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* Developing the Clausius Inequality

e The cyclic integral

* Entropy

* The Entropy Change in Reversible Processes

* Entropy Generation

e The Increase of Entropy Principle

» The Entropy Change of a Control Mass (closed System) During an

Irreversible processes
» Entropy of Pure Substances
* Entropy of Solid and Liquids
* Entropy change in Processes Involving ldeal Gas
* Entropy as Rate Equation
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The Inequality of Clausius

%L <o
T

The inequality of Clausius is a consequence ot RN
the second law of thermodynamics.

e () is the heat transfer to or from the system.

e T is the absolute temperature at the boundary.
The symbol [ﬁ is the cyclic integral
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The cyclic integral

» The cyclic integral indicates
that the integral should be
performed over the entire
cycle and over all parts of the
boundary.
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The cyclic integral
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The cyclic integral of Irreversible Heat Engine

m5Q :QH _QL We cannot use this O, 0,
A ry, 1, It is Irreversible ry 1,

WiW <Wrev 8
(QH _QL )m < (QH _QL )rev
QH _QLirr <QH _QLrev
QLiW >QLrev

QH _QLiW <0

T H T L
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m 5Q _ _QH n O, We cannot use this 0y _0,
T TH TL It is Irreversible ry T,
w. >W Pi

(QH _QL )l-W > (QH _QL )rev
QHiW _QL >QHrev _QL
QHiW >QHrev

_QHiW +QL

]}{ ]}; <0
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Derivation of Clausius Inequality

5Q The equality in the Clausius
inequality holds for totally or just
§ S 0 q y yorj

internally reversible cycles and the

T inequality for the irreversible ones.
m5_Q Reversible Irreversible
T
Heat Engine =0 <0
Refrigeration =0 <0

The equality in the Clausius inequality holds for totally or just
internally reversible cycles and the inequality for the irreversibg

Oones.
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Derivation of Entropy (Reversible Process)

For reversible cycle A-B p

52 -0-{) )

2

For reversible cycle C-B

(22012 {2 —

2

All paths are arbitrary

2 2
Subtracting gives | %9 _ | L%
1 T A 1 T C
Since paths A and C are arbitrary, it follows that the integral of 6Q/T has the
same value for ANY reversible process between the two sates.

.. the quantity I ? Is independent of the path and dependent on the end states only:lr
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Derivation of Entropy (Reversible Process)
work & heat are dependent on path Path functions

Recall are independent of path

properties Point functions
and depend on state only

_ j 50 IS a thermodynamic property
T we call it entropy (S)

» The change in the entropy of a substance in going from one state to another is the same for all
processes, both reversible and irreversible

Entropy (the unit)

S = entropy (kJ/K); s = specific entropy (kJ/kg K)
S, — S, depends on the end states

2
ds = (@j integratig S, — S, :J' (@j only and not on the path,
T ) T e .. it is same for any path reversible

e 1} . .
| AQey = I'dS or irreversible
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan .

Tel. +962 6 535 5000 | 22888

4




Derivation of Entropy (Irreversible Process)

Consider 2 cycles AB is reversible and CB is irreversible

for cycle A-B (reversible)

N

Uj% = j(%l +i(%l =0 comparing gives

2 2

for path C-B (irreversible) >I(%) >J‘ (%j
2 1 1 4 1 ¢

I R

but f(%Q) — s =fa. - [as, > f(%Qj
C

A reversible itisa
property

equality for reversible

. 50 20

in general = dS > T orS,-S; 2 L T inequality for irreversible
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Derivation of Entropy (Any Process)

equality for reversible

oQ 260
> = _S > | =
a5 2 T orS; Sl_-[l T inequality for irreversible

This can be written out in a common form as an equality

50 200 for any process,
dS="—"=408.4 or | §,=5, —L 7 o with S, >0

2" Jaw of thermodynamics for a closed system

Entropy Balance Equation for a closed system

>0 for irreversible process

S, = entropy generation _
¢ =0 for areversible process

In any irreversible process always entropy is generated (S, >

0) due to irreversibilities occurring inside the system.
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Example

