease from V, to V;.
W, = C(T; - Ty)
wW=w +W, +W; +W,

V, Vi
1 3

76



The Second law of Thermodynamics: Entropy 2023-2024 | Dr. Inaam Hussein Ali

CV(Tl - Tz) = _CV(TZ - T1)
£ V,
W = —RT2 lnvlﬁ- RT1 lnvg
V,, V; lie on the adiabatic I, V4, V, on the adiabatic 1.

L_ (V7 _ (BT

n-(w) =)

Vs Vi Vi V, W

v, wTv T
The net work is:

W = RT, | V2 RT,1 Vs R(T, —T;)1 V2
—_ = _— — n—= —_ n—
2 nVl 1 7 2 1 v,

The efficiency of the engine is thus:

V,
n = W _ R(T, —T1)ln71: (T2 _T1) _ 1_T_1
q2 RT, ln% I I

Mathematical Formulation of Entropy

We now from Carnot cycle:-

4 + T, —T, T,
_4 QZ:(z 1)=1+@=1__1
q; q: T, q; T,
©@,4_,
I, T

In the Carnot cycle, heat is exchanged only in the isothermal steps and the sum of /T
terms represents a definite thermodynamic property of the system. It is called entropy
which for an infinitesimally small changes in the state of the system is defined as the

heat absorbed isothermally and reversibly divided by the temperature at which the

absorption of heat takes place,
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for a finite changes in the state of the sstem -

AScycle = Zq;‘ev =0

j[) dS is zero

Relation between energy, enthalpy and entropy- combined form of the first law
and the second law

AU=q—-—w=q—PdV
dq
d5=7—>dq=TdS

AU = TdS — PdV
H=U+PV
dH = dU + PdV +VdP
dH = TdS — PdV + PdV +VdP

Entropy changes in reversible process (noncyclic process)

ASsys = q?;v ’ ASsurr = - q;fv

ASuniv = ASsys + ASsu’r’r =0

() Isothermal reversible process

ASy, =12

q = —w =nRT, ln& = nRT In—
Vi P,

nRT In 1] P,

rev V1 VZ
= =nRIn—=nRIn—
T T n TlV1 n TlPZ

ASsys =
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AS sys — —AS surr

(i) Isobaric Reversible process involving changes in Temperature

AS,ys = z (q;f”) . g» = AH = CoAT

P

When C, is independent on temperature

CpAT
ASyys = -

By integration

T2 C, AT T, T,
ASgs = j = C,,lnF = 2.303 C,,lnF

, T 1 1

(i) Isochoric Reversible processinvolving changes in Temperature

AS.,s = z (q;f”) gy = AU = C,AT

%4

T2 C, AT T, T,
ASg,s = j — = chnF = 2.303 CVlnT—

Ty r 1 1
(iv)Entropy changes in vacuum or against zero opposing pressure.

In this process no work is done by the system and the expansion is isothermally

Z Py
AU =0 - qfree = W =nRT In— =nRT In—
Vi P,

A, = qf;fe

As no heat is exchange between the system and the surrounding

ASSUJ‘T = O
V Py
ASyniv = ASgys + ASgypr = NR lnv =nR lnP—
1 2
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(v) Reversible phase Transition

Transformation of substance from one phase to another can be carried out reversibly
at constant temperature and constant pressure usually 1 atm.

thaTlS = AHtrans

q trans
AStranS =

T
Example:
_ AHygp o
(+)  ASyy = T Entropy of vaporization
b
Y o _
(+)  ASpy = Entropy of fusion
Tfus
_ AHsub . .
(+) ASqy = Entropy of sublimation
Tsub
_ AHfrez .
(=) ASpe, = 7 Entropy of freezing
f

Tronton's Rule

A wide range of liquids give approximately the same standard entropy of
vaporization (about 85 JK™ mol™)

ApapS™ =~ 85 JK tmol ™!

It is used to predict the standard molar enthalpy of vaporization A,,,H° at boiling
point.