» Heat is transferred in two places, the boiler and the condenser

P70 () e

» Since the temperature remains constant in both the boiler and condenser

Qz + 2
= 80 + = f 1
7 7 f SRR N R A
Saturated vapor, 0.7 MPa C
192 = By — Iy = 2066.3 ki/kg, { — A simple steam
30a = Ry — = —1898.4 klfkg, @ power plant
BEoiler
22 1087 ke K I, = 16497°C ﬂﬂ[] v
Turbine ™ _1-@00% quality, 15 kPa
Satisfies the inequality of ¥

Clausius (@ Saturated liquid, 0.7 MPa

@

2 } Condensar
10% quality, 15 kPa

T, = 53.97°C

Chemical Enginee Pump
Tel. +962 6 535 5(

Entropy change for system and surrounding

Entropy Entropy
of the of the
surroundings surroundings
. increases decreases
> When the heat transfer into the
o | I II'l

surroundings and increases their \
entropy. But if the heat transfer to 5 ;
the system the entropy of the \ !
surroundings decreases.

> The blue-green arrows indicate the
direction of entropy change in the

surroundings. J J

Heat Heat
leaves enters

(a) (b)
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Frgzat

» The entropy change due to heat
transfer depends on both the
amount of heat transferred and
the temperature of the system.
A lot of heat transferred to a
cold system (upper left) results
in a large increase in the
entropy of the system.

A small quantity of heat
transferred to a hot system
(lower right) results in a small
increase in entropy of the

)
Cold Hot system.

> You take more entropy after you drink a cup of hot tea than a cup of iced tea.

> You take more entropy when you’re in fever than when you’re normal after you
drink a cup of tea.

Tel. +962 6 535 5000 | 22888

Example Entropy change during isothermal

A friction-less piston-cylinder device contains a liquid-vapor mixture of water at
300 K. During a constant pressure process, 750 kJ of heat is transferred to the
water. As a result, part of the liquid in the cylinder vaporizes. Determine the
entropy change of the water during this process.

Solution:
e Thisis simple problem.

* No irreversibilities occur within the system
boundaries during the heat transfer process.

 Hence, the process is internally reversible process
(Sy=0).
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Example Cont.

A2 AS= 2 _ BV o en s
T T 300k

Sys

° We computed the entropy change for a system using the RHS of
the equation.

e  But we can not get easy form each time.

° So, we need to know how to evaluate the LHS which is path
independent.
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Example

Cylinder/piston setup contains | L of saturate liquid refrigerant R-12 at 20°C. The piston now
slowly expands, maintaining constant temperature to a final pressure of 400 kPa in a reversible
process. Calculate the required work and heat transfer to accomplish this process.
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Example Cont.
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The increase of entropy principle (closed system)

2
0
S,—S, = j7 +S,,
1

e The entropy change can be evaluated independently of the process details.

e However, the entropy generation depends on the process, and thus it is not a
property of the system.

e The entropy generation is always a positive quantity or zero and this generation
IS due to the presence of irreversibilities.

e The direction of entropy transfer is the same as the direction of the heat transfer:
a positive value means entropy is transferred into the system and a negative
value means entropy is transferred out of the system.
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The increase of entropy principle (closed system)

» For an isolated (or simply an adiabatic closed system), the heat
transfer is zero, then

2 O —
AS =S2 _Sl = L%“" Sgen = ASadiabatic o Sgen

e This means that the entropy of an adiabatic system during a
process always increases or, In the limiting case of a reversible
process, remains constant.

e In other words, it never decreases.
e Thisis called Increase of entropy principle.
[ ]
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This principle is a quantitative measure of the second law. g

The increase of entropy principle

« Now suppose the system is not adiabatic. —— m=0

o=0

» We can make it adiabatic by extending the
surrounding until no heat, mass, or work are
crossing the boundary of the surrounding.

]
., I
Svstem

» This way, the system and its surroundings can be |
viewed again as an isolated system.

|
|

—

-]
el

Surroundings

» The entropy change of an isolated system is the

sum of the entropy changes of its components (the (Iolaisd)

system and its surroundings), and is never less P

than zero. 1 N

AS g = 2 AS; >0
Subsystem i=1

* Now, let us apply the entropy balance for an Z p—

isolated system: v /....--Subsyswm

2l { N
S =AS =AS_+AS.__ >0
gen total Sys

surr nman 11942, Jordan ’g
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Summary of the increase of entropy principle

( . .
>0 irreversible process

0%

=0 reversible process

gen

<0 imposible process
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Important Remarks

» Processes can occur in a certain direction only , not in any direction.
A process must proceed in the direction that complies with the
increase of entropy principle. A process that violates this principle is
impossible.

» Entropy is a non-conserved property. Entropy is conserved during

the idealized reversible process only and increases during all actual
processes.

» The performance of engineering systems is degraded by the
presence of irreversibilities, and the entropy generation is is a
measure of the magnitude of the irreversibilities present during a
process.
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Entropy generation during heat transfer

» The principle of increase of entropy for a closed system exchanging heat with its
surroundings at a constant temperature 7, is found by using the equation for the entropy
generated for an isolated system.

Surroundings

A general closed system (a

cup of coffee) exchanging f 0
__________________ aut_sys

heat with its surroundings

g SEEN System

;‘/Boundary

S = AS

total

AS, = (5, -5))

Z ASsurr = M

Surr
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=AS,, + > AS,,, >0

urr

sys

Entropy generation during heat transfer

Qnet, surr

surr

S.., =AS >0

gen total — m(SZ - Sl)sys +

where

Qnet, surr _Qnet, sys = _(0 - Qout, sys) = Qout, sys
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Example: entropy generation during heat

A heat source at 800 K losses 2000 kJ of heat to a sink at (a)
500 K and (b) 750 K. Determine which heat transfer process
IS more irreversible.

e Solution:

 Both cases involve heat transfer via a
finite temperature difference and thus are “
irreversible. :

» Each reservoir undergoes an internally
reversible isothermal process.

» Take the two reservoirs as your system.
Thus they form an adiabatic system
and thus

(b)
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Example: Cont.
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Example: Cont.
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source

(a)

|- R T S ., N ;|
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Where is entropy generated?

SYSTEM | SURRCUNDING | |
H Wall Wall
N
TSYS Buundary 1?,sys Tsys
=
\\
T o -
Heat
tr::?sfer % i> >Q Q> Location of %) 2 >

entropy

Eﬂl@
E“!Iro

]
M
i
\/’
e

> S_QI
s¥s TSY‘!
|

|

{@) The wall is ipnored (&) The wall is considered {¢) The wall as well as
the variations of temperature
in the system and the
surroundings are considered

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

T T T
| | |
I I generation  — I
I I I
Entrops I I I
transfer l I S l ‘
| |
| |
| |
| |
| |
| |
| |

Example: Entropy Generation in a Wall

» Steady heat transfer in a wall. The temperatures are shown in the figure.
The rate of heat transfer through the wall is 1035 W.

Outside Surface

Outside

Q=1035W
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s
A) Determine the rate of entropy generation in the Wail@ )
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B) Determine the rate of entropy generation for the process

[ - - A fﬂ'
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jﬂra_

Special case: S, for closed system with constant temperature o @ E

gen = 3

surroundings 7 . L 4

)

S gen = AS sys + AS surr

A‘Svsys :SZ _Sl:m(SZ _Sl) AS :qurr :_sts
e TsuW TsuW

for closed system

Sgen = m(s, —Sl)—QS% >0
_— surr

System
surroundings
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A piston/cylinder contains 2 kg of water
at 5 MPa, 100°C. Heat is added from a
reservoir at 700°C to the water until it
reaches 700°C.