DpapS” = 2

DpapH' = DyepS” X T, = T, x 85 JK 'mol™!
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Variation of entropy with Temperature and volume
Considering entropy as a function of volume and temperature. For infinitesimal

changes, dS can be written as:

ds = ((95) dT + <as> v .....(1)
h— aT V aV T EERC]

Considering U= f(V,T) we get:

dU = <a_u) dT + (a—U) dv
— \aT/y v/,

= nC,dT + (au) v
- nhy av),

Substituting this value of dU in this equation
TdS = dU + PdV

ds ="V ar 4 l[P+(6—U)]au/ @
== 1P+ Gy) | v @

This equation is general and applicable to all substances solids, liquids, and gases.
The first term on the right hand side of the equation gives the change in entropy due
to change in temperature and the second expression denotes the contribution to
entropy changes due to variation in volume. Comparing equation (1) and equation (2)

e
o), = T S ¢ ))
d 7). =7+ ) |0
an ). =T v ). e (4)
For ideal gases (Z—Z) =0
T
(3_5> _P
ov/y T
: P R
For one mole of ideal gas i
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(65) _ R
vl vV
v,
AS =RIn—
Vi

Fora mole of an ideal gas equation (2) reduces to:

C,dT P C,dT R

ds = T +Td T +VdV
(65) _ngy
or)y, T

Integration yields the total change in entropy resulting from simultaneous changes in
volume and temperature. The expression is:

AS = C,1 T2+Rl v,
=Cyln— n—
- Vi

. T
For one mole of ideal gas V = >

T, P T,

AS =CyIn=—=+RIn —=
T PT

AS = (C, + R)1 L rm o

= 1% rlT1 IIP2
AS =Cp 1 Iz R1 b
" P

Entropy of Mixing of Ideal gas

Mixing of two or more gases is irreversible and accompanied by an increase of
entropy. We shall derive an expression for the entropy of mixing of ideal and

nonreacting gases

Let consider two gases A and B, na is the number of moles of A and ng is the number
of moles of B. n; = na+ ng

V=Vt Vg

ASmixing = MaR In v + ngR In 7
A B

82



The Second law of Thermodynamics: Entropy 2023-2024 | Dr. Inaam Hussein Ali

Va Vg
ASpixing = —NuR In v ngR In I
%4 n %4 n
—A=—A=XA,—B=—B=XB
V ng 4 n;

ASmixing - —TLAR ln XA - nBR ln XB

ASpixing = Ran In X;

The entropy of mixing per mole of the mixture is obtained by dividing both sides of
the above equation by n;, the total number of moles;

ASpmixing = —R z X, InX,

The Third Law of thermodynamics
Variation of entropy of a substance with temperature at constant pressure is given by:

C
ds ——PdT

Integrating this equation from T=0K to some temperature T below the melting point
of the substance we get:

T, = 0K

T,=T

rc
P
0

Where S, is the hypothetical value of entropy at absolute zero. Cp/T is positive, the
entropy at some higher temperature must be greater than that at the absolute zero. In
1913, Plank suggested that entropy of a pure and perfectly crystalline substance is
zero at the absolute zero of temperature. This known as the third law of
thermodynamics.

If Sy is taken to be zero at zero Kelvin:
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Knowing the temperature dependence of heat capacity, entropy of a substance at any
specified temperature can be calculated using the above equation. In evaluating the
absolute value of entropy contributions to entropy due to phase transformations such
as melting, vaporization, sublimation and transition from one allotropic form into

other must be taken into account.

The entropy of a substance at any temperature above its boiling point is then given as:

Tm AH Ts ¢ AH Tm ¢
Sp = j 0 g — 8 f D e — f P9 gt
trans T Tm

Some Fundamental relation based on the second law of thermodynamics:

Prove that:
doP Cp
1 —) = —5—
(1) <6T)5 T(G_V)
0T /p
(65) G
oT)» T

(65) <6V) _ G
avV/)p \aT/p T

dH =VdP + TdS
(65) _ <6P>
av/)e  \aT/s
. ) 2
Replacing (ﬁ)P by (%)S
(E)P) (E)V) G
aT)s \oT/)p T

(@) b
L)
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(2) For an ideal gas

(OP) _YP
avls v

Consider S = f(P.V)

is=(Z) ap+ () ar
— \arP/, av/p

), Gv),= -G,
)= -G, &),
-7, &), &), ),

G (aT) T (6P>
1 \av/yc, \oT/,
C- RP P

=G VR YV

@ (), (o)~ * (),

dU =TdS — PdV

dT =TdS +VdP

(GU) _ _p g <6H) _y
av)s = T

The left hand side is thus —PV which is equal to RT. The right hand side is:

-+ (), = G7), Gs),

= —R( T RT
= Ve S
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Solved Examples

Examplel: Two moles of an ideal monoatomic gas Cp=5/2 R initially at 1 atm and
300 K are subjected through the following reversible cycle:

(1) isothermal compression to 2 atm.