Find the work, heat transfer, and total
entropy production for the system and

surroundings.
T,,=700C
P T
1 2 |, A
v W E

) o , ) 1| Amman 11942, Jordan 5
Tel, +962 6 535 5000 | 22888




To get the entropy change for the system, As=m(s,-s,)

To get the total entropy production for the system and the surrounding, we
apply the entropy balance equation for the extended system (system + the
immediate surrounding).

_ _ _sts
Sgen —m(s2 Sl) T
| S — Surr
%r—/

system

surroundings

So let us begin our solution. State 1 is fixed.

Go to the tables and get the following

v, =0.00104 u; =417.52
hy =422.72, s;=1.303

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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State 2 is fixed also since the pressure is constant (P2=P1).

v, =0.08849 up =3457.6
h, =3900.1 2% 7.5122,




Some Remarks about Entropy

Processes can occur in certain direction only, a direction that
complies with the increase of entropy.

S w20

Entropy is a non-conserve property. Entropy is conserved
during the idealized reversible process only and increasing
during all actual processes.

The greater the extent of the irreversibilities, the greater the
entropy generation. Therefore, it can be used as a
guantitative measure of irreversibilities.
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Property diagrams involving entropy

In the second-law analysis, it is very helpful to plot the processes on T-s and h-s
diagrams for which one of the coordinates is entropy.

» Recall the definition of entropy 00/~

5Qint rev —_ 400
ds :T’ 5Qint,rev o TdS

300 Sawrated
liquid line

T

* Property diagrams serves as great

wE
visual aids in the thermodynamic st —
. o~ s _ =" vapor line
analysis of process. /“ \\“ '

| 1 1 1 1 1 1

 We have used P-v and T-v diagrams 0o 5 § skl K)

extensively in conjunction with the
first law of thermodynamics. 5W — PdV
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Property diagrams involving entropy

Qint,rev = Lz 1ds

Internally
reversible
process

ad =TdS
=50

2 |
This area has no meaning for Area=| TdS=0,

irreversible processes! :

It can be done only for a reversible process for
which you know the relationship between T

and s during a process. Let us see some of them.
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Example

» Show the Carnot cycle on a T-S diagram and identify the heat transfer at |
both the high and low temperatures, and the work output from the cycle.

Q
T, 1 IH 2] 1-2, reversible isothermal heat transfer
Tu| v Qy = ITdS = T,,(S,-S,) area 1-2-B-A
Wi;—" . > Wout 2-3, reversible, adiabatic expansion
Ts. e : i
F 4 l 3 isentropic process, S=constant (S,=S,)
, QL 3-4, reversible isothermal heat transfer
A I ’ B o S QL = ,[Tds = TL(S4'S3), area 3'4'A'B
SI=S4 SE=S3

4-1, reversible, adiabatic compression

isentropic process, S;=S,

Net work W, = Qy - Q,, the area enclosed by 1-2-3-4, the shaded area
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Isothermal internally reversible process.

2
Qint,rev — TO L_ dS — TOAS — TOm AS
Isothermal Process

X 1 2
) )
AS =S5, -8, = f Tr N QTr

(2]

Temperature

Entropy

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Adiabatic internally reversible process

In this process Q =0, and therefore
the area under the process path
O]
must be zero. £ 19
<
5
This process on a T-s diagram is 2 Q=0
easily recognized as a vertical-line. et
2 (]
Entropy
(:3 The isentropic process appears as a
vertical line segment on a 7-$
] diagram.
el 1 As=0 or 5=

- '| -
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T-s Diagram for the Carnot Cycle

Isothermal
expansion

Isentropic
expansion P

Isentropic
compression

Temperature

NN °
\\\\\\\\
MM

Entropy
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Another important diagram is the h-s Diagram

« This diagram is important in the analysis of
steady flow devices such as turbines. ht

* Inanalyzing the steady flow of steam |
through an adiabatic turbine, for example, N

» The vertical distance between the inlet and Ry
the exit states (Ah) is a measure of the work N
output of the turbine, “e2 s

 The horizontal distance (As) is a measure of — ASJ
the irreversibilities associated with the
process.

k)

Mollier Diagram
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Entropy change for different substances (AS = Sz'Sl);@ h

- We need to find how to compute the left hand side
of the entropy balance for the following
substances:

1. Pure substance like water, R-134, Ammonia etc..
2. Solids and liquids

3. Ideal gas

Chemical Engineering Department | University of Jordan | Amman 119423 )pgdan g
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Thermodynamic Relations: TdS Equations

» From the third law of thermodynamics, which is based on observations of low-temperature
chemical reactions, it is concluded that the entropy of all pure substances (in the appropriate
structural form) can be assigned the absolute value of zero at the absolute zero of temperature.

» When there is no change of composition, as would occur in a chemical reaction, it is quite
adequate to give values of entropy relative to some arbitrarily selected reference state, such as
was done earlier when tabulating values of internal energy and enthalpy.

» In each case, whatever reference value is chosen, it will cancel out when the change of
property is calculated between any two states.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

4




Thermodynamic Relations: TdS Equations

» For a simple compressible substance in the absence of motion or gravitational effects.
o) = dU + SV
» For a reversible process of a simple compressible substance
8 =Td5 and SW=PdV

the first-law equation TdS=4dUu+ PdV

H=U+ PV ) dH =dU+ PdV+ VdP
m) [dS=dH-VdP
Tds = du + P do as =20+ 20
) T T
Tds=dh — v dP Lo dh_vap
T T

du P dh v

ds=—+—dv=———dP Gibbs equations.
r T r T
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan .

Tel. +962 6 535 5000 | 22888 3

AS for Pure Substances

» The entropy of a pure substance is determined from the tables, just

as for any other property

T F 3

> These values were tabulated after L

conducting a tedious integration. T;} | T
> Th | i lati Paf ™

ese values are given relative to an Compressed Superheated

arbitrary reference state. liquid @ vapor

> For water its assigned zero at 0.01 C. O) Saturated ©)
liquid—vapor mixture

» For R-134 it is assigned a zero at -40 C.

Entropy change for a closed system with
mass m is given as expected:

AS =m(s, —s,) ;

H}S;} = 5§y + "YZ‘S'Vf;}’

Y

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Entropy Change of Pure Substances

» Entropy is an extensive property of a system.

» Thus the value of entropy of a system is fixed once the state of the system is fixed.

T

‘Pl -~
T| 8 :sf@'f]

Compressed
liquid

O)

Superheated
vapor

®

Saturated
liquid—vapor mixture

Ty
X2

Sy = 8pFXpSp,

The entropy of a pure substance is
determined from the tables (like
other properties).

T.°C

500~

Critical
400 —

300 sawrated
liquid line

8 s klkg-K

Schematic of the 7-sdiagram for water.

Entropy change
AS = mAs = m(s,

—) (kI/K)

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Entropy Change of Pure Substances

» The thermodynamic properties of a substance are often shown on a temperature entropy
diagram and on an enthalpy--entropy diagram (Mollier diagram)

400 ~ =Y}
Critical point

3
I

Temperature, °C

100 |

Entropy, kdikg K

T-S diagram for steam

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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3000

™ Critical
point

Enthalpy, k&g
8
(=]
=
i

T

1000

Entropy, kdtkg K

h-S diagram for steam




Example

Consider steam is undergoing a phase transition from liquid to vapor at a constant
temperature of 20°C. Determine the entropy change s¢,=s,-s; using the Gibbsian
equations and compare the value to that read directly from the thermodynamic table.

ds = % 4 ;dv’ change from liquid to vapor

S =95 Sf:?(ug_uf)-i_?(vg_vf)

From table A-4:

T=20°C, P=2.338 kPa, v;= 0.001002(m?/kg), v,=57.79(m3/kg),
u~=83.9(kJ/kg), u,=2402.9(kJ/kg)

Substitutin g into the Tds relation:

= (1/293)(2402.9-83. 9)+ (2 338/293)(57 79-0. 00]002) 8.375(kJ/kg K)
e S —

v
UT U, - Ug P/T Vg- Vi
Compares favorably with the tabulated value s;,=8.3715(kJ/kg K)
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Entropy Change of Liquids and Solids

go = du P dv Liquids and solids can be

r r approximated as
Since  dVv = 0 for liquids and solids //_7com,0 ré.s‘S/b/e_s%/bsz‘ances
; T since their specific volumes
au C
ds = T = T remain nearly constant during a
process.

since ¢, = ¢, = c and du = ¢ dT

2
. : dr T,
Liquids, solids: $5 =5, = | (T 7 = Cae In T (kJ/kg + K)

1 1

For and isentropic process of an incompressible substance

T,
Isentropic: S =8 = CueIn —=0 — =T

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Example

Arigid tank contains 5 kg of refrigerant-134a initially at 20°C and 140 kPa. The refrigerant is
now cooled while being stirred until its pressure drops to 100 kPa. Determine the entropy change

——— e —— — — —— ——

|

|

|

l |

i T, = 20°C %lj_'ﬂ_
| =/l [

: 1 I | IJ

| ;

| |

P =140 kPa
AS=? % Heat
]
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Example Cont.
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Example

A 50-kg block of iron casting at 500 K is thrown into a large lake that is at a temperature of 285
K. The iron block eventually reaches thermal equilibrium with the lake water. Assuming an
average specific heat of 0.45 kJ/kg - K for the iron, determine (&) the entropy change of the iron
block, () the entropy change of the lake water, and (¢) the entropy generated during this process.
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Example

A piston—cylinder device initially contains 3 Ibm of liquid water at 20 psia and 70°F. The water is
now heated at constant pressure by the addition of 3450 Btu of heat. Determine the entropy
change of the water during this process.
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Entropy Change of Ideal Gas

From the first 7 dsrelation
du Pdv du=c,dT

Is = — +

ST r T 1T P=RIWN
IT /

ds = c, sl s
T v

J‘2 (T) a | R
Sy — 8§ = TV — i~
1 T

Vi

From the second 7 dsrelation
dh v dP

as = —

" "
dh = c,dTl' v = RT/P

dT

Sp — 8§ = J g ) S
| f r

PU=RT
du=C,drT

dh=C,dT

A broadcast from
channel IG.
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({T v T‘s Uﬂ

Sy — 8§ = kT >+ Rh— — H—8i=¢  M—+Rih —
p 1 i V( ) ’{ V| y | Vavg Tl VI
e dT P, T, P;
ss=s1= | ¢(T) ——Rln = => 5, — 5, = Cppg In == — RIn
) r P, : 1, P,
(kJ/kg - K)
Cp A E . .
ntr han f an ideal on a unit-
e topy? ange of an ideal gas
mole basis
15 v,
el 5y — 5§ = ComeIn — + R,In = (kJ/kmol - K)
\- ) 1, Vi
P PRI 8 P,
Cpave & 5y =5 = CpagIn = — R,In = (kJ/kmol - K),

rl PI

Under the constant-specific-heat assumption,
the specific heat is assumed to be constant at

|
|
|
|
|
|
> some average value.
T I T 9

|
|
|
|
- =l - s
|
|
|
|
|
|
|
|
|
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Variable Specific Heats (Exact Analysis)

We choose absolute zero as the reference I.K 5% kl/kg - K
temperature and define a function s° as :
.',l' . .
o dT 300 170203
e J p(T) T 310 173498
0 320 1.76690
% IT ' '
‘ c,(T) _— §5, = 89
), r
(Table A-17)
On a unit-mass basis The entropy of an ideal gas
3 . P, koo K depends on both 7and 2. The
AT A T T Al P, (kJ/kg*K)  finction srepresents only the
where 55 is the value of s° at T, and 57 1s the value at T, temperature-dependent part of
On a unit-mole basis entropy.