AS;,s = —nRIn il =-2X 8.3141ng = —11.52JK™*
Ssys P, 1

(2) isobaric temperature increase to 400K.

AS =n(Cp 1 T2—2><5><83141 400—1197]1("1
—nPnTl— %8 Nz = 11

(3) Return to the initial state by a different path.
AS.,c; =0 =AS; + AS, + AS; = —11.52+ 11.97 + AS;
AScye; = —0.45/K~*

Example2: One mole of an ideal gas Cy= 12.55 JK™* mol™ is transferred from 298K
and 2 atm to 233K and 0.4 atm. Calculate for the change in the state of the system.

Solution:
C, =12.55/K'mol™* - Cp, = 1255+ 8.314 = 20.86/K 1mol™?!

F P
AS =nCp In——nRIn —
T Py

233 0.4
AS = (1mol)(20.864) lnﬁ3 — (1mol)(8.314) IHT

= —3.308 + 13.40 = 10.092/K 1mol™?

Example3: the temperature of an ideal monoatomic gas is increase from 273K to
819K. Calculate the pressure change in order that the entropy of the gas remains
unchanged in the process?

T; P,
ASsys = nCp ln?1 —nRIn P_1

ASeys = 0
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T
nCp In-==nRIn =

I Py
5 T. P.
“RIn2=RIn 2
2 T, P,
5 819 P,
—In—=1n —
2 273 P,

P, P,
In —=2.74- — = 15.588
P P

Example4: One mole of hydrogen and nine moles of nitrogen are mixed at 298K and
1 atm pressure. Assuming ideal behavior for the gases, calculate the entropy of

mixing per mole of the mixture formed.

For ideal gases, the entropy of mixing per mole of mixture is given by:
AS,;. = —RZXi InX,
Xu,0 =0.1 and Xy, = 0.9
AS.;, = —R[0.1In0.14+ 0.9In0.9]

= —8.314 x —0.3248 = 2.704/K 'mol™*

Example4: Predict the enthalpy of vaporization of ethane from its boiling point,

~88.6°C.
Dpap H = DygpS” X T,

ApapH = 85 JK 'mol™ x (—88.6+ 273)K = 15.6 kJ mol™"

Example 5: A reversible heat engine absorbs 40kJ of heat at 500 K and performs
10kJ of work rejecting the remaining amount to the sink at 300K. Calculate the
entropy change for the source, sink and universe.

q, = 40000/
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40000 1
ASsource = _W = —80JK

q, = 40kJ — 10k] = 30000/

30000 J .
DSy =50 = 100/K

ASyniv = DSsource + ASgink = —80+100=20JK !

Exercises
(1) Calculate AS (for the system) when the state of 3.00 mol of perfect gas atoms, for
which C, = 5/2R, is changed from 25°C and 1.00 atm to 125°C and 5.00 atm.
(2) Calculate AS (for the system) when the state of 2.00 mol diatomic perfect gas
molecules, for which C,,, = 7/2R, is changed from 25°C and 1.50 atm to 135°C and
7.00 atm.
(3) A sample consisting of 3mol of diatomic perfect gas molecules at 200 K is
compressed reversibly and adiabatically until its temperature reaches 250 K. Given
that Cy = 27.5J K mol ™, calculate g, w, AU, AH, and AS.
(4) A carnot engine whose low temperature reservoir is at 280 K has an efficiency of
40%. It is desired to increase this to 50 %. By how much many degrees must the
temperature of the low temperature reservoir be decreased if that of the high
temperature reservoir remains constant.
(5) 2 moles of an ideal monoatomic gas at 300K and 10 atm pressure is expanded to
20 times its original volume by (i) isothermal reversible path and (ii) adiabatic
reversible path.
(6) 10 moles of an ideal monoatomic gas (Cp, = 28.314 J K~ mol™) at 400K and 10
atm are expanded adiabatically to 2 atm. Calculate the entropy change for the system,
surrounding and universe if the process is (1) reversible (2) expansion is a free
expansion.
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