P
5 -5 =3 —3 —R,In Fz (kJ/kmol - K)
|
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Example

Air is compressed from an initial state of 100 kPa and 17°C to a final state of 600 kPa and 57°C.
Determine the entropy change of air during this compression process by using (&) property values
from the air table and (b) average specific heats.
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Example

A frictionless piston—cylinder device contains a saturated liquid—vapor mixture of water at 100C.
During a constant-pressure process, 600 kJ of heat is transferred to the surrounding air at 25C. As
a result, part of the water vapor contained in the cylinder condenses. Determine (&) the entropy
change of the water and () the total entropy generation during this heat transfer process.
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Isentropic Processes for Ideal Gases

If a process is isentropic (that is adiabatic and reversible), ds = 0, s,=S,,

then it can be shown that:
ﬁ)k—l and Q:(i (k1) 1k

V) Ih A

I _
71—( )

C
and 1z ()¢, where k = -2
A v

The above are referred to as the: first, second and third, respectively, isentropic
relations for Ideal Gases (assuming constant specific heats).

They can also be written as:

T &1 = constant First isentropic relation
TP(-Wk = constant Second isentropic relation
P X = constant Third isentropic relation
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Example

Entropy balance for a throttling process

T°C
Throttling
process
- L LU e e |
1 P, =T7MPa I
I 2 fa
T, =450°C : — Const,
)
X ,
I
l P, =3MPa d
I
- I !
¥ 82 §
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Some Aspects of the 2" Law

» Predicting The Direction Of Processes
» Establishing Conditions For Equilibrium
» Best Theoretical Performance Of Devices

» Factors Influencing Best Performance Of Devices
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Spontaneous Nonspontaneous

Ice melting at room temperature Water freezing at room temperature

Sodium metal reacting violently with Sodium hydroxide reacting with hydrogen gas
water to produce sodium hydroxide and to produce sodium metal and water

hydrogen gas [ 4 Section 7.7]

A ball rolling downhill A ball rolling uphill

The rusting of iron at room temperature The conversion of rust back to iron metal at

room temperature

Water freezing at —10°C [ce melting at —10°C

O Spontaneous: process that dees occur under a specific set of conditions

0 Nonspontaneous: process that dees not occur under a specific set of conditions
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Entropy Changes in a System Qualitative

Seolid < Siquid

| Yy — et
; - w % L . A -
\/ \_’ \' - _ —
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Siiquid < Svapor
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Entropy Changes in a System Qualitative

Spure < Saqueous
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Entropy Changes in a System Qualitative

Slower temp < Shigher temp
9 ,"? o @eYt
3 "‘Q __30 002
2 a o _ @
v ® BD..
T Y @ Y @ <
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Entropy Changes in a System Qualitative

<

[ ]
Sfewer moles Smore moles

". |
Q J
— & +

\‘I “
"‘ v W
\_.‘_J_,.. e

2NH3 —_— Nz + 3H2
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-
of the of the

In an exothermic reaction, (a) the ~ S¥YStem surroundings
overall entropy change is | Total ) AN
certainly positive when the entropy

entropy of the system increases. ;

(b) The overall entropy change is
positive even when the entropy
of the system decreases,
provided that the entropy
increase in the surroundings is
greater. The reaction is
spontaneous in both cases.

@ =
AS > OQASsurl‘ > 0 Il_ AS < O,Assu" > O'Assurr >| AS |,
AS, =AS+AS,, >0 Heatas, =as+as,, >0
Chemical Engineering Departr (a) surr {h:l
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Entropy Entropy

of the of the
systein surroundings _ o
. An endothermic reaction is
[—'.I—] Total / spontaneous only when the
\ entropy .-'J entropy of the system increases
I'. { enough to overcome the decrease
/ in entropy of the surroundings, as
! it does here.
! I."II
1 |II|II
-
N AS>0,AS . <0,|AS_  |<AS,
QY | W 8,=48+4S,, >0
HEuat if Jordan | Amman 11942, Jordan g

Entropy Changes

If the entropy change for a system is known to be —187.5

J/IK-mol and the enthalpy change for a system is known to
be —35.8 kJ/mol, is the reaction spontaneous?
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Example

For a reaction in which AH =125 kJ/mol and A5 = 325
J/IK-mol, determine the temperature in Celsius above
which the reaction is spontaneous.
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